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Abstract

This study evaluated the cytotoxic potential of the coelomic fluid from the
Californian earthworm Eisenia foetida in vitro, along with its
physicochemical and molecular characteristics, to assess its feasibility for
treating giardiasis. Bromatological [moisture, pH, ash] and electrophoretic
analyses were performed on fresh and frozen samples, and antiprotozoal

activity against Giardia lamblia was tested at concentrations of 5, 10, and 20%.

The results indicated that the fluid maintained its protein quality after more
than two and a half years of storage and showed significant anti-Giardia
activity even at low concentrations, providing the first experimental evidence
of its antiparasitic effect.
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Resumen

El presente estudio evalu6 el potencial citotoxico del fluido celdomico de la lombriz
californiana Eisenia foetida in vitro, asi como sus caracteristicas fisico-quimicas y
moleculares, con el fin de analizar su posible uso en el tratamiento de la giardiasis.
Se realizaron analisis bromatologicos [humedad, pH y cenizas] y electroforéticos
de muestras frescas y congeladas, ademas de ensayos de actividad antiprotozoaria
contra Giardia lamblia a concentraciones de 5, 10 y 20 %. Los resultados mostraron
que el fluido conserva su calidad proteica tras mas de dos afios y medio de
almacenamiento y presenta una notable actividad antigiardia a bajas
concentraciones, lo que representa la primera evidencia experimental de su efecto
antiparasitario.

Una prueba piloto
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Article
Introduction

Giardiasis caused by Giardia lamblia, Giardia
intestinalis, or Giardia duodenalis is one of the
most common protozoan infections in humans
worldwide [Bourque et al., 2022]. With a global
distribution, it is a frequent cause of diarrhoea in
both children and adults and is transmitted via
the faecal-oral route through direct or indirect
ingestion of cysts [Hooshyar et al., 2019].

The prevalence of Giardia infection is
higher in developing countries. Since 2004,
more than 200 million cases of giardiasis have
been diagnosed worldwide each year. In addition,
giardiasis is included in the WHO's ‘neglected
diseases initiative’ [Savioli et al., 2006]. This
protozoan infects most mammals, including
humans, and colonises the small intestine,
attaching itself to intestinal cells. The
mechanism by which G. infestinalis causes
diarrhoea is multifactorial, causing, among other
things, intestinal malabsorption [Sabatke et al.,
2022].

Treatment options for giardiasis include
nitroimidazole derivatives, which constitute the
first-line therapy, especially metronidazole,
which has been the mainstay of treatment for
decades and is still widely used. It should be
noted that the growing number of reports of
refractory cases with this group of drugs and
other anti-giardials has raised concerns and led
to the search for other compounds, some of
which have emerged due to the introduction of
drugs initially targeted at other diseases
[Escobedo and Cimerman, 2007].

As mentioned, the treatment of giardiasis
uses chemotherapeutic = drugs such as
nitroimidazoles, along with furazolidone,
paromomycin, and benzimidazole compounds.
However, they are toxic, refractory, and can
generate resistance [Sabatke et al., 2022]. In
recent years, treatment with nitroimidazoles has
been shown to fail, with up to 45% of patients
not responding to initial treatment [Bourque et
al., 2022].

Thus, metronidazole and albendazole are
often associated with adverse side effects and
therapeutic failures, frequently due to poor
application  of  chemotherapy treatment,
immunosuppression, immunodeficiency,
reinfection, or resistance to metronidazole-
related compounds [Sabatke et al., 2022].

ISSN: 2523-6857.
RENIECYT: 1702902
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In Giardia duodenalis, the molecular
mode of action for benzimidazole-2-carbamates
or albendazole, as well as its resistance, is less
well known. It is estimated that it may have
impacts beyond interrupting tubulin
polymerisation in microtubules, including cell
damage and oxidative stress, and its underlying
cause is not clearly understood [Su et al., 2023].

Given the undesirable effects of the
aforementioned treatments, the shortage of drugs,
and the resistance generated, the WHO has
proposed the search for new alternatives that are
safer and more effective. Among its new
guidelines is the promotion of the appropriate
use of natural compounds [Castafio-Osorio and
Gildardo-Garcia, 2019]. Among the treatment
alternatives is the polyphenolic extract of the
pomegranate Punica granatum L., which causes
damage related to the cytoskeleton and inhibits
the growth and adhesion capacity of Giardia
lamblia n vitro [Palomo-Ligas ef al., 2022]. To
increase efficacy, a current treatment strategy is
to combine these drugs with other compounds,
such as high molecular weight polysaccharides,
for their tractoprotective effects [Sabatke et al.,
2022].

From a somewhat different perspective,
researchers are searching for naturally available
adjuvant therapies that can alter the proliferation
of protozoa such as Giardia without causing
significant adverse reactions. Exploration of the
cytotoxic potential of the coelomic fluid of the
Californian earthworm FEisenia foetida is not
new in many areas of human health [Augustine
et al., 2019; Hussain et al., 2022; Popovi¢ et al.,
2005; Engelmann et al., 2004], as well as powder
obtained from total body biomass [ Annakulovna
et al., 2022; Ansari and Sitaram, 2011; Cooper,
Ru and Weng, 2004].

However, the effect of the coelomic fluid
of this worm on the in vitro model of Giardia
lamblia has not been tested. Groups of bioactive
agents, such as proteases, metabolites [a total of
59 metabolites found in Fisenia foetida have
been reported to date], metal-binding proteins,
active proteins including lysozyme, lisenin and
eiseniapora, etc. as well as antimicrobial
peptides, coelomic cytolytic factor, fetidin,
lumbricin, organic acids and other organic
compounds such as purine and vitamin D, confer
therapeutic potential that affects energy intake
and involves a reduction in oxidative stress,
metabolic alterations and pro-inflammatory
conditions [Hussain et al., 2022].

Rodriguez-Yafez, Yury, Minjarez, Benito, Mena-Munguia, Salvador
and Reynoso-Orozco, Ramon. [2025]. Effect of Eisenia foetida
Coelomic Fluid on Giardia lamblia in vitro. A pilot test. Journal of
Biomedical Engineering and Biotechnology. 9[240]1-11: €1920111.
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In addition, coeclomic fluid contains
species-specific aromatic metabolites that are
thought to represent remnants of larger
molecules, possibly of bacterial origin, which
are recalcitrant to the metabolism of earthworm
enzymes, although their biological function is
not fully understood [Rochfort et al., 2017].

Although it is recommended for the
prevention of protozoan diseases such as
Leishmaniasis and malaria [Annakulovna et al.,
2022], it has not been proposed for the treatment
of giardiasis. Therefore, the purpose of this study
is to investigate the effect of Eisenia foetida
coelomic fluid extracted with common salt on
the in vitro culture of Giardia lamblia.

This proposal will allow for study not
only in vitro but also in vivo, given that
earthworm derivatives are edible and appear to
be completely harmless [Kavle et al., 2023], with
an alternative contribution to the treatment of
parasitic diseases without undesirable side
effects. It is important to mention that there are
several methods for obtaining coelomic fluid in
an induced manner, taking advantage of the
worms' rapid response to stress. These include
cold extrusion [Engelmann et al., 2004],
pricking [Dvorak et al., 2016], with salt or salt
solutions [Plavsin et al., 2017], and with the use
of voltage [Allegretta et al., 2017], among other
variants.

Each type of collection of coelomic fluid
has its advantages and disadvantages depending
on the objective pursued. Given that the purpose
of this study is to expose the cysts or
trophozoites of Giardia lamblia directly to
coelomic fluid, we propose obtaining it with
common salt as one of the most suitable methods
given its safety, and we discuss some of the
physical and chemical characteristics of this
liquid.

Methodology
Cultivation of Eisenia foetida

Feeding with pre-compost of Eisenia foetida
The worms were cultivated in animal manure,
such as cattle waste and poultry excrement. The
worms were raised in cement beds measuring 1
m long by 40 cm high by 1 m wide, with
integrated drainage through 3-inch diameter
PVC pipes, with a cement bed, covered with
shade netting and in the open air.
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The feed was prepared by pre-
composting to eliminate pathogens at a
temperature of 20 to 40 °C and a pH of 6 to 9,
which was added every 15 days and watered
with tap water daily. With an approximate
volume of 50 kg of biomass/bed.

Organic feeding of Eisenia foetida

The worms were raised in plastic boxes
measuring 60 cm long by 27 cm high by 35 cm
wide, with integrated drainage through a bottle
cap valve, and in the shade. The feed was
prepared from fruit waste suitable for not
causing stress to the Eisenia foetida culture
[Mohit et al., 2019], placed in the same substrate
as those fed only with pre-compost.

The process of biomass collection and
cleaning of the worms is the same as for those
fed with pre-compost.

Fluid extraction

Using common salt

Once the worms were removed from their
habitat along with soil or substrate, they were
cleaned, placed in a tray and left to rest for
approximately 5 minutes. The substrate was
removed, and the worms were placed in a sieve
and then on paper until the intestinal contents
were cleaned.

For extraction using 1% common salt
from the biomass, 13.9 g of biomass was placed
in a stainless steel container and subjected to 9.0
Volts/500 mA with a mobile phone device
connected to the mains for 1 minute in a
homogeneous manner.

The worms were then removed and the
liquid from the container was collected. The
liquid obtained was collected with a
micropipette and added to 2.0 mL microtubes
until use or frozen at -20 °C. The total coelomic
fluid obtained was 1.5 mL with a weight of 1.52
2 [10.93% of the total biomass weight].

After cleaning the intestinal contents and
following the same process for obtaining and
cleaning the worms, 1% common salt was added,
relative to their biomass, and sucked out with a
1 mL micropipette from the container where the
worms were kept. After 1 min of exposure, 16
mL was obtained from 60 g of biomass [26.66%
of the total biomass weight].

Rodriguez-Yafez, Yury, Minjarez, Benito, Mena-Munguia, Salvador
and Reynoso-Orozco, Ramon. [2025]. Effect of Eisenia foetida
Coelomic Fluid on Giardia lamblia in vitro. A pilot test. Journal of
Biomedical Engineering and Biotechnology. 9[240]1-11: €1920111.
https://doi.org/10.35429/JBEB.2025.9.20.1.1.11


https://www.sciencedirect.com/science/article/pii/S1164556316302448?via%3Dihub
https://geniusjournals.org/index.php/emrp/article/view/1487
https://geniusjournals.org/index.php/emrp/article/view/1487
https://pubmed.ncbi.nlm.nih.gov/37238766/
https://pubmed.ncbi.nlm.nih.gov/15560938/
https://pubmed.ncbi.nlm.nih.gov/26684064/
https://doi.org/10.1016/j.ejsobi.2016.11.004
https://doi.org/10.1016/j.sab.2017.02.003
file:///C:/Users/Direccion%20TIC/Downloads/8614-A-2019.pdf

Journal of Biomedical Engineering and Biotechnology

4
9[20]1-11: e1920111

Article

It is important to mention that if the
amount of salt or the exposure time is altered, the
amount of liquid obtained will change. The
liquid obtained was collected with a
micropipette and added to 2.0 mL fresh-volume
microtubes until use, or frozen at -20 °C.

Physical-chemical parameters of the coelomic
fluid

Moisture

This was determined in accordance with the
provisions of standard NMX-F-083-1986 Foods,
applying the oven drying technique.

Ash

The muffle furnace calcination method
established in NMX-F-066-S-1978 was applied.

pH

This was determined in accordance with the
OFFICIAL MEXICAN STANDARD
‘Determination of pH in Food” NOM-F-317-S-
1978.

Determination of Trace Elements

The sulphuric acid and nitric acid digestion
method was used to estimate trace elements in
the coelomic fluid extracted with salt and
voltage. The trace elements analysed are: Zn, Ca,
Fe, Cu, K, Mg, Mn and Na in ppm concentration.
Detection was carried out using an inductively
coupled plasma mass spectrometer [Agilent
7500, USA].

Before wusing any technique, it is
necessary to thoroughly clean the worms once
they are isolated, in order to prevent
contamination of the collected fluid and ensure
that stress is applied directly to their body mass.

Protein concentration by the Bradford
method

Bradford dye was placed in a trough covered
with aluminium foil, and 5 pl of each Bovine
Serum Albumin [BSA] standard was pipetted in
triplicate. Using a multichannel pipette, 250 ul
of Bradford reagent was placed in each well of a
96-well plate.
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In different wells, 5 pl of coelomic fluid
was placed in triplicate and 250 pl of Bradford
reagent. The plate was incubated at room
temperature for at least 5 minutes. The
absorbance was read at 595 nm and a calibration
curve was prepared using the following equation:
y=mx+b

Electrophoresis

To identify possible differences in the
electrophoretic pattern, fresh and frozen [for 32
months] coelomic fluid [10, 20, and 30 pg] was
separated on 10% SDS-polyacrylamide gels in a
Mini PROTEAN 3 Cell electrophoresis chamber
[Bio-Rad]. For this purpose, the samples were
prepared under reducing conditions with 2X
Laemmli Sample Buffer [Bio-Rad]
supplemented with 5% 2-mercaptoethanol and
heated to 96 °C for 5 min.

Electrophoretic separation of the proteins
was performed at a constant voltage of 100 V for
2 h. The proteins were visualised by staining
with Coomassie blue [Gallagher, 2012]. To
relate the molecular weight of the proteins, the
Precision Plus Protein All Blue Standards
[BIORAD] #161-0373 weight marker was run.

Anti-Giardia activity

The worm coelomic fluid was centrifuged at
5000 rpm for 40 minutes, the supernatant was
sterilised by filtration through a 0.45 um filter
and applied in three concentrations: 5, 10 and
20% in serum-free TYI-S33 medium in cultures
of Giardia lamblia with 10,000 cells/mL as a
positive control. After 48 hours of culture, the
percentage of viable cells was recorded.

Results

The physical-chemical analysis performed on
the coelomic fluid obtained from Eisenia foetida
worms fed with organic matter and/or pre-
composted manure from different farm animals
is presented in Table 1, which shows the
difference in ash percentage, with 0.048% more
for feeding with pre-compost only. The pH rises
by 0.2 units when fed organic matter compared
to its counterpart. With regard to the humidity
recorded during the maintenance of the worm
colonies, there is a 0.825% increase for organic
feeding.
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Table 1

Physico-chemical parameters of the coelomic
fluid of Fisenia foetida fed with two different

sources.
Type of % ash | pH %
sample Humidity
Organic 2.7618 | 7.2 96.35
food 7.0
2.7354 1 7.0 96.3
Average 2.7486 96.325
Precomposta | 2.7657 | 7.0 95.45
2.8286 95.55
Average 2.7971 95.5
Trace elements detected by mass

spectrometer coupled to an induced plasma
system [Agilent 7500, USA]. Salt extraction was
compared with the use of 9.0 volts/500 Ma to
obtain the Standar liquid.

Table 2
Amount of trace elements in Eisenia foetida
celomic fluid obtained by common salt vs.
voltage

Estimulo | pHE]  Zn Ca Fe Cu K Mg Mn Na

de
Extrusiona) 213.857 | 616.217 | 371.993 | 324.754 | 766.491 | 285.213 | 403.076 | 588.995
nm nm nm nm nm nm nm nm

ppm@ ppmE ppm@ ppm@ ppm@ ppm@ ppm&

Saldl
Voltaje®
g}

65.228 5.948 1.198 207.28 12.398_ | 0.518 FRE
103.248 | 7.248 5.548 215.1308 | 20.698 | 0.478 949.86E

Protein determination using the Bradford
method and electrophoretic migration was tested
with a sample of coelomic fluid frozen for 32
months at -20 °C and a freshly obtained sample
with voltage. Table 3 shows that the fresh liquid
contains 186.0897 ng/Ml [14%] more than the
frozen coelomic fluid sample.

Table 3
Data obtained and protein determination by
the Bradford method of Eisenia foetida
coelomic fluid obtained with voltage from
samples frozen for 32 months and freshly
obtained

Sample Concentration
Y P " [ng/M1|

Frozen

coelomic )

fluid 1.2896 | 0.0918 | 0.0012 | 1151.1950

Fresh

Coelomic )

Fluid 1.5129 | 0.0918 | 0.0012 | 1337.2848
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The electrophoretic pattern [Fig. 1] of
frozen and fresh cellomeric fluid samples
suggests resistance to the protein preservation
process where it was placed in the lanes of the
10 % SDS-polyacrylamide gel.

Figure 1

Electrophoresis of proteins contained in the
cellular fluid. 10% SDS-PAGE showing the
electrophoretic pattern of fresh coelomic fluid
[lanes 2 to 4] and frozen for 32 months at -20 °C
[lanes 6 to 8] obtained by voltage from Eisenia
foetida. Lane 1, 5 uL loading buffer; lane 2, 10
ng/Ml fresh coelomic fluid; lane 3, 20 pg/Ml fresh
coelomic fluid; lane 4, 30 ug/Ml fresh coelomic
fluid; lane 5, molecular weight marker; lane 6, 10
ug/Ml1 frozen coelomic fluid; lane 7, 20 ug/Ml
frozen coelomic fluid; lane 8, 30 pug/Ml frozen
coelomic fluid; lane 9, 5 puL loading buffer.

Thus, the results of this study show that
the coelomic fluid of Eisenia foetida contains
some proteins. Analysis with SDS-PAGE
stained with Commassie blue revealed ten bands
with a molecular weight ranging from 5 to >250
Kdaltons [Fig. 1].

Trace Elements

If we compare the determination of the trace
elements analysed in our work with those
analysed in worm dust [Ansari and Sitaram,
2011], we can see that iron is practically doubled
in the coelomic fluid presented in this work.

We also found that 1.3 ppm more is
extruded when voltage is used, compared to
common salt. As for Zn, more than 95 ppm is
obtained in earthworm dust and in the fluid it
barely exceeds 2 ppm, with a difference of 1.2
ppm more using voltage; Ca in worm powder
barely exceeds 0.13 ppm, and in the coelomic
fluid we have values of 65.22 for salt and 103.24
for voltage stimulation; Cu is 1.19 in salt
extraction and 5.54 with voltage; if we compare
this with the determination of Cu in worm
powder, we observe 8.1 ppm.

Rodriguez-Yafez, Yury, Minjarez, Benito, Mena-Munguia, Salvador
and Reynoso-Orozco, Ramon. [2025]. Effect of Eisenia foetida
Coelomic Fluid on Giardia lamblia in vitro. A pilot test. Journal of
Biomedical Engineering and Biotechnology. 9[240]1-11: €1920111.
https://doi.org/10.35429/JBEB.2025.9.20.1.1.11


https://scialert.net/abstract/?doi=ajft.2011.329.335
https://scialert.net/abstract/?doi=ajft.2011.329.335

Journal of Biomedical Engineering and Biotechnology

6
9[20]1-11: e1920111

Article

Potassium shows very similar values in
both types of extraction, 207.2 and 215.13 in
common salt and voltage, respectively; for
magnesium, we have 12.39 ppm with salt and
20.69 ppm with voltage, and when quantified in
powder from the whole organism, 0.0465 ppm;
Mn shows values above 15.3 in powdered
earthworms and around 0.5 in the two fluid
extractions: 0.51 for salt and 0.47 for voltage. It
is important to mention that it is not possible to
avoid sodium contamination when extracting
coelomic fluid with salt, so its estimate was
outside the permissible range in the detection
equipment, and the voltage measurement was
949.86 ppm, the maximum in this article [Table
2]. Ansari and Sitaram, [2011] did not perform
this measurement.

The reasons for the Inconsistencies In the
values obtained in the three sample variants can
range from the methodologies used in the
determinations to the study model, since the
work with worm dust includes samples that were
collected during 2006-2007. A very broad and
critical approach”to t’e effect that these trace
elements may have on the anti-Giardia effect is
necessary and could take us quite far afield in
this study, although it may be irrelevant given
that it is difficult to control their contamination
in different sources present in the handling of
samples.

Bradford-frozen and fresh proteins

The determination of proteins using the Bradford
method is very reliable and sensitive; therefore,
it is a good parameter for studying the possibility
of freezing the sample for further studies. If we
compare the protein concentration when frozen
for 32 months with a fresh sample as here, we
find that the effect of protein degradation from
freezing [1,151.19 pg/MI] with a fresh sample
[1,337.28 ng/Ml] could be attributed to multiple
factors, not necessarily to freezing or poor
quality of its protein content.

Anti-Giardia test

In this preliminary study, anti-Giardia activity
was evaluated using coelomic fluid obtained
with common salt at concentrations of 5, 10, and
20%, showing conclusive results, given that total
inhibition of the growth of the protozoan of
interest was achieved [Figs. 2 and 3] and where
the images show no individuals in the culture
boxes where the coelomic fluid was added,
which was only centrifuged at 5,000 rpm/40 min
and filtered through a 0.45 pm pore size
membrane.
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If we compare the image in Fig. 2
corresponding to the control where no
antiparasitic was added, we can see cells with a
well-defined outline.

In addition, good growth of the
protozoan was observed in the negative control.
It should be noted that the negative control
contained TYI-S33 medium with 10% foetal
bovine serum [FBS], with more than 10,000
cells/Ml [Fig. 1].

On the other hand, the control containing
only TYI-S33 medium without serum plus
10,000 cells/MI1 significantly reduced the
Giardia population by more than 95% [data not
shown]. However, the group with TYI-S33
medium at 5%, 10% and 20% coelomic fluid
showed no growth, as all the cells died. This was
because, when the Giardia culture was exposed
to 5% coelomic fluid with 30,000 cells/Ml,
severely deteriorated cell debris was observed
[Fig. 2].

(

Figure 2

Photograph of Giardia lamblia culture in TYI-
S33 medium with 10,000 cells/MI with 10 % SFB
without cellular fluid in triplicate.

At the same time, when looking at the
image of the same culture, but with 30,000
cells/MI, some Giardia are quite amorphous and
very scarce in each field of view [Fig. 2].
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Figure 3

Giardia lamblia culture in TYI-S33 medium with
30,000 cells/M1 with 1 % SFB and 5 % cellomics fluid
extracted with common salt in triplicate

Given that there are no previous studies
on the anti-gyiardia activity of Eisenia foetida
cellomics fluid and the results obtained in this
preliminary test suggest establishing the best
technique for obtaining the liquid, with the best
anti-gyiardia activity, as well as the CIS0 to
establish the study model to study the effect, at
the membrane level, the cytoskeleton [Su et al.,
2023], signal transduction and/or gene
expression, among others, and of course to take
it to in vivo models, given its importance in
veterinary medicine and in humans.

Conclusions

The cultivation of Eisenia foetida, like that of
other earthworm species in large quantities, is
one of the most interesting aspects of tropical
edaphic fauna. Of all the earthworm species in
the world, it is the one that best suits industrial
breeding due to its rapid decomposition rate of
organic matter, protein quality and multipurpose
nature [Castro et al., 2007].

The type of food fed to earthworms
requires maximum safety when planning to
produce a product for human consumption,
hence the decision to test feeding them organic
waste to make it more attractive and safe.

In this regard, organic waste that does not
contain anthelmintic substances should be
chosen [Mohit et al., 2019], as it has been proven
that substances such as flavonoids, tannins,
phenolic compounds and saponins, among
others, can be found in fruit and vegetable waste
and have been tested against Eisenia foetida
[Choudhary et al., 2021].
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For its part, the extraction of coelomic
fluid from Eisenia foetida, as well as from other
species of earthworms, has proven to be a
sustainable procedure since the earthworms do
not die if it is done properly [Engelmann et al.,
2004; Griffith et al., 2017; Augustine et al.,
2019]. In addition, coelomic fluid is considered
a metabolic reservoir, as shown by the molecular
7tandardization? carried out by Griffith’s group
[2017].

As mentioned above, there are different
techniques for obtaining coelomic fluid in an
induced manner, taking advantage of the worms’
rapid response to stress. These include cold
extrusion [Engelman et al., 2004], pricking
[Dvorak et al., 2016], with salt or salt solutions
[Plavsin et al., 2017], or with the use of voltage
[Allegretta et al., 2017], among other variants.
Each type of coelomic fluid extraction has its
advantages and disadvantages depending on the
objective pursued.

The most common method for
determining moisture content is analytically
through weight loss using the muffle furnace or
oven drying method, in which moisture content
is determined from the change in weight of the
sample after the absorbed water has evaporated
in the oven [Tirado et al., 2015].

On the other hand, the determination of
ash or inorganic residues after ignition or
complete oxidation of the organic matter in a
food is considered important for determining the
mineral content in the sample [Laboratory
practice, in:
https://es.slideshare.net/esmegonz/humedad-y-
cenizas-19921935. Revised 10 May 2024].

As for the Ph recorded in the coelomic
fluid through physical-chemical analysis and
comparing the results obtained by different
equipment used in two different laboratories,
they showed a Ph of around 7.0 [Table 1].

In addition, it was also observed that the
diet for Eisenia foetida and the extraction
technique for it can vary between different
protocols. Thus, Ph values change to levels of
6.2 on average [Table 2]. This indicates that
feeding methods and types influence the Ph
values found in the coelomic fluid, so it is
necessary to 7 tandardiza the technique for
determining Ph appropriate to optimal values
with an anti-Giardia factor.
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Meanwhile, in terms of ash and moisture
percentages [Table 1], which are important
parameters for food quality analysis [Tirado et
al., 2015] In the present study, the results
obtained do not seem to show relevant
differences in relation to diet, whether
exclusively organic matter or related to pre-
compost; however, it should be noted that it is
important to adhere to statistical rigour
parameters in order to  quantitatively

demonstrate the significance of these differences.

As mentioned above [see results], when
comparing the determination of the trace
elements analysed in our work with those
analysed in worm castings [Ansari and Sitaram,
2011], it can be seen that the concentration of
iron doubles in the coelomic fluid. We also
found that 1.3 ppm more is extruded when
voltage is used [Table 2].

With regard to common salt, more than
95 ppm of Zn is obtained in worm dust, while in
the fluid it barely exceeds 2 ppm, with a
difference of 1.2 ppm more using voltage. Ca in
worm powder barely exceeds 0.13 ppm, and in
coelomic fluid we have values of 65.22 for salt
and 103.24 in voltage stimulation; Cu 1.19 in salt
extraction and 5.54 with voltage.

If we compare this with the
determination of Cu in worm powder, we
observe 8.1 ppm. Potassium shows very similar
values in both types of extraction, 207.2 and
215.13 in common salt and voltage, respectively;
for magnesium, we have 12.39 ppm with salt and
20.69 ppm with voltage, and when quantified in
powder from the whole organism, 0.0465 ppm;
Mn shows values above 15.3 in powdered
earthworms and around 0.5 in the two fluid
extractions: 0.51 for salt and 0.47 for voltage.

It is important to mention that it is not
possible to avoid sodium contamination when
extracting coelomic fluid with salt, so its
estimate was outside the permissible range in the
detection equipment, and the voltage extraction
was 949.86 ppm, the maximum in this article
[Table 2]. Ansari and Sitaram [2011] did not
perform this measurement. All of the above may
indicate that the extrusion of coelomic fluid
concentrates minerals differently than it does in
the rest of the biomass of Eisenia foetida,
highlighting the relevance of the anti-Giardia
factor of coelomic fluid proposed in this study.
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Once the physical-chemical studies had
been carried out, we set about studying the
protein content and quality using Bradford
quantification and one-dimensional
electrophoretic analysis of coelomic fluid
samples obtained by the wvarious protocols
mentioned above [see materials and methods].

It is important to note that inconsistencies
were observed in the values obtained in the three
sample variants studied [diet, extraction method,
and storage time].

Thus, the quantification of total proteins
contained in the different samples using the
Bradford method allowed us to observe that the
protein content is not significantly altered in
either fresh samples or those stored at -20 °C for
more than 32 months.

For its part, the electrophoretic pattern
allows us to observe the quality and degree of
preservation of the stored proteins compared to
those corresponding to the fresh sample [Figure
1]. The number of bands observed in the SDS-
PAGE shows acceptable homogeneity, and the
bands maintain a constant distribution in terms
of their molecular weight arrangement in the
different lanes, which in turn can provide
certainty regarding the viability of samples
stored for months for later use, as also pointed
out in the work carried out by Pérez-Chabela in
2015.

It should also be noted that the w”’rk o’
Goodarzi et al. [2018] found 17 bands between
10 and 150 kDa that match the banding pattern
obtained with the results obtained in the present
study.

For our part, we highlight the fact that
although Giardia lamblia is a widely distributed
parasite with great veterinary and public health
importance, to date there is no vaccine to combat
giardiasis.

Thus, treatment options are limited to a
small group of classes of drugs that have
limitations including high failure rates,
prolonged treatment regimens, and impacts on
the host’s intestinal microbiota, which may
contribute to post-infection outcomes. In
addition, these treatments have been classified as
unhealthy for the digestive system [Hart et al.,
2023].
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Therefore, the development of new
treatments, drugs, whether allopathic or natural
products such as those described here, is not
commonly found in the literature [Kulakova et
al., 2014; Hart et al., 2017; Pogula et al., 2020;
Alnomasy et al., 2021; Ticona et al., 2022; Hart
et al., 2023], even though it is recommended in
the treatment of other types of protozoa
[Annakulovna et al., 2022].

We highlight that the results obtained
show a marked inhibition of the proliferation of
Giardia lamblia cells in vitro at a concentration
of 5%. This, in turn, allows us to demonstrate its
potential use against giardiasis. In addition to the
determination and molecular 9tandardization9
of the liquid extruded by Eisenia foetida and its
effect on the membrane or organelles
[Benchimol et al., 2022], cytoskeleton
[Argliello-Garcia and Ortega-Pierres, 2021],
signalling [Touz, Feliziani and Ropolo, 2018],
among other possible targets in a parasite with a
high impact on public health.

This study has been considered a pilot
test to delve deeper into the use of Eisenia
foetida coelomic fluid and its anti-Giardia
activity. It is the first contribution in this regard
and represents a sustainable alternative, given
that earthworms can be cultivated on large farms,
they do not die because their exposure to any
type of stress can be controlled, allowing the
coelomic fluid to be harvested, and it is suitable
for human consumption and veterinary use [Hart
et al., 2023]. Therefore, we emphasise the
importance of future work to reinforce the
findings presented here through 9tandardization
of the diet and extraction of coelomic fluid, as
well as dosage as a future treatment for human
and/or veterinary giardiasis.
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Abstract

Obesity is a global health problem, with 2.6 billion
overweight people. In Mexico, 70% are obese. This is
treated with Orlistat. An alternative is to use AEO as an
inhibitor of LP; AEO does not produce side effects. EO
are extracted from the leaves. The objective of this work
is to evaluate the chemical properties of AEO from
different locations [Invernadero and Chonteco], as well as
the inhibition of LP, compared to Orlistat. A 1.5 mL of
AEO was used and characterized by GC-MASS, and the
inhibitory activity against LP was measured. The results
obtained were: 10% AEO inhibited LP by 59% and 0.1%
and 1.0% AEO inhibited 78%; compared to Orlistat, its
inhibition was 86.5%. AEO demonstrates that the
chemical properties are effective against LP
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Greenhouse

Area: Strengthening the scientific community

Resumen

La obesidad es problema de salud mundial con 2.6 billones
de personas con sobrepeso, en México, el 70% presenta
obesidad, esta es tratada con Ortlistat. Una alternativa es
usar el AEO como inhibidor de la LP, AEO no produce los
efectos secundarios. De las hojas se extraen AE. El objetivo
del trabajo es evaluar las propiedades quimicas de AEO de
diferentes lugares [Invernadero y Chonteco], asi como la
inhibicion de LP, en comparacion con el Orlistat. Se usaron
1.5 mL de AEO se caracterizé por medio de CG-MASAS y
se aplico midio la actividad inhibidora contra la LP. Los
resultados obtenidos fueron: AEO al 10 % inhibi6 la LP 59 %
y el AEO a 0.1y 1.0 % 78% ; comparados con el Orlistat su
inhibicion fue de 86.5 %. El AEO Evidencia que las
propiedades quimicas son eficientes contra la LP.
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Introduction

Obesity has become an epidemic that is growing
at an alarming rate [Lin 2001]. This condition is
a chronic haemostatic disorder characterised by
excessive weight gain. obesity has become one
of the greatest threats to global health in this
millennium, with more than 2.6 billion people
[Wang 2025] overweight worldwide [Kim 2020]
and at least 300 million classified as clinically
obese with an increased risk of morbidity and
mortality [Yasser, 2011].

In Mexico, 70% of Mexicans are
overweight and almost a third are obese. This
disease is mainly associated with diabetes and
cardiovascular disease, but also with bone and
muscle disorders and some types of cancer.
Obesity has become an epidemic that is growing
at an alarming rate. This condition is a chronic
haemostatic disorder characterised by excessive
weight gain. Obesity has become one of the
greatest threats to global health in this
millennium, with more than 1 billion overweight
adults worldwide and at least 300 million
classified as clinically obese with a higher risk
of morbidity and mortality [ Yasser, 2011].

According to criteria established by the
World Health Organisation [WHO], a person is
considered overweight when their BMI is
between 25.0 and 29.9; grade I obesity when the
BMI is between 30.0 and 34.9; grade II obesity
when the BMI is between 35.0 and 39.9, and
grade III obesity when the BMI is equal to or
greater than 40 [Mexico, 2023].

This increased interest is driven by the
recognised limitations and potential adverse
effects associated with current interventions,
including surgery and pharmaceutical treatments
[Claudia et al., 2023].

Pancreatic lipase [PL] [triacylglycerol
acyl hydrolase], the main lipolytic enzyme
synthesised and secreted by the pancreas, plays
a key role in the efficient digestion of
triglycerides [Gomez 2025], removing fatty
acids from the a and O positions of dietary
triglycerides,  producing  saturated and
polyunsaturated long-chain monoglycerides and
fatty acids as lipolytic products. PL is
responsible for the hydrolysis of 50 to 70% of
total dietary fats [Bhutani, 2007, Liu, 2020].
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The only clinically approved
pharmacological agent as a pancreatic lipase [PL]
inhibitor is Orlistat [Xenical®], a hydrogenated
derivative  of  lipstatin  obtained from
Streptomyces  toxitricini. [Magana 2024].
Orlistat has been reported to be a potent inhibitor
of gastric, pancreatic, and carboxylic esters and
has proven to be an effective tool for the
treatment of  human  obesity.  Some
phytochemicals in plant-based foods and plants
have been found to play important roles in the
prevention and/or mitigation of diseases related
to metabolic syndrome, such as phytosterols and
phenolics [Xuan et al, 2018], with the
disadvantage that this drug inhibits the body's
absorption of fat-soluble vitamins such as A, D
and E, as well as low-density cholesterol [Tian
20201].

Recent studies have demonstrated the
inhibitory activity of pancreatic lipase in
phenolic fractions of P. utilis fruits, as well as in
hesperetin, luteolin, quercetin, catechin, and
rutin [25 pM] with favourable results. In view of
the above, the objective is to test the effect of
oregano essential oil [AEO] as an LP inhibitor
due to its high content of terpenoids, including
thymol, carvacrol, and ximenone. In addition,
AEOQO has demonstrated antioxidant activity. If its
LP inhibitory activity is proven, it would be an
easily accessible functional food with various
benefits in a single product.

Methodology
Plant materials

Plant materials are collected from wild and
greenhouse-grown plants. The taxonomic
classification of the specimen described as
Lippia graveolens was carried out in the
herbarium of the Interdisciplinary Centre for
Research for Integral Regional Development of
the National Polytechnic Institute [CIIDIR-IPN],
where it was found as Lippia greveolens kuth s.1.,
with curatorial number 6, 1850.

Determination of chemical composition AEO

Gas chromatography was performed on a
coupled Agilent Gas Chromatography-Mass
Spectrometry [GC-MS] 7890B-5977A-MSD
system. The acquisition software used was
MassHunter GC/MS Version B.07.02.1938.

Rodriguez-Yafez, Yury, Minjarez, Benito, Mena-Munguia, Salvador
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Twenty-five millilitres of each sample
were taken in a chromatography vial and
dissolved with dichloromethane to a volume of
1.5 millilitres. Each solution was injected into
the gas chromatography equipment coupled to
the mass spectrometry detector.

Separation was carried out on an HP5-ms
column [30.0 m x 0.25 mm x 0.25 pum internal
diameter]. Helium was used as the mobile phase
at a flow rate of 1.0 mL/min. Injector
temperature: 280 °C, split ratio 150:1.
Temperature programme for separation: Tinitial
= 40 °C for 1 minute, Tfinal = 310 °C for 6
minutes with a temperature ramp of 8 °C/min.
The mass spectrometry detector performed
ionisation by electron impact at 70 eV. The
acquisition mode was SCAN in an m/z range of
30-600. The database used to compare the mass
spectrum obtained is that of the National
Institute of Standards and Technology [NIST,
version 14.0].

Plant extraction
Obtaining and characterising AEO oil

For characterisation, 1 kg of raw material from
the oregano variety Lippia graveolens was taken,
the stems and roots of the plant were removed,
and it was dried in the shade for four days. AEO
extraction was carried out by steam distillation.
350 g of leaves were placed with 3000 mL of
water in an Express® pressure cooker using the
method described by [Garcia-Martinez et al.,
2018].

The essential oils obtained were dried
with anhydrous sodium sulphate and the volume
obtained was measured. The yield is expressed
as the volume of essential oil obtained per 100 g
of dry leaves [% v/w].

Quantification of pancreatic lipase activity

PL lipase activity was quantified using a Spinlab
Code 56679 Clinical Chemistry Analyzer. The
reagents used were: R; Cap: TRIS pH 8.3 40
mmol/L, Colipase > 1 mg/L, Desoxycholate 1.8
mmol/L, Taurodesoxycholate 7.2 mmol/L. R»
[microemulsion]: Tartrate pH 4.0 15 mmol/L,
Lipase Substrate >0.7 mmol/L, calcium chloride
[CaCl,] 0.1mmol/L. Lipase CaL: Standard.
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Lyophilised human serum. Precautions:
LIPASE CAL. All components of human origin
have tested negative for HBs antigen, HCV and
anti-HIV. However, they should be used as
potentially infectious.

Preparation: R;-R; ready for use. Mix R»
before use. LIPASE CAL: Reconstitute with 1
mL of distilled water. Cover and mix until
contents are dissolved. Stability: 7 days at 2-8°C
or 3 months at -20°C. Analytes: Greenhouse
AEOQ, Chonteco AEQ, Orlistat.

PROCEDURE:

Test conditions: Wavelength 580 nm, 1 cm light
path test cuvette and a constant temperature of
37°C. Adjust the Spinlab to zero against distilled
water, pipette into the cuvette, place in a tube R;:
1 mL of blank with 200 puL of R> and 10 puL of
distilled water, mix and incubate at 37°C for 1
minute.

For the greenhouse AEO, place in a tube
Ri: 1 mL of blank with 200 uL of R, and 10 puL.
of AEO; for the Chonteco AEOQ, place in a tube
Ri: 1 mL of blank with 200 uL of Rz and 10 puL.
of AEOQ; and finally, for the orlistat, place in R;:
1 mL of blank with 200 puL of R> and 10 uL of
the orlistat solution, read the initial absorbance
[A] of the sample, and read the absorbance every
minute for 2 minutes. Calculate the average
absorbance difference per minute [AA/min].

The inhibition of pancreatic lipase
activity by the prepared AEOs was measured
using the spectrophotometric assay described
above.

The percentage of residual PL activity is
determined for each AEO by comparing the
lipase, PL activity with and without AEO. The
concentration required to give 50% inhibition
[IC50] is determined for each AEO tested. PL
was pre-incubated with different concentrations
[0.1, 1.0, and 10%] diluted in DMSO of each
AEQO, and the percentages of residual PL activity
data were used to evaluate the IC50 values.

All assays were performed in triplicate,
and the calculated inhibition percentages were
the average of three observations. Orlistat, a
known PL inhibitor, will be used as a positive
control.
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Results

In the present study, the oil yield obtained per
kilogram of dry leaf was 20 mL, which is
consistent with Marin 2023, unlike other studies
where a lower amount of 15 mL is obtained, as
mentioned by Flores 2011. The chemical
composition of the essential oils for each plant
shows that the different variations and
concentrations of thymol and carvacrol do not
present significant differences in their major
components, as can be seen in Annex 1.

The  greenhouse @ AEO  presents
compounds such as thymol with 59.45, carvacrol
with 9.27 and o -Cymene with 7.23 areas under
the curve. Similarly, the AE from Chonteco
shows Thymol with 59.45, carvacrol with 9.27
and o-Cymene with 7.23 areas under the curve
for each environmental [phenological] condition
[Marin-Tinoco et al., 2023].
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Percentage of pancreatic lipase inhibition

On the other hand, AEO at 10% inhibited
LP in a reversible, non-competitive manner, with
a maximum inhibitory concentration of 59%,
and AEO at concentrations of 0.1 and 1.0% with
a maximum non-competitive  inhibitory
concentration of 78%, as shown in Figure 1.

This is encouraging, as studies described
by Magafia-Rodriguez in 2024 mention an
inhibition of 71.90% due to the large amount of
terpenoids, according to results compared with
Orlistat, which had an inhibition of 86.5%,
coinciding with that reported by Tian-Tian in
2020

ISSN: 2523-6857.
RENIECYT: 1702902
ECORFAN® All rights reserved.

Conclusions

Lippia graveolens essential oils obtained from
different locations may function as a promising
pancreatic lipase inhibitor with activity similar
to Orlistat, contributing, at least partially, to its
hypolipidemic effects.
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Appendix 1.

Chemical compounds present in the essential
oils showing their Retention Time, Name, Match,
Area, Formula and % Area
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Annex 1. Table of Chemical Compounds present
in essential oils showing their Retention Time,

Name, Match, Area, Formula and % Area.
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e h Area
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Abstract

We have identified expressions of dopaminergic receptor type 1
and DARPP-32 [the ligand formation indicator protein] in
ovarian cortex of intact adult rats throughout regular estrous
cycle [REC], and oxidative stress indicators [OxSI] were
measured in both ovaries during whole cycle. Rats with fourth
days-REC [estrous, diestrous-1, diestrous-2 and proestrus] were
distributed in fourth experimental groups divided into three lots
which consisted in three sampling times: 08:00, 14:00 and
20:00h/day. Of each experimental group and time slot, we have
taken fresh ovaries and some OxSI were measured. Equally, in
other ovaries were identified DAR1 and DARPP-32 by
immunofluorescence. The expression of both proteins occurred
in parallel shape, but clearly marking immunofluorescence
differences and OxSI measured during hole REC occurred,
depending on time and estrous cycle day.

. Dopaminergic receptor type 1 and DARPP-32 expressions duning
estrous cycle of the rat: evidence of a dopaminergic rhythm
related to oxidative stress im the ovaries

Resumen

Se identifico la expresion de los receptores a dopamina tipo 1

[DAR1] y de la DARPP-32 [proteina indicadora de la formacion
de su ligando] en las cortezas ovaricas de ratas adultas intactas
durante un ciclo estral regular [CER], y se midieron indicadores
de estrés oxidativo [I[EOx] en ambos ovarios a lo largo del ciclo.
Ratas con CER de cuatro dias [estro, diestro-1, diestro-2 y
proestro] fueron distribuidas en cuatro grupos experimentales
divididos en tres lotes con diferentes horarios de muestreo: 08:00,
14:00 y 20:00 h/dia. De cada grupo y lote horario, se tomaron los
ovarios frescos y se midieron algunos IEOx. De igual forma, en
otros ovarios se identificaron por inmunofluorescencia los DAR1

y la DARPP-32. La expresion de ambas proteinas ocurrio en
imagenes paralelas, pero con claras diferencias en la
inmunofluorescencia y en los IEOx medidos a lo largo del CER,

que dependieron del horario y dia del ciclo.

. Expresién de los receptores dopaminérgicos tipo 1 y de la
Y DARFPP-32 a lo largo del ciclo estral de la rata: evidencia de un
ritmo asociado con indicadores del estrés oxidativo en los ovarios.

Objectives

Methodology
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(her ligand formation
indicator protein)
EXPressions in ovaran
cortex of cyclic adult
rats throughout regular
estrous cycle (EC),
and oxidative stress
indicators (membranal
metabolites of
lipoperoxidation).

Rats with 4 day-EC were
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divided into 3 lots hourly
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sampling times: 08-00,
14:00 and 20:000/EC
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experimental group and
time slot, several
oxidative stress
indicators were
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identified dopaminergic
receptor type 1 and
DAFPP-32 by
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1. Introduction

The main functions of the ovary are the periodic
release of healthy gametes [oocytes] and the
production of different hormones, both peptide
and steroid in nature. The main sex steroids
produced by the ovary are androgens, estrogens
and progesterone, chemical signals that are
essential for the functional integration of the
anatomical components of the hypothalamus-
adenohypophysis-ovary axis, all of which
participate in the control of the reproductive
cycle in synchrony with ovulation. Ovarian
functions are integrated into a repetitive and
continuous process of follicle maturation,
ovulation, and corpus luteum formation and
regression: the ovarian cycle [Freeman, 2006].

Ovarian functions are the result of
multiple integrative signals involving hormones,
neurotransmitters, and local modulators, all of
which collaborate in controlling the release of
potentially fertile oocytes, ensuring the eventual
development of a new individual.

One of these signals is dopamine, a
substance produced from a non-essential amino
acid such as tyrosine. This catecholamine
performs multiple functions, which, due to its
mechanism of action, can be considered a typical
hormone, a classic neurotransmitter, or a highly
versatile modulator [Bahena et al, 2000; Weiner
et al, 1988].

This study shows the results of dopamine
expression through an immunohistochemical
study of the expression of one of its receptors
identified in ovarian tissues: the type-1
dopaminergic receptor [DRA-1], as well as the
expression of the protein that indicates the
formation of its ligand: Dopamine and cAMP-
regulated phosphoprotein or DARPP-32.

1.1 Anatomy and Functions of the Ovary.

The ovary is a paired gland located in the
peritoneal cavity on either side of the uterus,
supported on the body wall by the suspensory
ligament.

It consists of two main parts: the cortex,
the outer part where the main functional
components of the gonad are located: follicles,
corpus luteum, and interstitial gland; and the
medulla, the central portion through which the
vascular [blood and lymphatic] system and
nerves enter.
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The outermost area of the cortex is called
the tunica albuginea, and its surface is crowned
by a single layer of cubic epithelium [superficial
epithelium of the ovary].

The oocytes are enclosed in complexes
called follicles, all of which are localized in the
inner part of the cortex [Erickson, 1995; Strauss
and Williams, 2009] [Figure 1].

Primary follicle Stroma Early antrum formation
Primordial follicle 7 | l»

r Atretic follicle
vessels

Graafian
follicle

Corpus
albicans——

Germinal
epithelium —

Mature

Ovulation
corpus luteum -

Early corpus luteum

Figure 1

Diagram showing the main anatomical and
functional compartments of the mammalian ovary
[Strauss III and Williams, 2009].

1.2 Hypothalamus-Adenohypophysis-Ovary
Axis.

The reproductive process depends on the regular
release of mature eggs, a complex process that in
turn depends on the functional integration of the
hypothalamus-adenohypophysis-ovary axis and
afferent stimuli from other regulatory systems
[Figure 2].

Normal gonadotropin secretion requires
pulsatile GnRH secretion within intervals and
frequencies that stimulate FSH secretion, while
higher frequencies favor LH secretion.

Therefore, the decrease in the frequency
of GnRH pulses in the late luteal phase is an
important factor that favors the synthesis and
secretion of FSH so that in the next cycle triggers
a series of highly coordinated integrative events
that lead to its immediate release, synthesis,
storage [reserve pool] and movement.

In addition, it stimulates the synthesis of
new decapeptide receptors that allow cells to
respond to smaller amounts of GnRH, which is
important for the appearance of the preovulatory
LH surge [Tresguerres and Castillo, 1993].
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Although rhythmic pulsatile activity is an
intrinsic property of GnRH-ergic neurons, it can
be modulated by the action of various hormones
and neurotransmitters such as biogenic amines,
acetylcholine, indolamines, and various peptides
that act directly on the activity of GnRH-ergic
neurons. Estrogens are primarily responsible for
maintaining opioid tone and potentiate the action
of progesterone, which explains the maximum
suppression of GnRH release and, therefore, of
gonadotropins [Freeman, 2006; Guyton and Hall,
2006a; Tresguerres and Castillo, 1993].

Negative Positive
feedback - feedback
Hypotalamus — GnRH
Adenohypophysis | | {
— / \ -
¥
e
|| Inhibin B /N Estradiol
\ { Inhibin A / \ \
/ LH \ |
\ / FsH |

Estradiol

Progesterone ; " Ovary
l\ > p S /I
Figure 2
Hypothalamus-Adenohypophysis-Ovary axis.

Gonadotropin-releasing hormone [GnRH] travels to
the adenohypophysis, which in response secretes
follicle-stimulating hormone [FSH] and luteinizing
hormone [LH]; both gonadotrophins bind to their
receptors on the functional tissues of the ovary:
follicular granulosa cells [GF] and theca cells;
following ovulation, the corpus luteum [CL] secretes
progesterone and inhibits the secretion of GnRH
[Hall, 2009].

1.3 Oestrous Cycle

The oestrous cycle of the adult rat lasts 4 to 5
days and ovulation occurs spontaneously. For
study, the phases of the 4-day oestrous cycle are:
oestrus-1, oestrus-2, proestrus and oestrus. It
should be noted that the cycle refers to the
oestrus behavior [sexual heat] that the female
must display to accept copulation and is
perfectly synchronized with the ovarian cycle
and ovulation [at the end of the behavioral
oestrus ovulation occurs]; the main purpose of
the occurrence of oestrus behavior is the
successful fertilization of the oocytes that the
female releases hours after the presence of the
pre-ovulatory peak of LH [Freeman, 2006;
Heber and Stromberg, 1986] [Figure 3].
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Figure 3

Plasma concentrations of progesterone, prolactin,
estradiol, LH [Luteinizing Hormone] and FSH
[Follicle Stimulating Hormone] obtained at two-
hour intervals during the four days of the oestrous
cycle of the rat. Each dot represents the mean +
E.M.E. concentration of the hormones. The black
bars represent the dark phase from 18:00 to 06:00
hours the following day [Smith et al, 1975; cited by
Freeman,2006].

The oestrous cycle can be studied
through changes in vaginal cytology, which
recur cyclically throughout the fertile life of
female rats and reflect the hormonal changes that
occur in each oestrous cycle [Freeman 2006]
[Figure 3].

The photoperiod is essential for regular
cycles of four to five days to occur. The presence
of a longer oestrous cycle is relatively abnormal
and reflects significant changes in the pattern of
hormone secretion resulting by various factors
[Montes and Luque, 1988]. The characteristics
described above are general and characteristic of
female mammals that have an oestrous cycle, a
cycle alluding to oestrus behavior and the
receptivity of the female to the male, and differs
from the menstrual cycle typical of Old World
primates and humans, which refers to a periodic
cycle of wear and regeneration of the uterine
endometrium [Eckert er a/, 1988; Guyton and
Hall, 2006b].
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1.4 Key Hormones in the Oestrous Cycle.

GnRH:  gonadotropin-releasing ~ hormone
[GnRH] or gonadoliberin. This is the
hypothalamic neurohormone that controls the
secretion of gonadotropins [FSH: follicle-
stimulating hormone or follitropin and LH:
luteinizing hormone or lutropin; both by their
acronyms]. GnRH is a small peptide of 10 amino
acids with some variation in the amino acid
sequence among different mammals. The gene
that encodes the 92-amino acid precursor protein
for GnRH, pro-GnRH, is located on the short
arm of chromosome 8.

The precursor protein for GnRH contains,
in the following order: a 23-amino acid signal
sequence, the GnRH decapeptide, a 3-amino
acid proteolytic processing site, and a 56-amino
acid sequence called GAP [GnRH-associated
peptide], a gonadotropin stimulator [Freeman,
2006; Fritz and Speroff, 2005].

The half-life of GnRH is only 2-4
minutes due to rapid degradation, combined with
enormous dilution upon entering the peripheral
circulation. Its function, in turn, depends on
complex and coordinated relationships between
GnRH and pituitary gonadotropins and gonadal
steroids.

The interaction between these chemical
signals is governed by feedback effects, both
stimulatory [positive] and inhibitory [negative].

These signals and those from higher
centers in the central nervous system can modify
GnRH secretion through the release of various
neurotransmitters: dopamine, noradrenaline and
endorphins, to name a few.

Dopamine and noradrenaline, like other
biogenic amines, are synthesized in nerve
endings by  decarboxylation of L-
dihydroxyphenylalanine [L-DOPA], which in
turn is synthesized by hydroxylation of tyrosine.

Dopamine is the immediate precursor of
noradrenaline and adrenaline, but it itself acts as
an essential neurohormone in the hypothalamus
and adenohypophysis [Freeman, 2006; Fritz and
Speroff, 2005] [Figure 4].

Gonadotropins are synthesized in the
adenohypophysis in response to GnRH and are
responsible for conveying information from the
central block to the gonads.
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The gonadotropins, FSH and LH, are
glycoproteins consisting of two subunits: alpha
and beta. The alpha subunit is common to both
FSH and LH, while the beta subunit is specific
to each hormone and is responsible for their
specific biological properties [Guyton and Hall,
2006b; Tresguerres and Castillo, 1993].

FSH is necessary for follicular
development; it stimulates cell multiplication in
the granulosa, together with estrogens and LH. It
increases the number of LH receptors in the
granulosa, thus preparing it for progesterone
production during the luteal phase. It increases
the aromatization capacity of the follicle,
promoting the transformation of androgen
precursors into estrogens [Erickson et al, 1985;
Erickson, 1995; Guyton and Hall, 2006b].

LH promotes steroidogenesis, increasing
the production of androgen precursors in the
theca and in the granulosa after ovulation too. It
promotes follicular development and ovulation
through its effects on the oocyte [Erickson et al,
1985; Erickson, 1995; Guyton and Hall, 2006b].

1.5 Dopamine Biosynthesis

Catecholamines: dopamine, norepinephrine
[noradrenaline] and epinephrine [adrenaline] are
active substances characterized by a catechol
group, which is a benzene ring with two
hydroxyl groups attached to an amine group. All
catecholamines are synthesized from the amino
acid L-tyrosine. Catecholamines are synthesized
mainly in the brain, adrenal medulla and some
sympathetic nerve fibers [Tresguerres and
Lopez-Calderon, 2008] [Figure 4].

Catecholamines play a key role in
nutrient metabolism and body heat generation
[thermogenesis]. They stimulate not only
oxygen consumption but also the consumption
of fuels such as glucose and free fatty acids,
thereby generating heat. They stimulate
glycogenolysis and the breakdown of
triglycerides into free fatty acids [lipolysis].

They also play a role in regulating the
secretion of multiple hormones. For example,
dopamine  inhibits  prolactin  secretion,
norepinephrine stimulates GnRH secretion, and
epinephrine inhibits insulin secretion by the beta
cells of the islets of Langerhans in the pancreas
[Garcia Sevilla, 1988].
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Dopamine is synthesized by a specific
neuron that has only the first two enzymes in the
biosynthesis pathway: tyrosine hydroxylase and
L-DOPA decarboxylase, which act sequentially
to produce dopamine exclusively: the
dopaminergic neuron, which, after chemical or
electrical stimulation, releases dopamine into the
synapse [Garcia Sevilla, 1988; Trujillo et al.,
2000; Weiner et al., 1988].

Dopamine is a neurotransmitter widely
distributed in the central nervous system [CNS]
and some peripheral areas, including the
cardiovascular and renal systems. In the brain,
dopamine is involved in the control of
movement, cognition, emotions, memory,
reward, and the mechanism of prolactin
secretion regulation by the pituitary gland.

o o
] oH
oH os oH e
2 ™ 2 LAAD

- Tyrosine . L-Dopa Dopamine

DEH
OH l oM
mﬁ/ MG ﬂ“ﬁ/ HHZ
U
(=11} FHMT e T)
Epinephrine

Morepinephrine

Figure 4

Synthesis of catecholamines. The molecular structure
and name of each molecule involved is shown. The
main precursor is L-tyrosine for the subsequent
synthesis of catecholamines. Route of catecholamine
synthesis. TH: tyrosine hydroxylase; L-dopa:
dihydroxyphenylalanine; LAAD: L-amino acid-
aromatic decarboxylase; DPH: dopamine beta-
hydroxylase; ~ FNMT:  phenylethanolamine-N-
methyltrans- pherase [Taken from Garcia Sevilla,
1988].

Several diseases have been linked to
alterations in dopaminergic transmission, mainly
neurodegenerative diseases and
neuropsychiatric disorders. The physiological
effects of dopamine are mediated by membrane
proteins that act as receptors for specific
chemical signals, called dopaminergic receptors
[DRs], which are widely expressed throughout
the mammalian brain [Rangel-Barajas et al,
2015].

According to Rangel et al. [2015], DRAs
belong to the family of G protein-coupled
receptors. There are five subtypes of mammalian
receptors, which are divided into two families
according to their structure and biological
response.
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The RDA-1 family includes RDA-1 and
RDA-5 receptors, while the RDA2 family
consists of RDA-2, RDA-3, and RDA-4
receptors.

RDA-1 subtypes are positively coupled
to adenylate cyclase [CA] to induce intracellular
accumulation of cAMP and activation of cAMP-
dependent protein kinase [PKA] [Rangel-
Barajas et al, 2015] [Figure 5].
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Figure 5

Intracellular signaling of DAIR receptors.
Stimulatory effects are indicated by red arrows and
inhibitory effects by blue line with circled end
[Taken from Rangel-Barajas et al, 2015].

In contrast, RDA2s are negatively
coupled to CA, and their activation decreases
cAMP accumulation and modulates the activity
of PKA and its effectors.

The activation of this receptor is also
associated with other signaling pathways and
may even act differently depending on the area
of the brain or physiological conditions [Cooper
et al, 1995].

1.6 DARPP-32

An acronym for the effect of dopamine receptor
binding, dopamine- and cAMP-regulated
phosphoprotein [DARPP-32] is a third cellular
messenger formed by the activation of a subclass
of DRAs, causing an increase in intracellular
cAMP levels and the activation of PKA, thereby
the phosphorylation of threonine 34 of DARPP-
32 [Greengard, 2001].
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DARPP-32 is necessary to mediate the
actions of dopamine and has been useful in
understanding its mechanism of action and its
interactions with other neurotransmitters,
therapeutic drugs, and drugs of abuse
[Greengard, 2001].

DARPP-32 is highly concentrated in the
neostriatum [the caudate nucleus and putamen]
and the nucleus accumbens. DARPP-32-
containing neurons are the only efferent pathway
for transmitting information out of this important
brain region. These neurons must integrate
information entering the neostriatum from many
other regions in the brain, and DARPP-32 plays
a central role in this integration process [Dunah
et al, 2004].

An important afferent pathway consists
of neurons that project from the cortex to the
striatum and use glutamate to excite DARPP-32-
containing neurons.

The  excitability of DARPP-32-
containing neurons is modulated by
dopaminergic neurons that project from the
substantia nigra to the neostriatum. The
regulation of the excitability of DARPP-32-
containing neurons has provided a useful model
for studying the mechanisms by which slow
synaptic transmission, as exemplified for
dopamine, occurs.

The sequence of DARPP-32 has been
highly conserved in mammals [Flores-
Hernandez et al, 2002].

DARPP-32 is a protein consisting of 205
amino acids and has an approximate molecular
weight of 32 kDa. It is phosphorylated at
threonine-34 by PKA and dephosphorylated by
protein  phosphatase 2B  [PP2B]. The
phosphorylation of DARPP-32 at the Threonine-
34 residue profoundly changes its biological
properties, converting it from an inactive
molecule into a very potent inhibitor of protein
phosphatase 1 [PP1], with a CI50 [median
inhibitory concentration] and Ki [inhibition
constant] of approximately 10° M. PP1 has a
very broad substrate specificity and controls the
phosphorylation status and activity of numerous
physiologically important substrates, including
neurotransmitter receptors, voltage-dependent
ion channels, ion pumps, and transcription
factors.
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As a result, neurotransmitters that
increase or decrease DARPP-32 phospho-
threonine-34  inhibit or activate PPI,
respectively, thereby increasing or decreasing
the phosphorylation status and activity of a wide
variety of physiological effectors that are
activated in signaling cascades [Svenningsson et
al, 2005].

Catecholamines, especially
norepinephrine, have been implicated in the
control of ovarian function, but whether
dopamine has a specific role in the ovary
remains to be clarified [Rey-Ares et al., 2007].

RDAs are present in human granulosa
cells with two members of each subtype [only
RDA-3 was not identified].

In addition, splicing variants of the
receptor were found: a long form RDA [D2L]
and another short form RDA [D2S]. In human
granulosa cells, the two splicing variants D2S
and D2L show differences in the length of the
third cytoplasmic loop involved in G protein
coupling [Rey-Ares et al, 2007].

1.7 Reactive Oxygen Species: ROS.

In a healthy body, reactive oxygen species [ROS]
and their antioxidants remain in balance. When
this balance is disrupted in favor of ROS,
oxidative stress occurs, i.e., an imbalance
between pro-oxidant [free radical species] and
the organism's or system's ability to eliminate
them through antioxidants.

ROS serve as key signaling molecules in
physiological processes, but they also play a role
in pathological processes [Agarwal et al, 2005].

ROS affect multiple physiological
processes. In primary female reproductive
functions, they can induce alterations that
compromise oocyte maturation until fertilization,
affecting  embryonic  development  and
pregnancy [Agarwal et al, 2005].

It has been suggested that an imbalance
in the antioxidant operating system determines
age-related fertility decline. The antioxidant
system plays an important role during pregnancy,
normal delivery, and the onset of premature
labor. Most cases of ovarian cancer appear in the
superficial epithelium of the tumor, and repeated
ovulation is believed to be the causal factor
[Behrman et al, 2001].
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The main ROS are: the superoxide
radical [O2"], hydrogen peroxide [H2O>] and the
hydroxyl radical [OH']. The superoxide radical
is formed when electrons escape from the
electron transport chain. The dismutation of
superoxide results in the formation of hydrogen
peroxide.

The hydroxyl radical is highly reactive
and can modify purines and pyrimidines, thereby
causing breaks that damage DNA strands. Some
oxidase enzymes can directly generate the
hydrogen peroxide radical. Under normal
conditions, ROS-scavenging molecules known
as antioxidants convert ROS to H>O to prevent
the excessive production and accumulation of
free radicals [Jozwik et al. 1999].

There are two types of antioxidants in the
human body: enzymatic antioxidants and non-
enzymatic antioxidants. Enzymatic antioxidants,
also known as natural antioxidants, neutralize
excess ROS and prevent them from damaging
cell structure. Enzymatic antioxidants consist of
superoxide dismutase, catalase, glutathione
peroxidase, and glutathione reductase, which
also cause the reduction of hydrogen peroxide to
water and alcohol [Agarwal et al., 2003] [Figure
6].
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Figure 6

Schematic representation of reactive oxygen species
[ROS] generation and cellular enzymatic
antioxidant pathways. The main antioxidant
enzymes include superoxide dismutase [SOD],
catalase, glutathione [GSH], glutathione peroxidase
[GPX], glutathione reductase [GR] and glutathione
transferase [GST] [Taken from Wang et al, 2017].

Non-enzymatic antioxidants are also
known as synthetic antioxidants or dietary
supplements.
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The body's antioxidant system complex
is influenced by the dietary intake of antioxidant
vitamins and minerals such as vitamin C,
vitamin E, selenium, zinc, taurine, hypotaurine,
transferrin,  glutathione, and carotenoids.
Vitamin C is an antioxidant that breaks the chain
that stops the spread of the peroxidative process.

This vitamin also helps to recycle
oxidized vitamin E and glutathione. Taurine,
hypotaurine and transferrin are mainly found in
tubal and follicular fluid, where they protect the
embryo from the operating system [Agarwal et
al, 2005].

1.8 ROS in Ovarian Tissues.

ROS have been shown to exert ambivalent
effects, either negative [serious alterations and
pathologies] or positive [rheostatic effects], in
the ovaries of mammals [Valko ez al, 2007].

Macrophages, leukocytes and cytokines
are the main sources of ROS and are all present
in the follicular fluid microenvironment. They
are involved in follicular growth, oocyte
maturation and ovarian steroid biosynthesis
[Wang et al, 2017].

The development of follicles from the
primordial stage to antral follicles is
accompanied by a marked increase in the
metabolic  function of granulosa cells,
particularly due to an increase in cytochrome
P450 activity for steroid biosynthesis [Richards,
1994].

Large amounts of ROS are produced
during electron transport, indicating that
functional granulosa cells are related to the pro-
oxidant state in follicles. When the preovulatory
follicle is formed, ovulation occurs under LH
stimulation and the expression of a certain
amount of ROS is required for ovulation. It has
been confirmed that inhibition of ROS formation
hinders the process or induces morphological
alterations in the oocyte [Wang et al, 2017].

In  preovulatory  follicles, excess
antioxidants affect LH-stimulated progesterone
secretion and ovulation-related gene expression.
In preovulatory follicles, ROS induce the
turnover  of  prostaglandins,  cytokines,
proteolytic enzymes, and steroids, leading to
alterations in blood flow and eventual follicle
rupture [Rizzo et al, 2012].
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The ovulation process is comparable to
an acute inflammatory reaction because many
genes and substances related to inflammation are
induced by the increase in LH in preovulatory
follicles prior to ovulation. Except for dominant
follicles that are released for fertilization, the
other growing follicles will undergo apoptosis, a
process promoted by an increase in ROS. In
parallel, FSH-induced estrogen synthesis and the
upregulation of catalase and glutathione in
growing follicles counteract the apoptotic
process to maintain balance during normal
ovarian function [Kato et al, 1997].

During the luteal phase, a large amount
of progesterone is produced to maintain the early
stage of gestation. If pregnancy does not occur,
the corpus luteum regresses, induced by the
accumulation of ROS. A rapid drop in plasma
progesterone is required for proper follicular
maturation in the next reproductive cycle.
Steroidogenesis is the main source of ROS
production, and progesterone synthesis 1is
restricted to the corpus luteum because of ROS.

During pregnancy, the decrease in
superoxide dismutase-1 induces an increase in
ROS production with inhibition of progesterone-
mediated actions. Thus, the elimination of ROS
by antioxidants may contribute to maintaining
the integrity of luteal cells and extending the life
of the corpus luteum before the placenta
becomes established as the gland supporting
gestation [Wang et al, 2017]. Catalase is
predominantly found in peroxisomes. In the
ovaries, catalase was first detected in 1975 by
immunohistochemistry. Catalase has been
shown to protect the genome from oxidative
damage.

Schematic representation of antioxidant regulation
in  follicular development. The follicular
development process begins with primordial
follicles to primary follicles, followed by secondary
follicles and tertiary follicles.
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Preovulatory follicles are formed under
FSH stimulation, and finally, ovulation is
triggered by an increase in luteinizing hormone
[LH]. All these consecutive and synchronized
events are accompanied by ROS production.

Antioxidants are strongly modulated
during this process. Catalase and GSH
expressions in follicles is enhanced with
follicular growth, while SOD activity is reduced
in folliculogenesis. SOD has been shown to have
inhibitory effects on estrogen synthesis by
inhibiting FSH-induced aromatase activity,
while SOD enzyme activity correlates positively
with estradiol levels in follicular fluid.

A large amount of ROS can be produced
during steroidogenesis, especially during the
conversion of cholesterol to pregnenolone via
cytochrome P450scc. Gonadotropin induces
upregulation of antioxidants such as catalase;
GSH in follicles protects oocytes from oxidative
stress generated by physiological metabolic
processes, such as steroidogenesis, in the ovary
[Taken from Wang et al, 2017].

It has been suggested that the distribution
and oscillation of catalases during different
ovarian cycles are related to gonadotropin
regulation. Gonadotropins such as FSH have
well-known functions that are primarily
important for follicular maturation,
differentiation, and steroidogenesis. Estrogen
reaches its highest concentration in dominant
follicles, and the concomitant increase in
catalase and estradiol in response to FSH may
suggest a role for catalase in follicle selection
and prevention of apoptosis. High levels of
SODI1 and SOD2 expression have been detected
in luteinized granulosa and theca cells.

The amount and activity of the three
SOD isoforms in follicular fluid are higher in
small and medium follicles than in large ones.
SOD1 is required to neutralize O2" in the
cytoplasm of oocytes. GSH is a low molecular
weight thiol that is predominantly expressed in
mammalian cells. GSH maintains cells in a
reduced state and functions as an electron donor

for some antioxidant enzymes [Behrman et al,
2001] [Figure 7].

1.9 Oxidative Stress Indicators.

Malondialdehyde [MDA], 4-hydroxyalkenals
[4-HDA] and nitrites [NO2] can be analyzed as
indicators of oxidative stress.
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Lipid peroxidation can lead to the
formation of MDA and 4-HDA, which promote
the influx of inflammatory cells. Lipid
peroxidation or lipoperoxidation is the oxidative
degradation of lipids. It is the process by which
free radicals capture electrons from lipids in cell
membranes.

This process is initiated by a free radical
chain reaction mechanism. In most cases, it
affects polyunsaturated fatty acids because they
contain multiple double bonds, including
methylene groups [-CHbz-] that have particularly
reactive hydrogen. Like any radical reaction, it is
modelled in three fundamental steps: initiation,
propagation, and termination. MDA 1is an
organic compound with the nominal formula
CH2 [CHO]s. It 1s a colorless, highly reactive
liquid compound produced as enol [Pérez-
Aguilar, 2005].

4-HDA is an o,B-unsaturated
hydroxyalkene produced by lipid peroxidation in
cells. It is found in all animal tissues, but in
greater quantities during oxidative stress due to
the increase in the lipid peroxidation chain
reaction. It has been hypothesized that 4-HDA
plays a key role in cell signal transduction in a
variety of pathways, from cell cycle events to
cell adhesion [Awasthi et al, 2004].

2. Background

Dominguez et al. [1987] evaluated the effects of
systemic administration of a dopaminergic
antagonist at different phases and times of the
oestrous cycle on ovulation and follicular
population distribution in the ovaries of adult
rats.

In this experiment, female rats with
regular four-day oestrus cycles were treated with
a single dose of haloperidol [2.5 mg/kg body
weight; i.m.], a non-selective dopamine receptor
antagonist, at different times on each day of the
oestrus cycle: diestrus-1, diestrus-2, proestrus
and oestrus; all of which were sacrificed on the
morning of the expected oestrus. Haloperidol
prevented spontaneous ovulation in these
animals when administered during oestrus and
diestrus-1 but was less effective when injected
during diestrus-2 and proestrus.

The follicular population of the ovaries
showed alterations in follicle growth that
depended on the timing of systemic dopamine
receptor blockade.
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These results suggest that the
dopaminergic information generated during the
first half of the oestrous cycle is essential for the
normal sequence of neuroendocrine and
endocrine events leading to ovulation.

In other studies, we have re-evaluated the
role of dopamine in the regulation of the oestrous
cycle and spontaneous ovulation in rats,
confirming the observations of Dominguez et al.
[1987]. Subcutaneous administration of a single
dose of haloperidol in the first [Ramirez-Avila,
2001] or second half of the oestrous cycle
[Pastelin-Rojas, 2003] interrupts the oestrous
cycle and clearly inhibits the secretion of
gonadotropins and estrogens.

The experiments confirmed that
follicular development 1is interrupted and
showed that atresia rates increased almost
absolutely in animals treated with the antagonist.

Although these effects could be
explained by the interruption of gonadotropin
secretion, hormone replacement was ineffective
in restoring ovarian function [Pastelin-Rojas,
2003; Vargas-Torres, 2002], which allowed us to
assume that pharmacological blockade of
dopaminergic information in the ovaries could
directly involve mechanisms that control ovarian
functions.

Venegas et al. [2015] demonstrated the
virtual existence of a local dopaminergic system
in the ovary of adult rats that plays a critical role
in regulating the oestrous cycle and spontaneous
ovulation, with variable roles throughout the
oestrous cycle and even according to the time of
day when its function is analyzed.

Their results are highly consistent with the
observations of Dominguez et al. [1987] and
show the clear effects that local antagonism of
dopamine receptors in the ovary has a direct
impact on the oestrous cycle, i.e., the secretion
of GnRH and gonadotropins through a
communication pathway that is not exclusively
hormonal, but rather very likely involves nerve
signals generated from the ovary that reach sites
at the central level that coordinate and control
the oestrus cycle with ovulation.

In relation to the latter, it is known that
the ovary receives nerve fibers that enter through
the medulla and are distributed to the cortex until
they reach the ovarian stroma and the follicular
theca [Burden, 1985].
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This innervation comes from the ovarian
plexus and the superior ovarian nerve [ Lawrence
and Burden, 1980]. The latter is closely related
to the control of steroidogenesis, as its fibers
reach the outer theca of the follicles [Aguado,
2002].

Other fibers enter the ovarian stroma and
contact interstitial cells that are indirectly related
to the cells of the corpus luteum [Erickson et al,
1985]. Most of the fibers that travel through the
superior ovarian nerve originate from
postganglionic sympathetic neurons located in
the celiac ganglion [Klein and Burden, 1988].

Therefore, by antagonizing the dopamine
receptors in the ovary, we can analyze the
functional role of dopamine and its multiple
receptors in  the  anatomical-functional
hypothalamus-adenohypophysis-gonad axis
mentioned in previous paragraphs. Some
background information suggests that the use of
dopamine antagonists in controlled doses would
allow for the specific analysis of the functional
responses of ovarian tissues where dopamine
exerts its biological actions [Dominguez et al.,
1987; Venegas et al., 2015].

There is a wide variety of dopamine
antagonist drugs that interact selectively with a
specific type or subtype of receptor. The
neuroleptic  sulpiride does not produce
extrapyramidal side effects in humans or
catalepsy in experimental animals, unlike
haloperidol. It acts as an antagonist of the
dopaminergic system by specifically blocking
RDAZ2 receptors, although it also shows a high
affinity for RDA3 receptors [Lopez et al, 1996].

Furthermore, according to our previous
studies [Dominguez et al, 1987; Venegas et al,
2015; Venegas et al, 2016; Gonzalez Quiroz et
al., 2016], if antagonism towards RDA receptors
induces alterations in the oestrous cycle and
spontaneous ovulation, as demonstrated in the
hemicastrate rat model on the degree of
compensatory ovulation and compensatory
ovarian hypertrophy [Letras Luna et al., 2016,
Letras-Luna, 2018; Guzman-Herrera, 2018], it
would be interesting to consider whether certain
indicators of oxidative stress such as MDA, 4-
HDA and nitrites, as well as ROS in ovarian
tissues, could be directly related to these
alterations in the reproductive parameters of
adult rats.
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3. Justification of the Study

Given the above and given that there is
experimental evidence showing that the effects
of central, systemic and local ovarian blockade
of dopaminergic receptors have a negative
impact on the functioning of the hypothalamic-
adenohypophysis-ovarian axis, the critical role
played by dopamine as an important signal in the
reproductive function of female rats has been put
into perspective, all due to its evident
participation in the integration of all
neuroendocrine, endocrine and possibly also
neurocrine communication signals that modulate
complex ovarian functions [Dominguez ef al,
1987; Moran and Dominguez, 1995; Venegas et
al, 2015].

Everything indicates that dopamine plays
a stimulating role in the control of gonadotropin
secretion and in the regulation of the oestrous
cycle. However, there are few studies showing
the expression of dopamine receptors throughout
the oestrous cycle and whether this expression
changes depending on the hormonal
environment in female rats.

This study provides an overview of the
expression of the RDA-1 receptor throughout the
oestrous cycle of rats and at different times of
each day, with the aim of gaining a better
understanding of the effects of its specific
antagonism on ovarian functions observed in our
previous studies.

Our working hypothesis is that the
expression of ovarian dopamine receptors will
differ throughout the oestrous cycle of the rat
and that specific antagonism towards them will
show changes in their expression.

4. Objectives

General: To identify the expression of RDA-1
dopaminergic receptors in the ovarian
compartments of adult rats on different days of
the oestrous cycle.

Specific:

4.1 To analyze the expression of the RDA-I
dopaminergic receptor in the ovarian cortex, as
well as the expression of DARPP-32, on
different days of the oestrous cycle of adult rats
with regular four-day oestrous cycles: diestrous-
1, diestrous-2, proestrus and oestrous [cyclical
animals].
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4.2 Measure the concentration of certain
oxidative stress indicators estimated on different
days of the oestrus cycle of cyclic animals and
analyze whether there is a relationship between
the expression of the RDA-1 dopaminergic
receptor and DARPP-32 with these indicators.

5. Methodology
5.1 Experimental Animals.

Forty-eight adult female rats of the CII-ZV
strain, aged 90-120 days and weighing 200-250
g, were used. They were kept under control with
lighting conditions [14 h light/10 h darkness;
lights on from 05:00 to 19:00] and with free
access to water and balanced feed.

To control the phases of the reproductive
cycle, the oestrous cycle was recorded by means
of vaginal smears taken daily between 09:00 and
10:00. Once the animals had completed three
consecutive  four-day cycles [diestrus-1,
diestrus-2, proestrus and estrous; cyclic rats],
they were divided into four groups: Estrus,
Diestrus-1, Diestrus-2 and Proestrus, each in
time subgroups with sampling at 08:00, 14:00
and 20:00 [Table 1].

Table 1

Number of animals for each subgroup of adult rats
with regular four-day-long oestrous cycles [Estrus,
Diestrus-1, Diestrus-2 and Proestrus]; two animals
from each subgroup were used for identification of
dopamine receptor type 1 as well as DARPP-32 by
immunofluorescence; sampling was performed at
three different times on each day of the oestrous
cycle. The other two animals were used to measure
oxidative stress indicators. The treatments
performed on all animals were in accordance with
NOM-062-ZO0O-1999.

’{l::lis] Estrous | Diestrus-1 Diestrus-2 Proestrus
08:00 |4 4 4 4
14:00 | 4 4 4 4
20:00 |4 4 4 4

In each subgroup, two animals were
allocated for immunohistochemistry [see
below] of RDA-1 and DARPP-32; the other
two were allocated for analysis of oxidative
stress indicator [OSI] concentrations in the
ovaries. = Malondialdehyde @ [MDA], 4-
hydroxyalkenals [4-HDA] and nitrites [NOz]
were quantified.
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The histological analysis was performed
by immunofluorescence to identify RDA-I1
receptors, as well as DARPP-32 in both ovaries
of two cyclic animals from each subgroup.

Histological sections were made from
the ovaries of each of these animals [see lines
below] to look for positive reaction signs in
different follicular compartments: theca,
granulosa and oocyte.

5.2 Indicators of Oxidative Stress.

To perform the IEOx analysis, two animals
from each subgroup were sedated with
isoflurane vapors, decapitated and
exsanguinated. The fresh ovaries were
dissected, weighed on a 0.1 mg precision
balance in cold conditions and immediately
fragmented with fine-tipped scissors [40
repeated cuts] inside an Eppendorf tube. Five
hundred pL. of 1X PBS were added and
homogenized for 2 minutes in cold conditions.

The homogenate was then centrifuged at
12,000 rpm for 40 minutes at 4 °C. The
supernatant was collected and stored in a 300
uL vial for IEOx analysis.

5.3 Fixation of the Ovaries by Intracardiac
Perfusion and Cryopreservation.

Once the three consecutive oestrus cycles were
completed, the other two animals in each
subgroup were euthanized and a general
autopsy procedure was performed. Between
08:00-09:00, 14:00-15:00 or 20:00-21:00 on
day 1, day 2, proestrus or oestrus, the cyclic
animals were sedated with a lethal dose of
sodium pentobarbital [80 mg/100 g body
weight; i.p.] and, once desensitized, underwent
intracardiac perfusion with approximately 200
ml of 0.9% NaCl until organ clarification was
observed and 200 ml of 4% paraformaldehyde
in 1X PBS [phosphate buffer; 0.1 nM
monobasic sodium phosphate and 0.1 mM
dibasic sodium phosphate, pH 7.4] for tissue
fixation. After perfusion, the ovaries were
dissected and stored in a 4% paraformaldehyde
solution at 4 °C until subsequent
cryopreservation treatment. The ovaries fixed
in 4% paraformaldehyde were washed with
PBS for 24 hours at 4°C and then placed in jars
with increasing concentrations of sucrose [10,
20 and 30%], keeping them immersed for 24
hours at 4°C in each solution, to prepare them
for subsequent cold histological sectioning.

Moran-Perales, José Luis, Flores-Bautista, Maria Corazon, Handal-Silva, Anabella
and Garcia-Suastegui, Wendy Argelia. [2025]. Dopaminergic receptor type 1 and
DARPP-32 expressions during estrous cycle of the rat: evidence of a dopaminergic
rhythm related to oxidative stress in the ovaries. Journal of Biomedical Engineering
and Biotechnology. 9[20]1-23: €3920123
https://doi.org/10.35429/JBEB.2025.9.20.3.1.23



Journal of Biomedical Engineering and Biotechnology

12
9[20]1-23: 3920123

Article
5.4 Cryostat Histological Sections

The previously cryopreserved organs were
sectioned at a thickness of 14 microns in a
cryostat [Microm-HM 505N] at a temperature
of -20°C. The sections were placed on slides
previously prepared with a silane film: [3-
aminopropyl] triethoxysilane [Sigma Co. Cat.
A-3648].

5.5 Immunofluorescence for RDA-1 and
DARPP-32

The histological sections of the ovaries were
attached to salinized slides and washed with
PBS-1X three times for 10 minutes. The
sections were then permeated with 0.5% Triton
in PBS 1X for 30 minutes, followed by
treatment with 4% hydrogen peroxide for 5
minutes. Two 10-minute washes were
performed with 0.5% PBS-Triton-1X. The
sections were then blocked with 10% IgG-free
bovine serum albumin [BSA] [Sigma] in 0.5%
PBS-Triton-1X for 3 hours in a humid chamber
at room temperature. In the next stage, the
tissues were incubated with the primary
antibody in a humid chamber for 72 hours at
4°C.

The antibodies used in this study were:
anti-DARPP32 [Santa Cruz Biotechnology]
[1:100] and, separately, anti-RDA1 [Santa Cruz
Biotechnology] [1:100].  For  indirect
immunodetection, a biospecific secondary
antibody conjugated with fluorescein 5-
isothiocyanate [FITC 1:400] was used for one
hour at 4°C in a humid chamber and protected
from light, and Rhodamine [1:400] was used for
RDA-1. Finally, the preparations were mounted
with Vecta-Shield medium conjugated with
DAPI  [4',6-diamidino-2-phenylindole; a
nucleic acid intercalator] in a dark room.

The observation and analysis of
immunoreactivity was performed on an
Olympus BX41 microscope coupled to a
fluorescence lamp with blue and green filters.
The images observed were recorded using a
DFC-300 FX digital camera attached to the
microscope with a 40X objective lens. The
photomicrographs were obtained using Image-
ProPlus 6.3 software [Media Cybernetics Inc.]
and stored in JPG format for subsequent
quantitative immunoreactivity analysis in the
cells of the different follicular compartments:
theca, granulosa and oocytes.
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5.6 Statistical Analysis.

The quantification of MDA, 4-HDA and NO>
concentrations, as well as the positive
immunofluorescent staining for RDA-1 and
DARPP-32 in the ovarian follicles [theca,
granulosa and oocytes] of the histological
sections, was analyzed by simple ANOVA,
followed by the Tukey-Kramer test. The
immunofluorescent staining was measured by
quantifying the pixels in the observed section.
Differences equal to or less than p<0.05 were
considered statistically significant.

6. Results

6.1 Identification of DA1 receptors by
immunofluorescence.

Immunofluorescence analysis showed that
RDA-1 was expressed on all days of the
oestrous cycle [Figure 8].

Diestrus-1
08:00 h 14:00 h 20:00 h

Diestrus-2
14:00 h

Proestrus

DARI1 receptor immunofluorescence observed in
400X histological sections of ovaries from intact
adult rats with regular four-day oestrous cycles
[Diestrus-1, Diestrus-2, Proestrus and Oestrus], at

08:00, 14:00 and 20:00 h.
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However, there is a clear day-
dependent and even time-dependent difference,
where its presence was identified in medium-
sized follicles, mainly in theca cells and to a
lesser extent in granulosa cells [Figures 9, 10 and
11]. Figure 9 shows the rhythmic pattern of
RDALI expression throughout the rat oestrous
cycle, where a maximum expression of the
receptor can be observed on the day of oestrus in
the adult rat with regular oestrous cycles of four
days duration.
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Figure 9

DARI1+e.e.m. receptor expression at 08:00, 14:00 and
20:00h on the different days of the oestrous cycle obtained
in the ovaries of intact adult rats with regular four-day
oestrous cycles [Diestrus-1, Diestrus-2, Proestrus and
Oestrus]. The histogram shows average quantification in
square pixels [*p<0.01 compared to the other days of the
oestrous cycle; Kruskall-Wallis followed by Dunn's
multiple comparisons test].

Overall analysis of the RDAI1-positive
immunolabelling count showed clear differences
between the times of Estro compared to the other
days of the cycle, where the amount of mark was
markedly higher on this day of the cycle [Estro:
55210+4781 pixels vs other days of the Estro
Cycle: 30984+4051 pixels, p<0.01; Student's t]
[Figure 10].
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Figure 10

Global quantification of DARI1+e.e.m. receptor on the
different days of the oestrous cycle in the ovaries of intact
adult rats with regular four-day oestrous cycles [Diestrus-
1; Diestrus-2; Proestrus and Oestrus]. Bars show receptor
immunopositive mark count estimated in square pixels
[*p<0.001 compared to the other days of the oestrous
cycle; Kruskall-Wallis followed by Dunn's multiple
comparisons test].
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This trait was maintained, irrespective of
the time at which the receiver tag count was
performed [Figure 11].

100000 - RDA1 08:00 h
0000 4
60000 "
,u
z
40000 4
20000 4
a4
Diestrus-1 Diestrus-2 Proestrus Oestrus
100000 - RDA1 14:00 h
ve
s0000
60000 —
™ aoo00 5
20000
o [ T | I T I I T I T
Diestrus-1 Diestrus-2 Proestrus Cestrus
100000 - RDA1 20:00 h
80000 -
. s0000 - -
B
&
40000 -
20000 -
ad
Diestrus-1 Dicstrus-2 Frocstrus Cestrus
.
Figure 11

Global quantification of DARI1+e.e.m. receptor at
08:00, 14:00 and 20:00h on the different days of the
oestrous cycle in the ovaries of intact adult rats with
regular four-day oestrous cycles [Diestrus-1,
Diestrus-2, Proestrus and Oestrus]. Bars show
receptor immunopositive mark count estimated in
square pixels [*p<0.01 compared to the other days of
the oestrous cycle; Kruskall-Wallis followed by
Dunn's multiple comparisons test].

6.2 Identification of
immunofluorescence

DARPP-32 by

Immunofluorescence analysis showed that
DARPP-32 was also expressed on all days of the
oestrous cycle [Figure 12] and like RDAI, the
protein also tends to be most clearly expressed
on the day of oestrus regardless of the time of
measurement [Figures 13, 14 and 15].

Figure 13 shows the rhythmic pattern
of DARPP-32 expression throughout the estrous
cycle of the rat, where a peak expression of the
receptor can also be observed on the estrous day
in the adult rat with regular four-day estrous
cycles.
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Figure 12

Immunofluorescence of DARPP-32 protein observed
in 400X histological sections of ovaries from intact
adult rats with regular four-day oestrous cycles
[Diestrus-1, Diestrus-2, Proestrus and Oestrus], at
08:00, 14:00 and 20:00. h.

Similarly, the overall analysis of the
DARPP-32 positive immunolabelling count
showed clear differences between the times of
Estro compared to the other days of the cycle,
where the amount of marker was notably higher
on this day of the cycle [Estro: 10023+1864 vs
other days of the Oestrous Cycle: 4318+362,
p<0.001; Student's t] [Figure 13].

Figure 14 shows the behavior of DARPP-
32 expression in the three different schedules,
where the differences are clearly marked in the
schedules of the estrus day, but not between the
other days of the estrous cycle.
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Figure 13

Quantification of DARPP-32+e.e.m. obtained from
ovaries of intact adult rats with regular four-day
oestrous cycles [Diestrus-1, Diestrus-2, Proestrus and
Oestrus]. Bars are shown in square pixels were
quantified at 08:00, 14:00 and 20:00 hours [* p<0.05
compared to the other days of the oestrous cycle;
Kruskall-Wallis  followed by Dunn's multiple
comparisons test.
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Figure 14

Quantification of global DARPP-32+e.em on
different days of the oestrous cycle in ovaries of
intact adult rats with regular four-day oestrous cycles
[Diestrus-1, Diestrus-2, Proestrus and Oestrus]. Bars
show receptor immunopositive mark count estimated
in square pixels [*p<0.001 compared to the other
days of the oestrous cycle; Kruskall-Wallis followed
by Dunn's multiple comparisons test].

6.3 Analysis of Oxidative Stress Indicators.

The analysis of oxidative stress markers
throughout the ovarian oestrous cycle was
performed to have a relatively complete picture
of the changes that occur in the generation of
these intracellular signals and their possible
relationship with spontaneous ovulation in intact
cyclic animals.
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Statistical analysis of the concentrations
of the oxidative stress indicators was similar
between the left and right ovaries of each
subgroup, so it was decided to pool these data
into a single data set at different times of the days
of the oestrous cycle.
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Figure 15

Quantification of DARPP-32+e.e.m obtained from
ovaries of intact adult rats with regular four-day
oestrous cycles [Diestrus-1, Diestrus-2, Proestrus
and Oestrus]. Bars are shown in square pixels and
were quantified at 08:00, 14:00 and 20:00 hours.
ANOVA followed by Tukey-Kramer test
[*p<0.01 compared to the other days of the cycle;
Kruskall-Wallis followed by Dunn's multiple
comparisons test [*p<0.01 compared to the other
days of the cycle; Kruskall-Wallis followed by
Dunn's multiple comparisons test].

Figures 16 and 19 show a clear
fluctuating behavior in the expression of
oxidative stress indicators throughout the estrous
cycle. On the afternoon of Diestro-2, a peak
concentration in the concentration of
lipoperoxidation indicators was observed, which
was not observed at other times of the estrous
cycle [Figure 16].
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Meanwhile, nitrite concentration showed
highly wvariable behaviors throughout the
oestrous cycle and on each day of the cycle, i.e.
markedly different apparent circadian changes,
which are most evident during Proestrus,
compared to the other days of the cycle [Figure
19]. It is remarkable that at 20:00h on the
different days of the estrous cycle, the oxidative
stress indicators invariably expressed values
close to zero or the absence of them [Figures 16
and 19].
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Figure 16

Concentrations of malondialdehyde [MDA] £ e.m.e. in
fresh homogenates from ovaries obtained from rats and 4-
hydroxy-alkenals [4-HDA] + e.m.e. in fresh homogenates
from ovaries obtained from adult rats with regular four-
day oestrous cycle [Diestrus-1; Diestrus-2; Proestrus and
Oestrus]. The profile was obtained from sampling at 8:00,
14:00 and 20:00 throughout the oestrous cycle. Units are
expressed in uM / mg protein [* p<0.05: D2-14 vs P-14
and D2-14 vs E-8; ** p<0.01: D2-14 vs P-20; D2-14 vs E-
14 and D2-14 vs E-20; *** p<0.001 D-1-8 vs D2-14; D1-
14 vs D2-14; D1-20 vs D2-14 and D2-14 vs D2-20;
ANOVA followed by Tukey-Kramer test].

As shown in Figure 16, the generation of
lipoperoxidation indicators is highest on the day
of Diestro-2 and gradually decreases to
minimum values until Diestro-1 [Figure 17].
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Figure 17
Overall concentrations of malondialdehyde

[MDA]J+e.e.m. and 4-hydroxy-alkenals [4-HDA]+e.e.m.
in fresh ovarian homogenates obtained from adult rats with
regular four-day oestrous cycle [D1: Diestrous-1; D2:
Diestrous-2; P: Proestrus and E: Oestrus]. The profile was
obtained from sampling throughout the oestrous cycle.
Units are expressed in pM/mg protein [*p<0.05 compared
to D1 and E; ANOVA followed by Tukey-Kramer test].
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However, the significant changes are
time-dependent, with the main changes
occurring at 14:00h on Day 2 [Figures 18].
When analyzing these fluctuations in nitrite
concentration according to the time of day, there
was a clear increase in nitrite production at
08:00h compared to 14:00 and 20:00h [Figure
20].
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Figure 18

Concentrations of malondialdehyde [MDA] and 4-
hydroxy-alkenals [4-HDA] + e.m.e. in fresh ovarian
homogenates obtained from adult rats with regular four-
day oestrous cycle [D1: Diestrous-1; D2: Diestrous-2; P:
Proestrus and E: Oestrus]. The profile was obtained from
sampling at 08:00, 14:00 and 20:00 throughout the
oestrous cycle. Units are expressed in puM/mg protein
[*p<0.05 compared to D1; ANOVA followed by Tukey-
Kramer test].

As for nitrite concentration and its
fluctuations throughout the oestrous cycle
[Figure 19], the differences observed are
marked and displaced towards the day of
Proestrus, since on this day of the cycle the
nitrite concentration was higher than on the
day of Oestrus-1, a day where lower average
concentrations were detected [Figures 20 and
21].
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7. Discussion of Results

The results of the present study consistently
show that the expression of RDAI and
DARPP-32 protein varies during the estrous
cycle but that the highest rates occur on the
day of oestrus.
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Figure 19

Nitrite [NO:]te.e.m. concentrations in fresh
ovarian homogenates obtained from adult rats with
regular four-day oestrous cycles [D1: Diestrus-1;
D2: Diestrus-2; P: Proestrus and E: Oestrus]. The
profile was obtained from sampling at 8:00, 14:00
and 20:00h throughout the oestrous cycle. Units
are expressed in uM/mg protein [*p<0.05 D2-8 vs
D2-14 and D2-8 vs P-8; ** p<0.01 D1-14 vs D2-
8; D1-20 vs D2-8; D2-8 vs D2-20; D2-8 vs P-20
and D2-8 vs E-20; ***p<(0. 001 D1-8 vs P-8; D1-
14 vs P-8; D1-20 vs P-8; D2-14 vs P-8; D2-20 vs
P-8; P-8 vs P-14; P-8 vs P-14; P-8 vs P-20; P-8 vs
E-8; P-8 vs E-14 and P-8 vs E-20; ANOVA
followed by Tukey-Kramer test].
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Figure 20

Nitrite [NO;]te.e.m. concentrations in fresh
ovarian homogenates obtained from adult rats with
regular four-day oestrous cycles [D1: Diestrus-1;
D2: Diestrus-2; P: Proestrus and E: Oestrus]. The
profile was obtained from sampling at 8:00, 14:00
and 20:00h throughout the oestrous cycle. Units
are expressed in pM/mg protein [*p<0.01: P vs
DI1; ANOVA followed by Tukey-Kramer test].
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On the other hand, fluctuating and
circadian behavior was observed in the
production of oxidative stress indicators
throughout the oestrous cycle of adult rats. Both
lipoperoxidation indicators and nitrites showed
dynamic changes throughout each day of the
oestrous cycle, highlighting the intense ovarian
activity required for the main functions of the
gonad—the secretion of sex steroids and
ovulation—to occur synchronously,
systematically, and cyclically.

7.1 Identification of RDA-1 and DARPP-32
on different days of the oestrous cycle

In adult rats with four-day oestrous cycles,
RDA-1 expression showed a rhythmic pattern
where the maximum receptor mark occurs
throughout the day of oestrus, mainly in the
follicular theca cells. In practice, RDA-1
receptor expression remains low but constant
until the morning of the oestrus day, when a
sudden increase occurs throughout the day,
probably starting on the night of proestrus,
reaching a peak in the afternoon and beginning
to decline towards the evening until reaching
minimum expression from diestrus-1 onwards.
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Figure 21

Nitrite [NO,]+e.e.m. concentrations in fresh ovarian
homogenates obtained from adult rats with regular
four-day oestrous cycles [D1: Diestrus-1; D2:
Diestrus-2; P: Proestrus and E: Oestrus]. The profile
was obtained from sampling at 8:00, 14:00 and
20:00h throughout the oestrous cycle. Units are
expressed in uM/mg protein [*p<0.01 compared to
D1; ANOVA followed by Tukey-Kramer test].
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It has been described that the role of
dopamine receptors is important for the oestrous
cycle to occur normally and synchronize with
ovulation, which is one of the main functions of
the ovary. Venegas et al. [2015] showed that
when RDA-1 is blocked with the antagonist
SCH23390 in the morning and evening of
Diestro-1, the oestrous cycle is delayed and
ovulation does not occur on the morning of the
expected oestrus, but delays it by 24 hours
[Guzman-Herrera, 2018], in the same way that
occurs when RDA?2 is antagonized with sulpiride
[Letras et al, 2016].

These results indicate that dopamine
receptors present in the ovary are essential for
the oestrous cycle to be regulated, for dopamine-
mediated ovarian signals to occur, which in turn
control the functioning of the hypothalamus-
adenohypophysis-ovarian axis, and culminate in
cyclic ovulation in rats. Our data suggest that the
increase in RDA1 expression throughout the
oestrus day, observed mainly in theca cells, is
necessary for Diestro-1 to present the conditions
that determine ovulation in the next oestrus,
where other dopamine receptors may participate
in the assembly of signals that affect the
functioning of the axis.

The behaviour of the DARPP-32 protein
with respect to RDA1 expression is parallel, i.e.,
our data confirms that there is a direct
relationship between the receptor and this
intracellular signal. It is known that RDAI1
activation allows DARPP-32 phosphorylation
via cAMP [Rangel-Barajas et al, 2015]. In this
sense, our results are consistent with what was
expected.

It remains to be analyzed what would
happen to the expression of the rest of the RDAs
in a scan analysis throughout the oestrous cycle,
taking into account follicular size and atresia, as
it is not known whether there is a functional
relationship between the ovarian dopaminergic
system and this degenerative and predominant
phenomenon that occurs at any stage of follicle
development.

On the other hand, it would be interesting
to analyze the relationship between RDAs and
the functioning of the corpus luteum, since the
luteal compartment also plays a critical role in
the regulation of the oestrous cycle.
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It has been shown that, at non-toxic
concentrations, dopamine  strongly and
selectively inhibits vascular permeabilizing and
angiogenic activities induced by vesicular
permeability factor [VPF]/vascular endothelial
growth factor [VEGF]. Dopamine acts through
RDAs-2 to induce endocytosis of the VEGF
receptor-2, which is essential for promoting
angiogenesis, thereby preventing VPF/VEGF
binding, receptor  phosphorylation, and
subsequent signaling steps [Basu et al, 2001].

Dopamine reverses the phosphorylation of
the tyrosine protein kinase proto-oncogene or
Src, which, according to Marinissen and Gutkind
[2001], 1s a key mediator for multiple
intracellular signaling pathways that regulate
critical cellular functions, such as the
noradrenaline-stimulated pathway.

7.2 Indicators of oxidative stress: MDA, 4-
HDA and nitrites throughout the oestrous
cycle.

The expression of oxidative stress indicators
throughout the oestrous cycle showed variable
behavior, even on an hourly basis. On the
afternoon of Day 2, a peak concentration of
lipoperoxidation indicators was observed, which
was not observed at other times during the
oestrous cycle.

For its part, the concentration of nitrites
showed highly variable behavior throughout the
oestrous cycle and on each day of the cycle, i.e.,
apparently circadian changes that were markedly
different and most evident during proestrus
compared to other days of the cycle.

It is noteworthy that at 8:00 p.m. on the
different days of the oestrous cycle, all oxidative
stress indicators showed their lowest indices
compared to other times of day. This is possibly
related to the period when the animals are most
active, suggesting that their antioxidant systems
are more active and therefore more effective
than during the period when the lights are on.

When the metabolic system is most active,
mitochondria mediate the controlled production
of reactive oxygen species [ROS] for redox
signaling, regulate cytosolic Ca™ levels
involved in amino acid biosynthesis, generate
heat through thermogenesis, and act as guardians
of apoptosis and necrotic signaling, hence the
importance of these and other processes in
maintaining cellular homeostasis.

ISSN: 2523-6857.
RENIECYT: 1702902
ECORFAN® All rights reserved.

Due to the close connection between
circadian rhythms and metabolism, it has been
proposed that several mitochondrial functions
may be regulated by the circadian clock and
possibly serve as a central coordinator between
the clock and the cell's energy metabolism
[Langmesser-Albrecht, 2006].

In line with the above, the existence of
circadian clocks in the ovary related to the
timing of spontaneous ovulation has been
proposed [Espey and Richards, 2002; Karman
and Tischkau, 2006; Sellix and Menaker, 2009].
Shkolnik et al. [2011] showed that ROS
generation is essential for normal ovulation to
occur,

This  implies that the different
compartments of the ovarian cortex must prepare
the optimal conditions for gonadotropins to
interact with their receptors in their target
tissues, affecting the metabolism of theca cells,
granulosa cells, and the oocyte itself, leading to
the rupture of the follicular wall and the release
of gametes.

There are other genes associated with
metabolism that also show circadian oscillations
in their expression. These include genes
encoding the glucagon receptor, glucokinase,
glucagon, glucagon, Glut2, glucose-6-phosphate
transport protein, pyruvate kinase, and the
pyruvate dehydrogenase complex [La-Fleur et
al, 2001].

Other metabolic enzymes such as glucose-
6-phosphatase, acetyl-CoA carboxylase,
cytochrome oxidase, lactate dehydrogenase,
fatty acid synthase, and glycogen phosphorylase
have also been shown to be rhythmically
expressed and activated [Froy, 2007].

These data support the idea that cellular
metabolism is highly influenced by the rhythmic
production and activity of mitochondrial
proteins [Hoang, 2009; Yoshikawa et al, 2009].

This allows us to justify the analysis of
what occurs in the ovary throughout the oestrous
cycle, which occurs circadically and is shown in
this study. Sellix and Menaker [2010] propose
the existence of clock genes that synchronize the
cyclical events occurring in the hypothalamus-
adenohypophysis-ovary axis, based on previous
studies that have described possible mechanisms
related to this control [He et al, 2007; Karman
and Tischkau, 2006; Yoshikawa et al, 2009].
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One of the genes involved in the accessory
feedback cycle that underpins cellular
rhythmicity is DECI [sharp2], which is
expressed in the rat ovary and is temporarily
induced by eCG and hCG in theca and granulosa
cells [Bethany et al, 2006]. In the ovary, DECI
appears to act as a repressor and directly or
indirectly alters the expression of specific genes
in the ovary, such as those for the follicle-
stimulating hormone receptor, prostaglandin
generators, endo-peroxidases, synthase-2 and
other gonadotropin-dependent genes [Kato et al,
2014].

According to our results and their analysis,
if there were an expected circadian rhythm in the
expression of DECI1 in the ovary, it would be
interesting to speculate that there may be a
circadian activation of cellular processes at the
ovarian level directed towards the time of
ovulation [Wilking et al, 2013].

Many physiological mechanisms that
control oxidative stress in the gonad and on
different days of the oestrous cycle remain to be
studied. In other words, it is advisable to analyze
the changes that occur in antioxidant
mechanisms depending on the phase of the
ovarian cycle [luteal phase and follicular phase]
that determine ovulation.

8. Conclusions

The results of this study allow us to conclude
that:

8.1 The expression of RDA-1 and the DARPP-
32 protein varies during the oestrous cycle, with
higher levels on the day of oestrus.

8.2 The expression of the DARPP-32 protein
occurs in parallel with RDA-1, i.e., there is a
direct relationship between receptor activation
and the intracellular signal induced by RDA-1
occupancy.

8.3 There are active indicators of the antioxidant
system in ovarian tissue with circadian behavior
and variable fluctuations that are most effective
during the dark phase of the photoperiod.

8.4 The highest levels of oxidative stress occur
at the end of the luteal phase of the ovarian cycle
and during the follicular phase preceding the
main processes that condition cyclic ovulation.

ISSN: 2523-6857.
RENIECYT: 1702902
ECORFAN® All rights reserved.

8.5 The activation of RDA-1 and the DARPP-32
protein are events that precede the metabolic
processes that manifest themselves in oxidative
stress during critical phases that control cyclic
ovulation in rats.
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‘Abstract

This study examined the heterotic expression of experimental corn hybrids
grown under rainfed conditions at the University Center for Biological and
Agricultural Sciences. Four experimental hybrids and three commercial
controls were analyzed in a completely randomized block design with three
replicates in the fall-winter of the 2021-2022 cycles. Statistical analyses
revealed significant genetic variability. All experimental treatments obtained
high heterobeltiosis values ranging from 33.8% to 59.4%. Treatment 70x43
had the highest yield [9,620 tons/ha] and heterobeltiosis [33.8%]. PCA and
the resulting dendrogram separated the experimental hybrids from the
controls, confirming their genetic divergence. Results from yield variables
suggest a possible heterotic pattern and broad heterotic expression for yield in
closely related hybrids. These findings confirm the usefulness of heterosis-
based selection for developing competitive hybrids under local conditions.

Heterosis Expression in Maize Hybrids (Zea mays L.) under Field Conditions

Objective Methodology Contribution

Resumen

Este estudio evalud la expresion heterotica en hibridos experimentales de maiz bajo
condiciones de temporal en el Centro Universitario de Ciencias Biologicas y
Agropecuarias. Se utilizaron cuatro hibridos experimentales y tres testigos
comerciales, se analizaron en otoflo—invierno, en los ciclos 2021-2022, en un
disefio de bloques completos al azar con tres repeticiones.Los analisis estadisticos
revelaron variabilidad genética significativa. Todos los tratamientos experimentales
obtuvieron valores altos de heterobeltiosis de 33.8% a 59.4%. El tratamiento 70x43
fue el que obtuvo mayor rendimiento [9,620 ton/ha] y alta heterobeltiosis [33.8%].
El PCA y el dendrograma separaron los hibridos experimentales de los testigos,
confirmando su divergencia genética. Con los resultados obtenidos de las variables
de rendimiento se puede inferir un posible patron heterdtico y una amplia expresion
heterdtica para rendimiento en hibridos estrechamente relacionados. Estos
hallazgos confirman la utilidad de la seleccion basada en heterosis para desarrollar
hibridos competitivos en condiciones locales.

Expresion de la Heterosis en Hibridos de Maiz (Zea mays L.)
bajo Condiciones de Campo
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Introduction

Corn is a crop with high nutritional value due to
the energy it provides to consumers. In Mexico,
it is considered the most important cereal due to
its versatility and historical background
[CONABIO, 2020].

The importance of genetic improvement
in maize lies in population growth. According to
data from CIMMYT [2021], it is estimated that
by 2050 there will be more than 9.7 billion
people on Earth, which means that by 2030,
current maize production will have to increase
by at least 18% to alleviate global hunger.

The challenge is to improve yield without
sacrificing other variables of agronomic
importance. That is why new techniques or
methods are currently needed to advance more
quickly in plant improvement. One such method
is the use of predictive models, which are useful
for systematizing the selection of parents with
heterosis potential for obtaining hybrids
[Ramirez-Diaz et al. 2007].

The identification and selection of
populations as potential sources for developing
inbred lines and their integration into plant
breeding programmes is based on their
agronomic yield, genetic diversity and
variability, and their ability to show a high level
of heterosis when used in crosses [Guzman et al.,
2017].

Currently, heterosis in maize cultivation
is of great importance in agriculture and is a
basis for genetic improvement [Cervantes et al.
2020], as it allows the development of maize
varieties that express improved yield and
resistance, as well as other desirable
characteristics such as uniformity, disease
resistance, and adaptability to different
environmental conditions.

Grain quality and yield variables were
evaluated with the aim of analyzing heterotic
expression in Zea mays L. hybrids using
agronomic variables of interest, in order to
identify suitable parents for the formation of
superior hybrids. The crop was established in the
experimental field of the University Centre for
Biological and Agricultural Sciences in two
autumn-winter cycles in 2021 and 2022.
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Methodology

The trial was conducted in the experimental
fields of CUCBA [Zapopan, Jalisco, Mexico]
during the autumn-winter cycles of 2021-2022.
The genetic material included four experimental
hybrids [70x43, 111x115, 115x111 and
111x116] and three commercial controls [H-386,
JS-322, L-910A]. A completely randomized
block design with three replicates was used.
Each plot consisted of three 3 m long furrows,
separated by 0.80 m. Agronomic variables such
as days to flowering, plant appearance, yield and
grain quality parameters [grain dimensions,
hectoliter weight] were recorded.

The statistical software R Core Team
[2025] version 4.4.0 was used, and the data were
analyzed using analysis of variance [ANOVA].
When significant differences were detected
[p<0.05], the means were compared using
Fisher's LSD test. Heterosis was calculated with
respect to the mean value of the parents and the
best parent [heterobeltiosis]. A principal
component analysis was performed to visualize
the multivariate structure of the materials, and
the dendrogram was generated using Ward's
method with Euclidean distance.

Results
Field variables and yield

A high degree of synchronization between
female and male flowering was found. For the
earliest treatment, experimental  70x43,
belonging to group C, there was a difference of
0.67 days between female and male flowering,
while for the control treatment H-386, belonging
to group A and the latest, there was a difference
of 2 days [Table 1]. This is important because
poor synchronization could affect pollination.

Table 1
Average of field variables and Fisher's DMS test
at 0.05 probability for the 2022 cycle.
Material | DFM DFF AMz APT
70x43 65.3¢ 66.0¢ 123.94B | 231.6B
111x115 | 70.34B 70.748 137.24 27434
115x111 68.6° 70.38 131.94B | 259.34B
111x116 | 71.34B 71.748 137.64 261.54
JS-322 71.348 70.348 114.68 266.04
H-386 72.0A 74.0A 132.74B | 282.44
L-910A 69.748 71.348 128.934B | 27574
Where: DFM = Days to male flowering, DFF = Days to
female flowering, APT = Total plant height in centimeters,

AMz = Ear height in centimeters
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Some of the field variables such as APT,
AMz, DFM and DFF have been widely studied
as indicators of hybrid vigor and adaptation to
the environment [Hallauer et al., 2010]. In this
research, significant differences in plant and ear
height were observed among treatments [Table
1], suggesting that these variables may be
influenced by genetic-environmental effects.

The principal component analysis
[Figure 1], shows a positive correlation between
ear height [AMz] and stem and root lodging,
while these three variables show a negative
correlation with yield, this may be due to the fact
that plants with greater ear height have a
tendency to lodging more frequently and
therefore yield decreases.

AT

AR

DFF

%
|
|
DFM }
|
|
i
|
%

AsMz

AsP

NH

AMz

APT

Rendimiento

Where: RC1 = Component 1, RC2= Component 2, AR= Root
lodging normality, AT = Stem lodging normality, DFM =
Days to male flowering, DFF = Days to female flowering,
AsMz = Ear appearance, AsP = Plant appearance, NH =
Number of leaves, AMz = Ear height in centimeters, APT =
Total plant height in centimeters, APT = Total plant height in
centimeters.

Note 1: Thicker lines of the same color show correlations, if
they are positive they are green and if they are negative they
are red.

Note 2: cumulative value of RC1 = 55%, cumulative value
RC2 =31%.

Figure 1
Principal component analysis of field variables
and yields for the 2022 cycle

Own source

Grain quality variables

In this research, grain quality variables were
taken as grain dimensions of length, width and
thickness; these variables together can favorably
influence other agronomic parameters, such as
height and stem thickness of the plant, according
to Condori and Clementelli [2013].
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In the principal component analysis
[Figure 2] it is not possible to observe any
correlation between yield [RTo] and hectoliter
weight [hL], since the hL load for the component
is 0, i.e. there is no direct relationship between
grain quality and yield, these values are
influenced by the chemical composition of the
grain and its nutritional value.

EGr

- AGr
f/RC1 LGr
hL .

RTo ¢

Where: RC1 = Component 1, EGr: Grain
thickness; AGr = Grain width; LGr = Grain length;
hL = Hectoliter weight, RTo = Yield.

Note 1: Cumulative value of RC1 = 30%.

Figure 2
Principal component analysis for grain quality
variables for the 2022 cycle.

Source own
Heterosis

In the heterosis evaluation, favorable results
were obtained in terms of genetic gain for the
yield variable, this for all the hybrid materials
evaluated for the 2022 cycle [Table 2], with the
greatest gain being the 111x116 material, both
for medium heterosis and for heterobeltiosis,
which is the strictest and in which 59.46% was
obtained, while the 70x43 material obtained a
value of 33.84% for heterobeltiosis.

Table 2

Heterosis for yield percentage of maize hybrids,
2022 cycle.

Materials Average Heterobeltiosis
heterosis
70x43 40.28 33.84
111x115 46.26 41.51
115x111 56.64 51.55
111x116 91.35 59.46

Source: own
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The material that obtained the highest
yield in cycle 2022 was 70x43, while the lowest
yield was for treatment 111x116 [Table 3], in
contrast to the results obtained for heterosis.

Table 3

Average of yield and density variables, and
Fisher's DMS test at 0.05 probability for the cycle.
2022

Material Performance Density
70x43 9,620.0" 73,611.18
111x115 7,792.6"B 91,666.7"8
115x111 8,171.548 97,222.24
111x116 6,079.6% 88,888.948
JS-322 7,598.44B 93,055.548
H-386 7,007.88 90,277.8"B
L-910A 6,297.98 84,722.21B

As for the 111x115 and 115x111
materials, despite being reciprocal, there was a
difference in terms of heterosis [Table 2], which
may be due to maternal effects.

Figure 3 shows the multivariate
relationships between hybrids and their parents,
identifying a tendency to group by year and type
of material. It can be observed that treatments
111x116 and 111x115 [numbers 7 and 5,
respectively| are positioned far from their
parents [numbers 1, 3 and 13, see materials in
Annex 1], which could reflect greater heterotic
expression [Table 2].

Within component 1 of Figure 3, there is
a negative correlation between days to flowering
[DFM and DFF] and yield [Rto], i.e., the earlier
the material flower, the higher the yield.

This research found a positive correlation
[Figure 3, arrows within the same component
and in the same direction] between Rto, field
weight [PCm] and number of ears harvested
[NMz(], indicating that yield is conditioned by
the values obtained for these variables.

A negative correlation [Figure 3] was
found between population density [PDb] and
RTo, which explains why treatment 70x43 has
the lowest PDb and the highest RTo [Table 2].
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Abbreviations: DFM = Days to male flowering,
DFF = Days to female flowering, DPb =
Population density, NMzC = Number of ears
harvested, PCm = Field weight, Rto = Yield, AsP
= Plant appearance, Dim1 = Principal component
one, Dim?2 = Principal component 2. Numbers: See
Appendix 1

Figure 3
Principal component analysis for materials from
the 2021 and 2022 cycles

Source: own
Dendrogram

Figure 4 shows a dendrogram of parents and
hybrids from the study based on the variables
Rto, PCm, DF, NMzC, from the 2021 and 2022
cycles, in which three groups or clusters can be
seen among hybrid and parent materials.

Group 1 [Figure 4] showed, in
conjunction with the variables and treatments,
high yield and a greater number of harvested ears,
as well as having a homogeneous density,
suggesting a possible favorable heterotic
expression, as mentioned by Esquivel et al.
[2011].

In the case of group 2 [Figure 4], the
materials that comprise it are the parents of the
2022 cycle, and due to their pure line
characteristics, they showed low yield, fewer
ears, and low population density.
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Figure 4

Dendrogram with Euclidean distances of
parents and hybrids from the study based on
the variables Yield, Field Weight, Days to
Flowering, and Number of Ears Harvested for
the 2021 and 2022 cycles.

Source: own
Conclusions

A high percentage of average heterosis and
heterobeltiosis was detected in all treatments.

This may be due to the degree of gene
frequency diversity that exists between them and
which does not present inbreeding effects, as
mentioned by Pérez et al. [2004].

Heterotic  expression  suggests the
presence of reciprocal effects, with maternal
effects being positive, as mentioned by John et
al. [2024], who also suggest that the evaluation
of reciprocal effects can determine ACG and
ACE.

Grain quality [volumetric weight] and
yield did not show any correlation, as mentioned
by Hallevang [ North Dakota State University,
2012] and Cortazar [1985], so other variables
need to be analyzed to determine whether there
is a favorable heterotic pattern for yield and
grain quality.
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Heterotic expression was detected in
maize hybrids. Although no consistent pattern
was identified, there is evidence of high heterotic
gain in the materials and, in turn, high yield, as
in material 70x43, which is a trilinear hybrid that
could be used as a material with high hybrid
vigor.

Although favorable results were obtained
for heterosis in terms of yield, no consistent
heterotic pattern was identified. Therefore, there
is a need to increase the number of materials and
their genetic divergence, as well as to expand the
number of cycles and environments, in order to
consolidate the information and select
combinations for superior hybrids.
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