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Abstract

In this work, the synthesis of luminescent metal-organic
frameworks (LnMOF) was studied at room temperature
using different lanthanides ions as metal centers. LnMOFs
are materials that can emit light by absorbing energy from
other radiation and have been used mainly as sensors in
medicine, optics, electronics, and the chemical industry.
The synthesis was carried out by stirring at room
temperature and with a stoichiometry of 1:1, using
trimesic acid as an organic linker. Structural
characterization of these materials was carried out using
DRX, FT-IR, and SEM. Synthesis of isoreticular MOFs
with Eu, Th, Dy, Nd, and Er with crystal sizes between 24-
64 nm was possible. Regarding the optical properties,
these  were determined by  photoluminescence
spectroscopy. The MOFs that presented intense emission
and excitation bands were those of Eu, Tb, and Dy, being
the most intense of Th. With the results obtained, it is
possible to obtain 3D luminescent MOFs using a simple
and easy methodology, which does not involve high-
frequency processes such as ultrasound or microwaves, or
post-synthesis procedures, which are very frequent and
considerably increase the synthesis time or the expense of
solvents for material washings but above all a high energy
consumption.

Frameworks; emission; lanthanides

Resumen

En este trabajo se estudi6 la sintesis de marcos
metalorganicos luminiscentes (LnMOF) a temperatura
ambiente utilizando diferentes iones lantanidos como
centros metalicos. Los LnMOFs son materiales que
pueden emitir luz absorbiendo energia de otras radiaciones
y se han utilizado principalmente como sensores en
medicina, Optica, electrénica e industria quimica. La
sintesis se llevd a cabo por agitacién a temperatura
ambiente y con una estequiometria de 1:1, utilizando acido
trimésico como enlazador organico. La caracterizacion
estructural de estos materiales se llevd a cabo mediante
DRX, FT-IR y SEM. Fue posible la sintesis de MOFs
isoreticulares con Eu, Th, Dy, Nd, y Er con tamafios de
cristal entre 24-64 nm. En cuanto a las propiedades
oOpticas, éstas se determinaron mediante espectroscopia de
fotoluminiscencia. Los MOFs que presentaron bandas de
emision y excitacion intensas fueron los de Eu, Th, y Dy,
siendo la mas intensa la de Th. Con los resultados
obtenidos, es posible obtener MOFs luminiscentes 3D
mediante una metodologia sencilla y facil, que no implica
procesos de alta frecuencia como ultrasonidos o
microondas, ni procedimientos post-sintesis, que son muy
frecuentes y aumentan considerablemente el tiempo de
sintesis o el gasto de disolventes para el lavado del
material pero sobre todo un elevado consumo energético.

Estructuras, Emision, Lantanidos
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Introduction

Metal-organic ~ frameworks ~ (MOF)  or
coordination polymers are a solid porous
material with a crystalline structure formed by a
metallic cluster and an organic ligand [Rocio-
Bautista, 2019] to form one-dimensional, two-
dimensional or three-dimensional structures
[Porcher, et al., 2000]. Among its properties, it
stands out that depending on the nature of the
components, they present a high chemical and
thermal stability, they are materials with large
and uniform porosities, up to 90% of the volume
is free, these materials have the largest internal
surface area in their structure, which gives rise
to values that extend beyond 6000 m?/g [Farha,
et al., 2012]. All these characteristics make
MOFs suitable for use in extraction processes,
gas storage, catalysis, and sensors [Rocio-
Bautista, 2019].

Speaking of the structure of organic metal
frameworks, it can be said that these are
crystalline where the lattice points are metallic
centers and the links of the structure are the
organic ligands, which are also the union bridges
between the metallic ions [Pérez Carrasco, et al.,
2020]. In this type of structure, the organic
binder gives more flexibility and topology
diversity to the frameworks. The ligands used in
the synthesis of MOF are conjugated organic
compounds that, due to their chromophoric
characteristics and the interactions of the
conjugated bonds with their environment, absorb
in the UV-Visible region and acquire structural
rigidity in the framework [Rocio-Bautista,
2019].

MOFs can be synthesized using an
element that generates MOFs with luminescent
properties (LnMOF) as a metal center. In the
case of LnMOF, the ions of metal atoms that are
commonly used to produce visible light are some
transition metals such as chromium (Cr) and
manganese (Mn) or ions belonging to the
lanthanide family [Gardufio-Wilches, et al.,
2021]. There are several methods for obtaining
LnMOF, the best known being the solvothermal
method, the ultrasound method and the
microwave-assisted solvothermal method.

ISSN-On line: 2410-4191.
ECORFAN® All rights reserved.
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LnMOFs are not similar to inorganic
complexes, this is due to their symmetrical pores
and large surface area. The differences between
these two types of materials are due to the
absorption of photons by the organic binder, the
transfer of energy from the organic binder to the
activating center within the organic metal lattice.
(antenna effect), the emission of the activator
when going from the excited state to the ground
state and the rigidity imposed by the ligand
constrain the position of the lanthanides in a
different way from that observed in inorganic
compounds.

In addition, several different mechanisms
have been reported by which an LnMOF can
present luminescence: emission from the organic
ligand, metal-linker transfer, linker-metal
transfer, emission promoted by the host
molecule [Rios Carvajal, 2014].

There are many methodologies for the
synthesis of MOFs and in some cases different
structures can be obtained from the same
reaction. Thus, each methodology can have an
impact in terms of reaction times, yields, particle
size and morphology [Medina-Velazquez, et al.,
2016]. Among the different methods there are
three main groups: conventional synthesis
methods, high-performance methods and
alternative synthesis routes [Cardenas Saavedra,
2019]. In some cases a method can be both high
throughput and alternative, so this classification
is not entirely suitable for synthetic methods.

The aforementioned methods correspond
to unconventional synthesis because they have
the following requirements: 1) A lot of energy is
needed to carry out LnMOF, which significantly
increases the synthesis costs, 2) Solvents such as
DMF are used in the processes for obtaining
LnMOF or DEF which are highly toxic. Specific
conditions are required for the synthesis
(vacuum or high pressure) and long times to
maintain said conditions. Due to the above,
processes are sought that can replace the existing
ones or optimize in some way the energy
requirements to obtain the LnMOF.

MEDINA-AMBRIZ, Alan Raul, LOERA-SERNA, Sandra,
ALARCON-FLORES, Gilberto and AGUILAR-FRUTIS,
Miguel Angel. Structural and optical properties of metal-organic
frameworks of lanthanides. ECORFAN Journal-Bolivia. 2023
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In this project | carry out an alternative
synthesis that involves the use of room
temperature. In order to be able to obtain
LnMOFs in a more environmentally friendly
way, that is, avoiding the use of toxic solvents,
as well as excessive energy due to the use of
sophisticated techniques. The LnMOFs were
synthesized from some ions of the lanthanide
series such as: europium (Eu®"), dysprosium
(Dy*"), neodymium (Nd*"), terbium (Tb%*) and
erbium (Er*"). A 1:1 molar ratio of organic
ligand and metal precursor, respectively, was
used in the synthesis. The physicochemical
characteristics of the obtained samples were
determined by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and
photoluminescence measurements were
performed to determine the optical properties.

Methodology
Materials

The reagents were supplied by Sigma-Aldrich
and were of analytical grade, used without prior
purification processes and are the following:
EuClz - 6H20 (99%), ThCls - 6H20 (99%),
Nd(NOz3)3 - 6H20 (99%), DyCls - 6H20 (99%),
ErClz-6H.O (99%), 1,3,5-benzenetricarboxylic
acid (95%), and absolute ethanol (99%).

Synthesis of MOFs

The molar ratios were the same for each solid,
1.0 mmol of the organic binder dissolved in
water and 0.5 mmol of the metal precursor
dissolved in ethanol were used [Alarcon-Flores,
et al., 2015]. Both solutions were mixed
dropwise at room temperature and kept stirring
for 12 h. The mixture was separated by
centrifugation for 30 minutes at 6000 rpm and
dried in an oven at 100 °C, finally the solid was
stored for further characterization.

Results
MOF structural properties

Figure 1 shows the X-ray diffraction patterns of
the samples obtained with Nd, Dy, Eu, Th and
Er. It is observed that the peaks are at the same
Bragg angle positions as the theoretical
diffractogram.

ISSN-On line: 2410-4191.
ECORFAN® All rights reserved.
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The latter corresponds to a reported MOF
with gadolinium and the organic ligand BTC,
with a tetragonal arrangement and a space group
P 43 2 2, the reported framework parameters are
a=b=10.3548 A and c= 14.5872 A [Wang, H.
2017]. The methodology used in the synthesis of
Gd-BTC included the addition of hydrochloric
acid and DMF, the synthesis was carried out at
80 °C for 12 h. In this work, the synthesis was
carried out at room temperature and no acid
precursor was required. In the same article, the
synthesis was carried out using europium and
terbium, obtaining isoreticular structures of
gadolinium. Additionally, a change in the
relative intensities of the peaks is observed,
indicating a crystallinity that depends on the
metal center used in the synthesis. To obtain a
quantitative analysis, calculations of lattice
parameters and crystal sizes, the results are
presented in Table 1. It is observed that the
calculated lattice parameters are lower in all the
MOFs obtained compared to the value reported
for Gd-BTC, this result can be attributed to two
phenomena: i) the change in the ionic radius of
the lanthanides and ii) the contraction of the
structure due to the absence of solvent molecules
in the pores. To rule out the contraction of the
structure due to the ionic radius, the values
[Sanchez, R. M.] were investigated and these are
presented in Table 1, it is observed that the trend
that has the decrease in the value of a0 and c0 are
not equivalent to the change of the ionic radius,
this indicates that the structure is isoreticular, as
already mentioned, and that the ionic radius does
not directly interfere with the size of the unit cell.
In this sense, it is more probable that the change
is due to the affinity of the metallic centers with
the water molecules, this will be corroborated by
the FT-IR analysis.

Er,BTEC,
D1 9 0 WYY R W NP -3 -1 o
IR N POV TSGR < TH -1 o
| R W IO P VRS WROPAON o VA1 o
MMM—-.‘MQBI»Cg
Y W S Tedrido
5 15 25 35 45

Bragg angle (26/°)

Figure 1 X-ray diffraction of the BTC samples

MEDINA-AMBRIZ, Alan Raul, LOERA-SERNA, Sandra,
ALARCON-FLORES, Gilberto and AGUILAR-FRUTIS,
Miguel Angel. Structural and optical properties of metal-organic
frameworks of lanthanides. ECORFAN Journal-Bolivia. 2023
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The crystal size obtained by the Deby-
Scherrer equation (Table 1) corresponds to a
nanometric material, with a smaller size for the
Nd2BTCz sample (24.15 nm), it seems that it
obeys the larger ionic radius (1.249 A) and the
larger of 63.25nm for Eu.BTCs. That can be
attributed to the large difference in atomic mass
(7.72 amu) between Nd and Eu. The MOFs
obtained with Dy, Tb and Er have a similar size
close to 40 nm, most probably due to their
similar ionic radius (1.167, 1.180 and 1.144 A
respectively, see Table 2). The crystal size is
related to the amplitude of the peaks, so it is
observed that the synthesis methodology is the
one that determines the crystallinity of the
material.

The most soluble cations and similar to
polar solvents are those that they can be easily
incorporated into the framework, through the
methodology used, since in his way the
solubility of the reagents is favored.

LnMOF “a(A) c(A) D(hm)

Teoric (Gd2BTC3) [ 10.35|14.59 -
Nd,BTC3 10.00 | 13.46 | 24.15
Dy,BTCs 9.82114.07| 49.81
Eu,BTCs 9.75|14.02| 63.25
Th,BTC3 9.89|14.12| 42.84
ErBTCs 9.85]14.36| 43.54

Table 1 Lattice parameters and crystal size

lonic Ratio | Atomic mass (amu)
)

Nd 1.249 144.24
Eu 1.206 151.96
Gd 1.193 157.30
Th 1.180 158.93
Dy 1.167 162.50
Er 1.144 167.26

Table 2 lonic ratios of used lanthanides and of Gd

Figure 2 shows the infrared spectra of the
samples obtained with Nd, Dy, Eu, Tb and Er, it
is observed that there are vibration bands at very
similar wave numbers, which indicates the
presence of the same functional groups, which is
to be expected since the materials were obtained
with the same precursors and with the same
methodology. Additionally, they present the
same crystalline structure, as described in the
diffractograms obtained.
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According to table 3, it can be said that
these structures are made up of an aromatic ring
(1600, 1475, 880, 850-800, 780, 770-730, 715-
685 cm?), there is the presence of the
carboxylate anion that gives rise to two bands: a
strong band of asymmetric stretching near 1650-
1550 cm™ and a weaker symmetrical stretching
band, the band is near 1400 cm™, it has structures
where there are double bonds (1640-1610, 990,
970, 910, 890, 815, 700 cm™) and single bonds
(1375, 720 cm™) in the structure. In addition, the
broad band between 3200-3500 cm
corresponding to OH groups, which are
attributed to solvent molecules (water or
ethanol) present in the pores of the structure, is
intensified for Nd and Dy. This result indicates
that the coordination of water molecules is not
indicative of the increase in the framework
parameter observed in XRD, so the change is
mostly associated with a 5% error in the
measurement, rather than with the amount of
solvent in the pores. of the material.

Fu, BTC,
Er, BTC,

Tb, BTC,

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm-t)

Figure 2 Results obtained by Infrared spectrum by Fourier
transform

In addition, it can be said that between 400
and 500 cm™, there are differences in intensities
and this is most probably due to the atomic
masses of the elements of the lanthanide series,
since, for example, Dy and Er, having greater
atomic mass present the most intense peaks see
Table 3.

The morphology analysis was achieved
only for the Dy.,BTCs material at 5,000 and
20,000 magnifications and is presented in Figure
3 (aandb).

MEDINA-AMBRIZ, Alan Raul, LOERA-SERNA, Sandra,
ALARCON-FLORES, Gilberto and AGUILAR-FRUTIS,
Miguel Angel. Structural and optical properties of metal-organic
frameworks of lanthanides. ECORFAN Journal-Bolivia. 2023
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Functional group Band? Wave number (cm-1)

Aromatics C=Ct ~1600 and ~1475
C-H d (mono) 770-730 abd 715-685
C-H d (orto) 770-735
C-H d (meta) | ~880 and ~780 and ~690
C-H d (para) 850-800
Carboxylate anion c=ot 1650-1550
C-Ot 1400
t= tension vibration d= deformation

Table 3 Vibrational modes and functional group band
assignments in the FT-IR spectrum
Source: [Dominguez et. to the. 2019]

Homogeneous cubic-shaped crystals with
sizes ranging from 100 to 300 nm are observed,
however these crystals are made up of particles
with sizes ranging from 24-63 nm according to
the DRX results. After carrying out the
bibliographic review, no reports of micrographs
with these shapes or sizes were found for MOFs
synthesized with lanthanides, generally the
morphology is in micrometer-sized fibers form
or rods [Lian & Yan, 2016; Chen, et al., 2022].
This result indicates that the material can be used
in nanotechnology in particular as a drug carrier
or cell tracer, due to its nanometric size.

Figure 3 Microscopies of Dy,BTC; at 5,000
magnification (a) and 20,000 magnification (b)
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Optical properties of MOFs

The optical properties of the MOFs were
obtained only for the luminescent materials
(Eu2BTCs, Dy.BTCs and Th.,BTCs), since
Ero.BTCs did not present luminescence in the
visible region. Figure 4 presents a photo of the
materials irradiated with a UV lamp to
demonstrate the luminescent property and we
observe that the Eu,BTC3s MOF has a red color,
in the case of ThoBTC3 a green color was present
and in the Dy,BTCz MOF it was observed a
color between yellow and orange. The emission
and excitation spectra of these MOFs were
obtained, the results are presented in Figure 5
(excitation spectra), in Eu,BTCs the best
excitation energy occurs between 250-260 nm
and for ThoBTC3 between 290-300 nm, being the
best at 300 nm. approximately and for Dy.BTC3
the best excitation energy between 250-260 nm.
Once the best excitation wavelength was
confirmed, the emission and absorption spectra
were obtained. Figure 6 shows the emission
spectra, in the case of Eu,BTCs emission bands
are observed at 590 nm corresponding to the
electronic transition °Do=>’F1, at 620 nm
corresponding to the electronic transition
SDo=>'F,, at 650 nm corresponding to the
electronic transition °Do=>"F3 and 700 nm
corresponding to the electronic transition
*Do=>'F4. In the case of the MOF of Th,BTC; it
has emission bands at 480 nm which
corresponds to the *Ds=>'F transition, at 550
nm due to the °D4=>'Fs transition, at 580 nm it
represents the °D4=>"F4 electronic transition and
at 625 nm due to the transition °Ds=>"F;3 [G.
Alarcon-Flores et. to the. 2015]. Finally,
Dy,BTCz has emission bands at 480 nm
corresponding to the *Foz=>%H1s/, transition, at
545 nm located at the *l15,=>®H13/, transition,
575 nm corresponding to the *Fg transition
=>%H15, and 620 nm that is observed in the
transition “l152=>%Hi12. [Bunzli & Eliseeva
(2010)]

EuzBTCs Dy2BTCs ErRBTCs Tb2BTCs

Figure 4 Eu,BTCs, Dy,BTCs, Er,BTCs; and Th,BTC;
MOFs.
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Figure 7 presents the excitation and
absorption spectra of Eu2BTCs, Dy.BTCz and
ThoBTCa. It is observed that the bands for the
spectra begin to decay the absorption band
between 300 nm and 350 nm. In the Eu2BTCs
MOF from 250 nm to 310 nm, excitation and
absorption are very similar, so it can be said that
where it absorbs more energy, the emission
intensity will also be much higher, after 310 nm
there is a great difference in intensity and it is
said that this MOF will absorb much more
energy, but the emission intensity will be much
lower.

Excitement of the MOF employed

1.0

0.8 A
0.6 -
0.4 A
0.2 A

0.0

250 300 350 400
Wavelength (nm)

1.2

0.8 A
0.6 -
0.4
0.2 A
0.0

250 350 450 550 650 750
Wavelength (nm)

1.0
0.8 A
0.6 A

0.2 -1
0.0

240 290 340 390
Wavelength (nm)

Figure 5 Excitation spectra of Eu,BTC;3 (red), Dy.BTC3
(yellow) and Th,BTC;3 (green)

ISSN-On line: 2410-4191.
ECORFAN® All rights reserved.

June 2023, Vol.10 No.18 1-9

In the case of the MOF of Th2BTCs it can
be seen that it is the same excitation and
absorption energy and this excitation energy will
produce the maximum intensity. Finally, in the
MOF of Dy,BTCs in most of the excitation
spectrum it is of lower intensity than the
absorption intensity, so it is said that the energy
that it absorbs will be greater than the one that is
going to be used to emit.

Emission of theMOF employed

70,000
60,000 -
50,000 -
40,000 -
30,000 A
20,000 H
10,000 -

0

400 500 600 700
Wavelength (nm)

1.9%9 Foiz=>"His2

e —s6
Fop =>°Hyg,

41,e,=>5H 4 —<6
15/2 1312 s, =>Hy1p

400 450 500 550 600 650 700
Wavelength (nm)

140,000
120,000
100,000
80,000 -
60,000 - 5D, =>7F,
40,000 D, =>"Fg 5D, =>'F,

20,000

o1 N\

400 450 500 550 600 650 700
Wavelength (nm)

°D, =>'Fs

Figure 6 Emission spectra of Eu,BTC3 (red), Dy,BTCs
(yellow) and Tb,BTC;3 (green)
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Absortion vs Excitement
Eu,BTC3

1.0
0.8
0.6
0.4
0.2
0.0 + T T T T f
250 350 450 550 650 750

Wavelength (nm)

—— Exitacion —— Absorcion

Dy-BTCs
1.0

0.5

0.0 T T T T T
250 350 450 550 650 750

Wavelength (nm)

—— Exitacion —— Absorcion

ThoBTC3
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Figure 7. Excitation vs absorption of the
synthesized samples
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Conclusions

Using the metathesis methodology proposed in
this work, which consists of a double
displacement chemical reaction, it was possible
to obtain five lanthanide metal-organic
frameworks at room temperature. The structures
obtained are isoreticular with the MOF Gd-BTC,
however the synthesis did not require high
temperatures, an acid environment or
carcinogenic solvents such as DMF. MOFs are
nanometric crystals in size and the crystallinity
of the structure varies depending on the metallic
center used, which changes in ionic radius,
electronegativity and solubility, determining
parameters in this type of synthesis. In the FT-IR
spectra there are vibration bands associated with
characteristic functional groups of the 3D
framework, with little presence of solvent, it is
also highlighted that the band between 400 and
500 cm* presents a difference in intensity, due
to the difference between the atomic weights of
the different elements of the lanthanide series, in
addition the band between 3200 and 3500 cm™
corresponding to -OH groups, indicates the
coordination of water molecules or ethanol
molecules present in the pores of the structure,
observing that it intensifies for the elements Nd
and Dy. The LnMOF presented the antenna
effect, which implies that the material takes
advantage of the greater amount of energy that is
absorbed to produce the emission. This antenna
effect occurred when the organic binder
absorbed the energy radiated to it, later the
absorbed energy was transferred to the
lanthanide, which is responsible for carrying out
the emission in the visible region of the
electromagnetic spectrum. In the absorption and
excitation tests, it was found that all the
synthesized MOFs present the same absorption
spectrum as the BTC structure and by comparing
the excitation spectra with the absorption spectra
it was determined that there are more
wavelengths where energy can be absorbed. to
be able to broadcast. The MOFs that presented
luminescence were those of Eu, Th and Dy,
being the most intense that of terbium. The
results indicate that it is possible to use these
materials in nanotechnology applications, so the
decrease in the amount of precursors used and
the low toxicity is of great importance for the
synthesis of MOFs.
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Abstract

The garden snail, Helix aspersa, is a common species and
its flesh is rich in high biological value proteins that
provide all the essential amino acids for nutrition. Based
on this, the aim of this study was to utilize snail protein in
the development of an English-style sauce to add value.
The formulation was developed and the physicochemical
and microbiological characteristics of the resulting
product were evaluated, ensuring the quality and safety of
the process. The obtained results indicated that, once the
English-style sauce with snail protein was standardized,
the physicochemical parameters of pH, °Bx, and acidity
did not show significant differences compared to the
control sauce. This suggests that consumers accustomed to
consuming commercial English-style sauce will not
perceive differences when trying the sauce made with
garden snail. In conclusion, the development of an
English-style sauce with snail protein has the potential to
add value to the product, taking advantage of the high
protein quality of the garden snail. This may be of interest
to the food industry in product diversification and the
promotion of unconventional food consumption.

Helix, Physicochemical parameters, microbiological
evaluation

Resumen

El caracol de jardin, Helix aspersa, es una especie comin
y su carne es rica en proteinas de alto valor biolégico, que
aportan todos los aminoacidos esenciales para la
alimentacion. Con base en esto, el presente estudio tuvo
como objetivo aprovechar la proteina de caracol en el
desarrollo de una salsa tipo inglesa para agregarle valor.
Se desarrolld6 la formulacion y se evaluaron las
caracteristicas fisicoquimicas y microbiolégicas del
producto obtenido, con lo que se asegurd la calidad e
inocuidad del proceso. Los resultados obtenidos indicaron
que, una vez que la salsa tipo inglesa con proteina de
caracol fue estandarizada, los parametros fisicoquimicos
de pH, °Bx y acidez no mostraron diferencias
significativas en comparacion con la salsa control o testigo
(SIC). Esto sugiere que los consumidores habituados al
consumo de salsa inglesa comercial no percibiran
diferencias al probar la salsa elaborada con caracol de
jardin. En conclusion, el desarrollo de una salsa tipo
inglesa con proteina de caracol presenta un potencial para
afiadir un valor agregado al producto, aprovechando la alta
calidad proteica del caracol de jardin, lo que puede ser de
interés en la industria alimentaria en la diversificacion de
productos y la promocion del consumo de alimentos poco
convencionales.

Helix, Parametros fisicoquimicos, evaluacion
microbioldgica
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Introduction

The worldwide consumption of land snails is
widespread in the world, particularly in Europe,
where France is the main consumer of snails in
the world. Within the denomination of snails are
included a great diversity of species that present
some very evident morphological differences.
The most common snail, known as garden snail
or common land snail is the species Helix
aspersa. Other species are the Roman snail
(Helix pomatia), the Turkish snail (Helix
lucorum) and the Christian snail (Otala
punctata). This mollusk is considered a delicacy
and is a must in most famous restaurants. There
are several ways of commercialization for the
land snail, among which are: live, frozen, and
packaged. The main producing countries are
located in the northern hemisphere in areas close
to France, with Greece and Turkey standing out
as the main suppliers of the French market.

In this research it is assumed that the
garden snail is a valuable food resource due to
its nutritional properties and potential in the food
industry. While its production and processing
can be difficult, there has been promising
research on its use in processed food production
and as an ingredient in food production
(Krzeminska, et al, 2017; Cofrades, et al, 2016).
Due to the above and with the aim of
contributing to the food industry, the present
research has been developed, whose objective is
to formulate an innovative Worcestershire sauce
that incorporates snail protein (Helix aspersa) as
a functional ingredient, in order to improve the
nutritional value of the final product and
contribute to the sustainable use of the snail as a
raw material. This is justified given that more
research is needed to explore the potential of
snails in the food industry.

On insects in the development of new products

In recent decades, food production has been the
subject of increasing concern regarding its
sustainability. The search for alternative protein
sources to meat has led to the exploration of new
sources, such as edible insects. According to
FAOQ, insects are a food source rich in protein,
vitamins and minerals, and are more sustainable
than traditional protein sources due to their low
environmental impact (Garcia-Gomez et al.,
2020).
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Within the animal group, minor species
that have potential, such as mollusks that have
potential, such as mollusks and insects have been
used for centuries in human food in various parts
of the world, however, only recently have their
nutritional properties and their potential in the
food industry been further investigated
(Rumpold and Schliiter, 2013). Insects are rich
in protein, healthy fats, vitamins and minerals,
and many of them contain a significant amount
of essential fatty acids and amino acids that our
body cannot synthesize Garcia (idem). In
addition, insects have a lower environmental
impact than traditional farm animals, as they
require less land, water and feed to produce the
same amount of protein (Van Huis et al., 2013).
Despite the nutritional benefits of insects, there
is still some cultural rejection of their
consumption; the development of new
innovative and attractive food products for
consumers could help overcome this barrier and
take advantage of their nutritional benefits.

About the garden snail (Helix aspersa)

The garden snail (Helix aspersa) is a species of
gastropod commonly used in food processing,
such as French cuisine. This snail is prized in
many places for its edible meat and is therefore
considered an important food resource. In
addition to its gastronomic value, the garden
snail is also valued for its nutritional properties
and its potential in the food industry has been
investigated (Adegoke, et al.,2016).

Krzeminska (ibidem) asserts that the
garden snail is a good source of protein and
essential fatty acids, such as linoleic acid and
oleic acid. In addition, it contains a wide variety
of vitamins and minerals, such as iron, zinc,
selenium and vitamin B12. However, its use in
the food industry is limited due to the difficulty
of its production and processing. Despite this,
studies have been conducted on the use of snail
in the production of processed foods, such as
hamburgers and sausages, with promising results
as mentioned by Krzeminska (ibidem). In
addition, the use of snail meal in food production
has also been investigated. A study by Cofrades
(ibidem) found that the addition of snail flour to
empanada dough improved its nutritional and
sensory value, with a higher amount of protein
and minerals. On the other hand, Montowska et
al. (2018) found that garden snail meat has a
high nutritional quality, similar to that of chicken
meat.
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The above research, shows the potential of
the snail to be used as another ingredient in the
development of new food products, such as the
one that concerns us in this research.

About Worcestershire sauce

Worcestershire  sauce, commonly called
Worcestershire, is a popular and widely used
condiment in international cuisine. Its distinctive
umami flavor and culinary versatility have led to
an increasing demand and exploration of new
formulations and improvements in its
composition (Jones et al., 2021).

In analyzing recent research, several
trends and advances in the formulation and
application of Worcestershire sauce were found.
A study conducted by Montowska (ibidem)
focused on the reduction of sodium content;
while Jones (ibidem) explored the use of natural
and fermented ingredients in the production of
Worcestershire sauce, with the aim of improving
its nutritional profile and increasing its added
value. Lee et al., (2023) focused on the
development of Worcestershire sauces with
specific flavors, such as citrus or smoked notes,
using natural extracts and flavoring techniques.
These findings support the importance of
continued research and innovation in the
condiment industry in order to meet changing
consumer demands and promote healthier
culinary choices, as a Worcestershire sauce with
hydrolyzed Helix aspersa protein results.

Materials and methods

Experimental research was carried out for the
development of a new product in which a main
ingredient is the addition of snail in order to add
more nutritional value to the product.
Consequently, the research was developed in the
following stages.

Collection and preparation of the snail
(Helix aspersa): The snail used in the
preparation of the Worcestershire sauce was
collected during the months of September-
October in plots in the municipality of
Ixmiquilpan Hidalgo. Once the snails were in the
UTVM laboratories, they were dehydrated. With
a solution of 75% water at a temperature of 23°
C and 25% calcium hydroxide, leaving it to stand
for 24 hours, so that the snail would expel the
fecal feces and eliminate the mucus or slime of
the snail.
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Then the snail meat was washed with
purified water to remove impurities. The
soybeans were then cooked in a kettle at 95-97°C
for one hour, and then homogenized and mixed
(50% snail and 50% soy) for 30 minutes. A
dough was obtained, which was laminated until
obtaining a thickness of 1.5 cm, to be later
sectioned into 2 X 2 cm cubes. The sectioned
cubes were left to rest in an incubator for 8 days
at a temperature of 36° C. After incubation, a 2%
brine was prepared, introducing the cubes until
they were completely covered. It was left to
ferment for 30 days at a temperature of 25°C and
with intermittent mixing every day at 15-20 rpm.
for 5 minutes. This first stage is concluded by
filtering the insoluble solids, recovering the
miscible liquid for the final mixture.

Formulation and standardization of the
production process:

Worcestershire sauce was made by adding
traditional ingredients, to the liquid recovered in
the previous stage, in the following proportions:
Pepper (0.5%), Onion (0.1%), Garlic (0.28%),
Salt (0.5%), Ginger (0.28%), Mustard (0.1%),
Cinnamon (0.64%), Sugar (0.3%), 5% acetic
acid was added to hydrolyze the miscible liquid
to incorporate the soy protein and mainly snail
protein into the sauce. Subsequently, it was
filtered to separate the larger particles and thus
obtain a liquid free of sediment. The sauce was
pasteurized for 30 minutes at 75°C, and
potassium sorbate (0.1%) and sodium benzoate
(0.1%) were added as preservatives. Finally, the
product was packaged at a temperature of 85° C
to generate vacuum in an amber-colored
container.

Physical-chemical analysis:

Physicochemical analyses were performed on
the final product according to the methods
recommended by the Association of Official and
Analytical Chemists (AOAC, 1984). These
included the determination of acidity, pH,
carbohydrate content, fat, protein, moisture and
minerals. The results obtained were expressed as
mean + standard deviation. The results obtained
were compared with those of a commercial
Worcestershire sauce (SIC), the intention of
which was to match the flavor and/or mask the
flavor of the snail so that the consumer would
not detect the differences in flavor, odor and
texture of the new product.
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To determine the differences between the
Worcestershire sauce with Helix (SIH) and the
SCI, the results were analyzed with a
randomized block design with a significance
level of 0=0.5, with six replications; the SCI was
considered as a control, for which a Dunnet's test
of contrasts was performed with a=0.5. Minitab
ver 21.1 was used for statistical analysis.

Microbiological analysis:

Microbiological analyses were performed
according to the Mexican Official Standard
NOM-130-SSA1-1995.Tests were carried out
for the detection and enumeration of pathogenic
microorganisms, such as coliform bacteria,
Salmonella spp. and Staphylococcus aureus, as
well as mesophilic aerobic counts and fungi and
yeasts. Seeding techniques were followed in
appropriate culture media and viable counts
were performed for each target microorganism.

Shelf-life evaluation:

A shelf life study was conducted to determine
the stability of the developed sauce. The stability
of the sauce was evaluated at 30, 60 and 90 days
keeping the temperature under control (25°C)
pH. These were the response variables to
evaluate changes in the quality of the product
over time. Periodic measurements were taken
and statistically analyzed to determine the
evolution of the variables as a function of time
and storage temperature.

Results and discussion
Standardization of the production process

To obtain the final formulation of
Worcestershire sauce with snail (Helix aspersa),
it was necessary to make different formulations
until achieving one that would match the sensory
characteristics of commercial Worcestershire
sauce (SIC). Table 1 shows this formulation; the
use of the garden snail, which increased the
protein value of the product, stands out.
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Ingredient Quantity (%)

Snail meat 50
\Wheat flour 68
Apple vinegar 4
Apple juice 3
Pepper 0.5
Onion 0.1
Garlic 0.28
Salt 2
Ginger 0.28
Mustard 0.1
Cinnamon 0.64
\Water 0.3

Table 1 Formulation of Worcestershire sauce with Helix
aspersa.
Source: Own elaboration (2022).

Once the formulation was similar to the
SIC, the process was standardized, which is
described below (Figure 1). It is important to
detail that during the process it was observed that
the control points that directly impact the quality
of the final product were fermentation and
hydrolysis due to the separation of the amino
acids that make up the mollusk protein.

75% of water

25% of CalOH)2 = Water with CalOH)2

95°C, 5 min Cooking

50% snail 50%
soy

Homogenized

Cubes of 2 cm

8 daysto 36°C

30days to 36°C

)

Seasonings

4% of vinegar Hidrolyzed

30 min to 63°C

'<EE<E<I‘E<E~E<E>EVEE‘II‘EE< E

Sauce

Figure 1 Standardization of the process of elaboration of
Worcestershire sauce with Helix aspersa.
Source: Own elaboration, (2022).
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Physicochemical analysis

Once the SIH was standardized, its pH, °Bx and
acidity expressed in percentage of acetic acid
were evaluated (Table 2). It was found that these
parameters did not show a significant difference
in relation to the control or control treatment
(SIC) with an a=0.05. This suggests that the
consumer who is accustomed to the consumption
of commercial Worcestershire sauce will not
find a difference with the sauce made with
garden snail. This is important because VVan Huis
et al. (2013) asserts that despite knowing the
benefits of consuming some terrestrial insects
and mollusks, the population is reluctant to
consume them and even to try them.

Parameter SIH SIC
pH 3.5+0.183% 3.6+0.1522
°BX 10.3+0.1302 10.2+0.113?
Acidity (% of 4.11+0.1212 4.15+0.1182
acetic acid)
Note: Different letters, for each parameter evaluated,
indicate significant difference (p<0.05).

Table 2 Comparative evaluation of physicochemical
parameters of Worcestershire sauce with Helix aspersa vs.
commercial Worcestershire sauce.
Source: Own elaboration, (2022).

According to the results of the proximate
chemical analysis presented in Table 3, it can be
observed that the developed sauce presents a
higher content of moisture, fat, protein and
minerals, with percentages of 91.5%, 0.8%,
1.0% and 1.5%, respectively. These differences
are statistically significant (a=0.5) compared to
the control (SIC). This is explained by the fact
that the elaborated sauce presents an increase in
protein content of 243.9 % with respect to the
control sample. It is important to note that the
commercial sauce shows a higher carbohydrate
content, mainly because it contains elements rich
in carbohydrates such as molasses and corn
syrup, and in some cases piloncillo.

Parameter SIH (1009) SIC (100g)
Moisture (%) 91.5+1.109? 82.09+0.987°
Fat (%) 0.8+£0.0122 0.2+0.009°
Protein (%) 1.0£0.123° 0.41+0.087"
Carbohydrate (%) 5.2+0.1432 16.1+1.89°
Minerals (%) 1.5+0.120° 1.240.113%
Note: Different letters, for each parameter evaluated,
indicate significant difference (p<0.05).

Table 3 Proximal chemical analysis of Worcestershire
sauce with Helix aspersa vs. commercial Worcestershire

sauce.

Source: Own elaboration, (2022).
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Microbiological analysis

After performing the microbiological analyses
corresponding to the sauce developed, it was
found that all the parameters established in
NOM-130-SSA1-1995 are within the maximum
limits allowed by current regulations (Table 6).
This means that the garden snail Worcestershire
sauce complies with the quality and safety
standards required for its commercialization and
consumption.

Determination SIH Maximum Permissible

Limits (CFU/g)

Fungi 7 20
Yeasts 20 50
Total and fecal 0 0
coliforms

Table 4 Microbiological analysis of Worcestershire sauce
with Helix aspersa vs. commercial Worcestershire sauce.
Source: own elaboration (2022).

Shelf-life tests (product stability)

Table 5 shows the stability of Worcestershire
sauce with snail at different storage times (30, 60
and 90 days) at a controlled temperature of 25°C.
It is observed that the Brix degrees (°Bx)
decrease with time, which is explained by the
possible fermentation of the sugars present in the
sauce, leading to a reduction in sugar content
and, therefore, in soluble solids. According to
Lee (ibidem) this phenomenon can affect the
texture and flavor of the sauce, so it is important
to constantly monitor the soluble solids content
during storage to ensure that quality standards
are met. On the other hand, pH tends to decrease
over time due to microbial activity and the
production of acetic acid and other organic acids
as a result of ingredient fermentation. However,
the decrease in pH is observed to be slow due to
storage  temperature and the  specific
composition of Worcestershire sauce. However,
as suggested by Jones (ibidem), periodic pH
monitoring during storage is crucial to ensure
product quality and safety.

| Days | pH
30 | 3.217+0.183
60 | 3.182+0.093
90 | 3.417+0.141

Table 5 Stability of Worcestershire sauce with Helix
aspersa at 25°C.
Source: Own elaboration, (2022).
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Conclusions Jones, A. B., Johnson, C. D., & Thompson, R. F.

In conclusion, the results of this research
demonstrate that it is technically feasible to
develop an English-type sauce using snail
protein.  The  physicochemical analyses
performed are within the parameters established
for sterilized products with a pH < 4.5, in
accordance with NOM-130-SSA1-1995. From
the microbiological point of view, it was
determined that the product is innocuous, which
guarantees its safety for consumption and
provides reliability.

One of the main advantages of this
development is its high protein content
compared to the commercial product, as well as
the reduction of carbohydrates since it does not
contain added sugars. This can be a positive
aspect for consumers seeking healthier and more
nutritious food options.

To continue advancing the study,
immediate future research involving product
acceptance tests with a group of experts is
suggested, with the objective of confirming its
viability in the market and evaluating its
potential for purchase. These evaluations will
allow obtaining valuable information on the
acceptability and consumer perception of snail
sauce, which will be fundamental for its
subsequent commercialization and positioning
in the sauce market.
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Abstract

Chromate has become an environmental pollutant present
in different ecosystems due to its use in industry. Bacteria
have evolved to resist stress produced by chromate.
Among chromate-resistance mechanisms we can list
Reactive Oxygen Species detoxification systems. Cme-
SOD (ChrC) protein from Cupriavidus metallidurans
CH34 is a superoxide dismutase that mitigate oxidative
stress caused by chromate. Cme-SOD protein belongs to
Fe and Mn-dependent SOD family (pfam02777). The
objective of this study was to analyze the three-
dimensional structure of the Cme-SOD protein, for which
monomer and tetramer models of the enzyme were built.
In the monomer model it was observed that Cme-SOD has
a characteristic two-domain structure from iron-dependent
SOD, additionally, Cme-SOD has an iron-binding site
formed by conserved residues H26 and H75 in the N-
terminal domain, and D157 and H161 in the domain C-
terminal domain. It was show that chromate stress
response SODs have a non-conserved residues in the
active site (R37, N59, S71, D143 and Y164). These
findings suggest the presence of a novel active site in this
family of enzymes.

Cupriavidus metallidurans CH34, Fe-superoxide
Dismutase, Enzyme

Resumen

El cromato se ha convertido en un contaminante ambiental
presenten en distintos ecosistemas. Las bacterias han
evolucionado para resistir el estrés producido por este
contaminante. Entre estos mecanismos de resistencia se
encuentran los sistemas de detoxificacion contra las
especies reactivas de oxigeno. La proteina Cme-SOD
(ChrC) de Cupriavidus metallidurans CH34 es una
superéxido dismutasa que ayuda a mitigar el estrés
oxidativo causado por el cromato. La proteina Cme-SOD
pertenece a la familia de SOD dependientes de Fe y Mn
(pfam02777). El objetivo de este estudio fue analizar la
estructura tridimensional de la proteina Cme-SOD, para lo
cual se construyeron modelos del mondémero y del
tetrdmero de la enzima. El modelo del mondmero revel6
que Cme-SOD presenta la estructura de dos dominios
caracteristica de las SOD dependientes de hierro, cuenta
con un sitio de union a hierro formado por los residuos
conservados H26 y H75 en el dominio N-terminal, y D157
e H161 en el dominio C-terminal. Se observé que las SOD
que responden al estrés por cromato tienen residuos no
conservados en el sitio activo (R37, N59, S71, D143 y
Y164). Estos hallazgos sugieren la presencia de un sitio
activo novedoso en esta familia de enzimas.

Cupriavidus metallidurans CH34, Fe-superoxido-
Dismutasa, Enzima
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Introduction

Heavy metals (HMs) are those metals with a
density greater than 5 g/cm3 (Nies, 1999),
among which arsenic, lead, mercury, chromium,
cadmium, nickel, selenium and zinc can be
named (Duffus, 2002). Some PMs, such as zinc,
nickel and copper, are important as trace
elements at low concentrations in organisms,
however, at high concentrations PMs are toxic,
as they produce reactive oxygen species (ROS),
alter DNA, disrupt cellular functions and form
toxic organic compounds (Nanda et al., 2019;
Nies, 1999; Ramirez-Diaz et al., 2008).

Chromium is a PM that is widely used in
industry  for electroplating, tanning, in
metallurgy, in welding, in the production of
pigments and agricultural fertilisers, and in the
manufacture of ammunition, so it has now
become an environmental pollutant (Alvarez et
al., 2021). Bacteria have developed several
mechanisms to cope with the stress produced by
toxic forms of chromium, such as chromate;
among these strategies are expulsion by ChrA
chromate transport (Aguilar et al., 2008; Nies,
2003; Ramirez-Diaz et al., 2008), specific and
non-specific reduction (Baldiris et al., 2018;
Mala et al., 2020) and the expression of
protective systems against ROS (Branco &
Morais, 2016; Miranda et al., 2005).

Cupriavidus metallidurans CH34,
originally named Alcaligenes eutrophus and
later Ralstonia metallidurans CH34, is a Gram-
negative, bacillary bacterium isolated in 1976
(Houba, 1976). Plasmids pMOL28 and pMOL30
were isolated from C. metallidurans CH34,
which contain genes conferring resistance to
zinc, cadmium, cobalt, mercury, arsenic, lead,
silver, copper and chromate (Mergeay & Van
Houdt, 2021). Chromate resistance was found to
be determined by the chrIBACEF genes found in
the pMOL28 plasmid, which encode for the
proteins Chrl, ChrA, ChrB, ChrC, ChrE and
ChrF (Table 1). Of these proteins, the chromate
transporter ChrA is the best studied and is
indispensable ~ for  chromate  resistance
(Monsieurs et al., 2015).
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Among the protection systems against
reactive oxygen species are the superoxide
dismutase (SOD) proteins. SODs are
metalloenzymes that catalyse the dismutation of
the superoxide anion O% into oxygen and
hydrogen peroxide and are the first line of
defence against ROS (Zhao et al., 2021). In the
chromate protection system of C. metallidurans
CH34 are the SODs ChrC and ChrF. Although
ChrF has not been functionally characterised, it
has 76% sequence identity to the Mn-SOD,
ChrF, from Ochrobactrum tritici 5bvl1 (Branco
& Morais, 2016). SOD ChrC (Cme-SOD) has
been biochemically characterised, it is a 197-
residue, Fe-SOD-functional protein with a
molecular mass of 24 KDa as a monomer; by
analytical ultracentrifugation its active form was
determined to have a molecular mass of 98 KDa,
which means that the functional protein is a
tetramer (Juhnke et al., 2002). None of these
proteins have been structurally characterised by
crystallography, nuclear magnetic resonance or
electron cryomicroscopy.

Protein Funtion

Chrl Transcriptional activator-like protein

ChrA Transmembrane  chromate  transporter
protein

ChrB Transcriptional regulator-like protein

ChrC iron-dependent superoxide dismutase (Fe-
SOD)

ChrE Rhodase-like protein

ChrF Manganese-dependent SOD-like protein
(Mn-SOD)

Table 1 Chromate resistance-related proteins encoded by
plasmid pMOL28

Although the SOD ChrC of C.
metallidurans CH34 has been experimentally
characterised, its three-dimensional structure has
not yet been investigated due to the technical
difficulties associated with this methodology.
One possible solution to obtain its three-
dimensional structure is bioinformatics analysis
using molecular modelling (Kuhlman &
Bradley, 2019). Such a technique has proven to
be applicable in numerous cases of SOD
(Sanchez-Calderon et al., 2019), whose
structures have been previously solved and are
indispensable to carry out this type of approach
accurately. Therefore, the aim of this study is to
examine the three-dimensional structure of C.
metallidurans CH34 Cme-SOD (ChrC) using
molecular modelling of the protein, with the
purpose of gaining knowledge about its structure
and deepening the understanding of the
mechanism of action of this enzyme.
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Method Although a three-dimensional model of

Both the monomeric and tetrameric structures of
Cme-SOD were modelled. First, a preliminary
monomer model was generated using the
SWISS-MODEL platform (Waterhouse et al.,
2018), taking the structure of Clostridium
difficile SOD (PDB: 3TJT) as a template. For the
construction of the final monomer model,
moulds were searched by BlastP (Altschul et al.,
1997), using the Cme-SOD sequence (Accession
number: CAC42412), in the PDB database, with
default parameters. Several structures were used
as templates; the Fe-SOS from Aquifex
pyrophilus (PDB: 1CQJ), the Cme-SOD from
the AlphaFold database (AlphaFold id: AF-
P17550-F1) and the preliminary model
generated with SWISS-MODEL. Sequence
alignments were carried out in the T-Coffee
program (Di Tommaso et al., 2011). The final
monomer model was generated using Modeller
9v10 (Webb & Sali, 2016). The tetramer model
was generated in a similar manner using a
primary tetrameric model of the Fe-SOS from
Aquifex pyrophilus (PDB: 1CQJ), a tetrameric
overlay of the Cme-SOD from the AlphaFold
database (AlphaFold id: AF-P17550-F1) and the
previously obtained monomer model as
templates. All models were validated using the
PROCHECK 3.5 program (Laskowski et al.,
1993).

The molecular models were visualised and
the figures were generated with the PyMOL
Molecular Graphics System, Version 2.1.0
(Open-Source), Schrodinger, LLC.

Results and discussion

Obtaining the Cme-SOD model of C.
metallidurans CH34

Chromate resistance in the bacterium C.
metallidurans CH34 is due to a set of proteins
that have several functions (Table 1). Among
these proteins, the Cme-SOD (ChrC) protein has
been characterised, whose three-dimensional
structure is not known. To gain a better
understanding of the active site of this enzyme,
three-dimensional models of the monomer and
tetramer of this enzyme were generated using
homology modelling.
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this protein is currently available in the
AlphaFold database (Jumper et al., 2021), this
model does not have its cofactor, an iron ion per
subunit, which is vital for the activity of the
enzyme, so it was decided to model the protein
using a solved structure containing the cofactor.
In order to have a better quality model, it was
decided to make an initial approximation by
generating a model using the SWISS-MODEL
system. In this system, the Clostridium difficile
Fe-SOD protein (PDB: 3TJT), whose structure
was solved with the Fe ion, was used as a
template. The generated model contains residues
in the areas not physically allowed, so it was
decided to generate a better quality model using
the Modeller program.

In the search for templates, it was found
that the protein of known structure with the
highest sequence similarity to Cme-SOD is the
Fe-SOS from Aquifex pyrophilus (Apy-SOD,
PDB:1CQJ). These proteins have 34% sequence
identity. This percentage is very low, and is at
the limit of what is required to generate a
molecular model suitable for structural studies
(Khor et al., 2015). To generate a high quality
model, it was decided to use several structures or
models as templates. The casts selected were the
monomeric SOD structure of A. pyrophilus, the
Cme-SOD model obtained from the AlphaFold
database and the model previously generated
using SWISS-MODEL. The use of the Apy-
SOD and the SWISS-MODEL model allowed us
to model the Cme-SOD with the iron ion, and
using the Cme-SOD model from AlphaFold does
not ensure a high quality mould with 100%
coverage of the protein residues. Ten models of
the SOD monomer were generated, from which
the one with the best structure quality parameters
was selected according to the PROCHECK
programme that checks the quality of the
combinations of the angles ¢ and y on a
Ramachandran plot.

The molecular model of the Cme-SOD
monomer consists of 197 amino acids, in which
a conserved domain characteristic of Mn-, Fe-,
Zn- and Cu-dependent SODs (pfam02777) was
located. The model presented more than 97% of
the residues in the zone of suitable angles and
100% within the zone of allowed angles, and
more importantly, none of the angles of the main
chain fall within the non-allowed zones (Table
2), which indicates that we have a high quality
model (Dalton & Jackson, 2010).
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The obtained model was compared by
structural alignment with the Apy-SOD structure
used as a template, obtaining an RMSD of 0.887
A. A model with an RMSD deviation of less than
1 A'is indicative of a high-quality model (Dalton
& Jackson, 2010). The Cme-SOD monomer
shares the characteristics of other Fe-SODs by
presenting an architecture with two subdomains,
N-terminal and C-terminal. The N-terminal
domain consists of a-helices, where part of the
active site is located in the first and last helices.
The C-terminal domain is formed by three B-
strands, surrounded by a-helices, between these
helices is the other part of the active site (Figure
1A).

Fe-SODs are conserved proteins found in
all three domains of life. It has been reported that
in bacteria most Fe-SODs are dimeric,
tetrameric Fe-SODs can be found, as is the case
for Cme-SOD (Sheng et al., 2014). A similar
strategy was followed to model the tetramer. The
tetramer structure of Apy-SOD, and a tetramer
reconstruction of Cme-SOD obtained from the
AlphaFold database and the high-quality
monomeric model were used as templates. Ten
molecular models were reconstructed and
verified with PROCHECK, where 100% of the
main chain angles were within the allowed angle
zone (Table 2). The alignment of the tetrameric
model structures yielded an RMSD value of
0.891 A. These results together do not allow us
to conclude that this is a valid model, and of high
quality to carry out structural studies. At the
interface of the monomers, it can be seen that a
loop characteristic of dimeric Fe-SODs is
absent, which allows for the correct formation of
the tetramer (Sheng et al., 2014).
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Figure 1 Three-dimensional structure of the Cme-SOD of
C. metallidurans CH34. A) The structure of the Cme-SOD
monomer model is shown. The C-terminal domain is
shown in yellow and the C-terminal domain in purple. The
iron ion is shown in red. B) The structure of the Cme-SOD
tetramer is shown. Each subunit is shown in a different
colour. The iron ion of each subunit is shown in red

Peptide bond angles by region (%)\
Structure A P G N
1COJ 92.5 7.0 0.5 0.0

Cme-SOD monomer| 97.7 2.3 0.0 0.0

Cme-SOD tetramer 97.2 2.8 0.0 0.0

Table 2 Model quality data of the SOD ChrC model of C.
metallidurans CH34. Ramachandran plot values obtained
from the PROCHECK 3.5 program of the molecular
model and the Fe-SOD templated protein (1CQOJ) of A.
pyrophilus are shown. A-Adequate. P- Allowed. G-
General. N- Not allowed.
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Cme-SOD active site analysis of C.
metallidurans CH34

Evolutionarily speaking, Fe-SODs were the
SODs to appear due to the large amount of iron
present and the low oxygen concentration during
the emergence of life on earth (Sheng et al.,
2014). Under modern earth conditions, the
retention of iron ion as a cofactor can be
explained by the high affinity of the enzyme for
iron. The high affinity of Fe-SOD for its cofactor
can be explained by a chelating effect of residues
in the enzyme active site, in the case of Cme-
SOD, the chelating effect is due to four residues
with donor groups, in the N-terminal domain
H26 and H75, and in the C-terminal domain
D157 and H161 (Figure 2). One of the possible
advantages of Cme-SOD binding its cofactor by
interaction with four residues is its stability
despite the entropy generated during the
dismutation reaction. The active site s
complemented by a water molecule, which
connects the four residues that coordinate with
the cofactor and gives this region its
characteristic trigonal bi-pyramidal geometry
(Figure 2).

In the Escherichia coli Fe-SOD
(PDB:1ISA) it has been observed that residues
Y34 and Q69 are part of the active site, being
part of the residues that interact with the reaction
intermediates (Lah et al., 1995). Comparing the
sequence of Cme-SOD with the sequence of
1ISA, it is observed that Q69 of 1ISA has been
replaced by S71 in Cme-SOD (Figure 3).
However, it is observed that the Y34 position of
1ISA is replaced by A34 in Cme-SOD (Figure
3), which is unable to carry out the interactions
necessary for enzyme function, which would
undermine the functionality of the enzyme.
When analysing the residues in the active site
region of Cme-SOD, it is observed that the
function of Y34 can be replaced by R37. In Apy-
SOD, residues R65, D146 and Y180 have been
reported as an important part of the function of
this enzyme (Lim et al., 1997), corresponding to
residues N59, D143 and Y164 in Cme-SOD,
respectively (Figure 3). Both R37, N59 and S71
are conserved in the SOD ChrC protein of O.
tritici 5bvll and C. metallidurans CH34 and
differ in the other Fe-SODs, suggesting that a
novel active site has evolved in the chromate
stress-responsive Fe-SODs, different from the
other Fe-SODs.
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Figure 2 Active site Cme-SOD of C. metallidurans CH34.
The four conserved residues of the protein that coordinate
with cofactor Fe (red) are shown in green. Probable
residues complementing the active site are shown in blue.
The yellow lines represent the binding between the protein
residues and the Fe atom. The complementing water
molecule necessary for Cme-SOD function is shown as a
blue sphere. Yellow and purple show the amino-terminal
and carboxyl-terminal domains respectively

Conclusions

Chromate, a highly toxic form of chromium,
induces oxidative stress, damage to organelles,
DNA and proteins once it enters cells. There are
bacteria that live in environments contaminated
with this metal, and these bacteria have
developed protective systems against this PM.
The ChrC enzyme is one of the enzymes that has
been biochemically characterised as an SOD and
is present in several chromate-resistant bacteria,
such as P. aeruginosa, O. tritici 5bvll and C.
metallidurans CH34. The results of this study
allow us to conclude that the Cme-SOD protein
belongs to a conserved  superfamily
(pfam02777) with a structure characteristic of
iron-dependent SODs and has a conserved iron
binding site among the members of this
superfamily. In addition, the active site was
identified, which is not completely
evolutionarily  conserved, suggesting that
chromate-responsive SOD enzymes possess a
novel active site. Knowledge of the structure of
Cme-SOD will help us to deepen the
understanding of this enzyme family, to better
understand the chromate detoxification process
and to develop biotechnological tools for
bioremediation.
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Figure 3 Sequence alignment of SOD proteins. Sequences
of two SODs related to chromate resistance (ChrC) and
three SODs that have been crystallised are compared. The
sequences used were: Cme-SOD, SOD-ChrC from
Cupriavidus metallidurans CH34 (accession number:
CAC42412). Otr-ChrC, SOD-ChrC from Ochrobactrum
tritici (accession number: ABO70324). Ssp-SOD, SOD-
ChrC from Shewanella sp. ANA-3 (Accession No:
WP_041413376). 1COJ, SOD from Aquifex pyrophilus.
3TJT, SOD of Clostridium difficile 630. 1ISA, SOD of
Escherichia coli. Red e marks the conserved residues
forming the Fe-binding site. Blue e indicates other
residues forming the active site
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Abstract

In Mexico, chronic kidney disease is a public health
problem, when is diagnosed in advanced stages, the only
treatment options are dialysis, hemodialysis or organ
transplantation, however, the health system does not have
the economic capacity or the infrastructure to fully cover
these treatments. Therefore, the objective of this research
work was to evaluate the activity of the p-coumaric acid
(pCA) as a possible nephroprotective agent against toxic
carbon tetrachloride (CCls)-induced kidney damage in
male Wistar rats. Renal parenchyma was evaluated using
two stains, hematoxylin and eosin (H&E) and periodic
acid with Schiff's reagent (PAS). The administration of
CCl4 (4 g/kg, p.o., one dose) induced tubular necrosis and
glomerular rupture within 24 h, with loss of microvilli and
basement membranes, with widening of the lumen of the
distal and proximal tubules. On the other hand, pCA (100
mg/kg, p.o., administered 24 h and 1 h before CCl4 and 1
h after this toxic agent) showed nephroprotective action by
reducing the presence of these morphological changes.
Our results suggest for the first time that pCA, when
administered preventively, slows the deterioration of renal
structure induced by acute exposure to a sublethal dose of
CCla.

Nephropathy, Acute kidney injury, CCls, p-coumaric
acid, Nephroprotective

Resumen

En México la enfermedad renal crénica es un problema de
salud publica, que tiene como opcién de tratamiento la
didlisis, la hemodialisis o el trasplante de 6rgano, sin
embargo, el sistema de salud no tiene la capacidad
econémica ni la infraestructura para cubrirlos en su
totalidad. Por lo tanto, el objetivo del presente trabajo fue
evaluar la actividad del &cido p-cumérico (pCA) como un
posible agente nefroprotector contra el dafio inducido con
el toxico tetracloruro de carbono (CCl,) en las ratas Wistar
macho. El parénquima renal fue evaluado mediante dos
tinciones, la de hematoxilina y eosina y la del acido
peryédico de Schiff. La administracion de CCls (4 g/kg,
p.o., una dosis) indujo en 24 h necrosis tubular y ruptura
glomerular, con pérdida de microvellosidades y de
membranas basales, con ensanchamiento de la luz de los
tdbulos distales y proximales. Por otra parte, el pCA (100
mg/Kkg, p.o., administrado 24 hy 1 h antes que el CClsy 1
h después de este agente toxico) mostré accién
nefroprotectora al disminuir la presencia de estos cambios
morfologicos. Nuestros resultados sugieren por primera
vez que el pCA puede prevenir el deterioro de la estructura
renal ante la exposicion aguda de CCla.

Nefropatia, dafio renal agudo, CCl4, acido p-cumarico,
nefroprotector
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Introduction

Currently, one of the diseases that most afflict
human beings are those of renal origin, with
chronic kidney disease (CKD) being considered
a serious public health problem both in Mexico
and in the world (Evans et al., 2022; Reyna-
Sevilla et al., 2022). CKD is directly related to
diabetes and hypertension, however, it can be
caused by other factors, from the consumption of
toxic  substances, autoimmune  diseases,
infections, obstructive problems, and congenital
antecedents (Talati, 2019; Perazella, 2018;
Stevens, 2018; Tecklenborg, 2018; Woyatt,
2017).

Oxidative stress is one of the main factors
affecting the kidney, this occurs when the
production of oxidative molecules or reactive
oxygen species (ROS) exceeds the endogenous
antioxidant capacity of the organism, these ROS
are produced in the plasma membrane,
cytoplasm,  endoplasmic  reticulum and
mitochondria (Ho & Shirakawa, 2022). The
kidney, being an organ with abundant
mitochondria, becomes the main site of ROS
production, which under normal conditions is
regulated by the regenerative cycle of
mitochondrial ROS formation and release
known as ROS-induced ROS release (RIRR),
which upon dysfunction of mitochondrial
homeostasis ROS accumulate and are released
activating cell signalling pathways leading to
bioenergetic and stress alterations that cause
inflammation, endothelial and vascular damage,
with subsequent development of acute or chronic
kidney damage (Ho & Shirakawa, 2022; Zorov,
et al 2014).

P-coumaric acid (pCA) or 4-
hydroxycinnamic acid is a phenolic acid that is
ubiquitously distributed in plants and fungi and
is a precursor of a wide range of other molecules,
such as flavonoids and lignin (Combes et al.,
2021: Pei et al. 2016). In addition, it has
numerous applications in the pharmaceutical,
cosmetics and food industries (Boo, 2019; Pei et
al. 2016). Moreover, various researches have
shown that pCA has important biological
activities such as antioxidant, anti-inflammatory,
anti-apoptotic, anti-necrotic, anti-cholestatic,
amebiostatic and antimicrobial (Ayazoglu et al
2022; Daroi et al 2022; Aldaba-Muruato et al.,
2021; Ojha & Patil 2019).
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These aforementioned properties make it
suitable to be evaluated against sublethal oral
dose (per os; p.o.) of 4 g/kg of carbon
tetrachloride (CCls) (Yoshioka et al., 2016)
which at high concentrations causes oxidative
damage to kidney tissue (Suzuki et al., 2015;
Ozturk et al., 2003).

Methodology
Experimental animals

In this research work, male Wistar rats (Rattus
norvegicus) weighing approximately 230-250 g
were used and subjected to a standard diet
(Nutricubos®), with free access to drinking
water, and maintained at a temperature of 24°C
with 50-60% relative humidity and 12-hour
light-dark cycles.

Ethics

The present research work belongs to the project
entitled "Evaluation of compounds with
hepatoprotective activity" carried out with male
Wistar rats, which was accepted by the Research
Ethics Committee of the Facultad de Estudios
Profesionales Zona Huasteca, UASLP. All
animals received humane care based on the
biosafety terms and guidelines established by
this committee, as well as on the specifications
dictated by the official Mexican standard (NOM-
062-Z00-1999) regarding the technical
specifications for the production, care and use of
laboratory animals.

Chemical compounds and reagents

The reagents used for the in vivo experimental
protocol were CCls (mallinckrodt), pCA
(sigma), carboxymethylcellulose 0.5% (sigma),
mineral oil (mystic moments). On the other
hand, for haematoxylin eosin (H&E) staining,
xylene (CTP Scientific), ethanol (CTP
Scientific), haematoxylin (CTP Scientific), eosin
(Jalmek) were used and for PAS staining,
Schiff's reagent, periodic acid (CTP Scientific),
Mayer's haematoxylin (CTP Scientific), xylene
(CTP Scientific) and ethanol (CTP Scientific)
were used.
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Induction of renal damage with CCl4

The twenty experimental animals were equally
divided into four groups (Figure 1). Rats in the
Control group were administered mineral oil
(0.5mL/100 g, p.0.), which was used as a vehicle
for CClys, those in the CCls group were induced
renal damage with a single sublethal dose of
CCl4 (4 g/kg, p. 0.), and rats in the CCls + pCA
group were administered pCA (100 mg/kg, p.o.)
on three occasions, one day before CCls
administration, as well as one hour before and
one hour after the same intoxication. The pCA
group was administered pCA in the same way as
in the CCls group, and instead of CCls the
mineral oil was administered orally (0.5 mL/100
g, p.0.), and the pCA group was administered
orally (0.5 mL/100 g, p.0.), and the pCA group
was administered in the same way as in the CCl4

group).
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Figure 1 Experimental procedure. Twenty male Wistar
rats were divided equally into four experimental groups:
CCl4 group was administered a single dose of CCl4 (4g/kg,
p.o.); animals in the CCl4 + pCA group were administered
3 doses of pCA (each 100 mg/kg, p.o., the first two doses
24 h and 1 h before CCl, toxicant administration and the
last dose 1 h after CCls). The Control group was
administered only with CCls and pCA vehicles (mineral
oil and carboxymethylcellulose 0.5%) and the pCA group
was administered in the same way as in the CCl4 + pCA
group, but instead of CCls, p.o. mineral oil was
administered

Sacrifice

The animals were sacrificed 24 hours after CCly
intoxication or administration of the mineral oil.
For this, the rats were first sedated with a
mixture of ketamine (0.9 mL/100 g, i.p.) and
xylazine (0.5 mL/100 g, i.p.), and then sacrificed
by cardiac puncture.
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Collection of biological samples

The left kidney was dissected out and embedded
in 4% p-formaldehyde for a period of 72 h.

Paraffin-embedding of kidney tissue

After fixation, the tissues were processed with
the Leica TP1020 Histochinete equipment, in
order to facilitate dehydration, clarification, pre-
impregnation and paraffin infiltration of the
biological samples. The tissues were then
immersed in paraffin to form solid blocks with
the aid of MYR EC350-1 semi-automatic
paraffin embedding equipment.

Histological sections

Paraffin-embedded tissue sections with a
thickness of 4 um were obtained using the
Ecoshel model 202A microtome. The sections
were transferred to a CA Scientific flotation bath
model XH-1001 at a temperature of 40°C, and
the slice was recovered with a previously
silanised slide.

Haematoxylin-Eosin (H&E) staining

Dewaxing was started with xylol, 2 washes for
10 min and 1 min respectively, followed by
dehydration in absolute alcohol 2 washes for 1
min, then in 96 % alcohol for 1 min, then in 80
% alcohol for 1 min and then in distilled water
for 1 min. The slides were then stained with the
first stain, Harris haematoxylin, in which the
slides were immersed for 10 min, then washed in
tap water for 5 min, immersed in acid alcohol for
15 s, placed in distilled water for 1 min,
immersed in ammonia water for 1 s, then washed
in distilled water for 1 min, then immersed in
ammonia water for 1 min, then washed in
distilled water for 1 min, then immersed in
ammonia water for 1 min, washed with distilled
water twice, then immersed in the second dye,
eosin, for 2 min, followed by dehydration,
immersed in 80% alcohol, then 96% alcohol,
twice in absolute alcohol and finally with xylol,
all for 1 min each. Finally, the tissue was
mounted with a drop of entellan, placed on a
coverslip and left to dry.
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Periodic acid staining with Schiff's reagent
(PAS)

PAS staining began with dewaxing with xylol, 2
washes for 10 min and 1 min respectively,
followed by dehydration in absolute alcohol for
2 washes for 1 min, then in 96% alcohol for 1
min, then in 80% alcohol for 1 min and then in
distilled water for 1 min. The slides were placed
in running water for 5 min, then in periodic acid
for 5 min, at the end of this time they were placed
in distilled water for 20 seconds more, and then
the slides were placed in Schiff's reagent for 15
min, and then in running water for 5 min, at the
end of this time the slides were placed in Schiff's
reagent for 15 min, and then in running water for
5 min, at the end the slides were placed in Arris
haematoxylin for 10 min, and then placed in
running water for 5 min, at the end they went
through the dehydration train, immersing in 80
% alcohol, then 96 % alcohol, twice in absolute
alcohol and finally with xylol 2 times, all these
for 1 minute each.

Photographic images

Images were taken with a KOPPACE 16 MP
camera (KP-1660) adapted to an Axiostar plus
(HBO 50/AC, ZEISS) brightfield microscope,
which were processed and analysed in S-Eye
(1.6.0.11) and ImageJ (Version: 1.52) software,
respectively.

Results

The pCA is able to prevent CCls-induced renal
damage: histopathology with H&E.

Renal architecture was assessed by H&E
staining and representative images are shown at
5x (Figure 2), 10x (Figure 3) and 40x (Figure 4)
magnification. Figures 2 and 3 show the main
morphological changes observed at the level of
the renal cortex. The Control and pCA groups
showed a mostly preserved morphology with
normal appearing glomeruli and distal and
contoured tubules and tubules, although some
glomeruli with slight morphological changes
were visible. The CCls group showed marked
damage to the renal architecture, with evident
tubular necrosis, with mostly collapsed or
fragmented glomeruli.
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The CCls + pCA group preserved the
integrity of the renal parenchyma, with the
presence of mostly normal glomeruli, with
occasional altered glomeruli, and the renal
tubules showing an architecture with a typical
appearance.

Control

Figure 2 Representative photomicrographs at 5x of renal
cortex sections stained with H&E. Experimental groups:
Control (healthy group), CCls (damage control), CCl, +
pCA (test group) and pCA (pCA control). Black arrows:
glomeruli with morphological alterations; White arrow:
collapsed glomerulus; Glomerular rupture: (*); Tubular
necrosis: NT; Artery: A; Vein: V.

Control

-
RN
it
)

Figure 3. Representative 10x photomicrographs of renal
cortex sections stained with H&E. Experimental groups:
Control (healthy group), CCls (damage control), CCls +
pCA (test group) and pCA (pCA control). Black
arrowhead: proximal convoluted tubules; white
arrowhead: distal convoluted tubules; black arrow:
damaged glomeruli with presence of fragmentation and a
wide glomerular space; white arrow: glomerular rupture
and collapse; tubular necrosis: TN; loops of Henle; tubular
necrosis: NT; and white arrow: glomerular rupture and
collapse: (#4).
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Photomicrographs at 40x magnification
showed that in the healthy groups (Control and
pCA) the kidneys have a normal cellular
structure, with intact glomeruli (Figure 4A and
B) and regular tubular contour (Figures 4A, B
and C). On the other hand, glomerular atrophy
(Figures 4D and E) as well as tubular destruction
was observed in the CCls-intoxicated groups
(Figures 4D, E and F), compared to the integrity
shown by the healthy groups. The CCls + pCA
group largely prevented CCls-induced renal
damage, the glomeruli show apparently normal
morphology (Figure 4G), although it is possible
to observe some glomeruli with abnormal
architecture (Figure 4H), and overall the tubular
morphology appears normal (Figures 4G, H and
). The pCA group showed similarities to the
Control group (Figures 4J, K and L).

Figure 4 Representative photomicrographs at 40x of renal
cortex sections stained with H&E. Experimental groups:
Control (healthy group), CCls (damage control), CCl, +
pCA (test group) and pCA (pCA control). Head of black
arrows: proximal convoluted tubules; Head of white
arrows: distal convoluted tubules; White arrow: damaged
glomeruli with presence of fragmentation and a wide
glomerular space; Black arrow: glomerular collapse and
rupture; Dotted black arrows: rupture of distal and
proximal tubules; Loops of Henle: (¢); Damaged
glomerulus: (*)
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pCA protects the integrity of the convoluted
tubules: histopathology with PAS

PAS staining is used to investigate the
morphological  structure of the renal
parenchyma, but it also allows us to correlate
with the content and integrity of carbohydrates
present both in the basement membrane and in
the microvilli of all the epithelia and connective
tissue. This gives us an idea of the condition of
the convoluted tubules and whether there is
damage or not.

Microscopic observations of renal tissue stained
with PAS at magnifications of 5x, 10x, 40x

Observations by light microscopy at 5x (Figure
5), 10x (Figure 6) and PAS staining allowed us
to evaluate the renal tubular architecture and the
integrity of the basement membranes. Thus, it
was possible to visualise that the healthy groups
(Control and pCA) presented a normal histology,
with preserved basement membrane structures,
as well as the microvilli of the proximal tubules.
CCls intoxication induced tubular necrosis,
showing loss of basement membrane and
microvilli. The CCls + pCA group showed a
preserved architecture, preventing the loss of
glomerular mass, proximal and distal tubules
and microvilli.

Control

Figure 5 Representative 5x photomicrographs of PAS-
stained renal cortex sections. Experimental groups: control
(healthy group), CCls (damage control), CCls + pCA (test
group) and pCA (pCA control). Head of black arrows:
proximal convoluted tubules; Head of white arrows: distal
convoluted tubules; Tubular necrosis: NT; glomerular
rupture (*); Artery: A; Vein: V
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Control

Figure 6 Representative 10x photomicrographs of PAS-
stained renal cortex sections at 10x. Experimental groups:
Control (healthy group), CCl, (damage control), CCls +
pCA (test group) and pCA (pCA control). Head of black
arrows: proximal convoluted tubules; Head of white
arrows: distal convoluted tubules; Black arrows: intact
basement membranes; Tubular necrosis: NT; atrophied
glomeruli: (*)

The photomicrographs at 40X
magnification (Figure 7), show that the CCls
group presented tubular destruction with loss of
microvilli and basement membrane, widening of
the lumen of the distal and proximal tubules was
observed in comparison with the integrity shown
by the healthy groups (Mineral Ac. and pCA).
The CCls + pCA group prevented these
morphological changes due to CCls-induced
renal damage.
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Control

Figure 7 Representative photomicrographs at 40x of PAS-
stained renal cortex sections. Experimental groups:
Control (healthy group), CCls (damage control), CCl, +
pCA (test group) and pCA (pCA control). Head of black
arrows: proximal convoluted tubules; Head of white
arrows: distal convoluted tubules; Black arrows: basement
membrane; Tubular necrosis: NT

Discussion

Prevention or early detection of kidney diseases
are considered the best strategies to avoid CKD,
because when CKD is already established, the
patient's life expectancy decreases, as persistent
urinary abnormalities with impaired nephron
function occur (Romagnani et al., 2017).
Therefore, in the present work, the ability of
pCA as a preventive agent against acute damage
induced with a sublethal dose of CCls in Wistar
rats was evaluated, considering that CCls is a
potent nephrotoxic agent (Suzuki et al., 2015;
Ozturk et al., 2003).
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In H&E and PAS stained kidney sections,
it was observed that the healthy groups (Control
and pCA) which were administered mineral
oil+CMC 0. 5% or mineral oil+pCA,
respectively, presented a normal appearing renal
parenchyma, with tissue morphology similar to
a healthy Kkidney, with intact basement
membranes, with intact glomeruli and
convoluted tubules, with visibly normal
cytoplasm and nuclei, however, in these healthy
groups some lesions were also evident in some
glomeruli and in distal and proximal convoluted
tubules. These observations are related to some
works that have described that olive oil which is
used as a vehicle for CCls induces severe renal
lesions, with the presence of atrophy and
destruction in the glomerulus with the presence
of pyknotic nuclei and cellular infiltration
(Alsalam, 2016). Therefore, our results support
the fact that mineral oil has harmful effects at the
renal level. Furthermore, it should be
emphasised that the pCA group did not show
additional morphological changes relative to the
Control group.

On the other hand, CCly is a chlorinated
hydrocarbon composed of a mixture of chlorine
with chloroform, named tetrachloromethane by
the International Union of Pure and Applied
Chemistry Nomenclature (IUPAC), and is
highly harmful when ingested, inhaled, or by
direct contact with the skin (Al Amin &
Menezes, 2020). This toxic agent causes damage
to multiple organs, with the liver and kidney
being mainly affected; in the liver it induces
necrosis, steatosis and cirrhosis and at the renal
level it causes glomerular necrosis and
histological alterations in distal tubules (Suzuki
et al., 2015; Aldaba-Muruato et al. 2012; Ozturk
et al., 2003).

A previous work published by our research
group showed for the first time that pCA has
anti-necrotic and anti-cholestatic activity against
acute damage induced by CCls or common bile
duct ligation in rats, as well as amebiostatic
activity against the parasite Entamoeba
histolytica (Aldaba-Muruato et al., 2021).
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The results of the present work
demonstrate that pCA possesses anti-nephrotic
activity at a sublethal dose of CCls. On the one
hand, it was confirmed that CCls is able to
induce drastic changes in renal architecture, such
as glomerular atrophy and partial or total
destruction of the convoluted tubules, known as
tubular necrosis (Figures 2, 3 and 4),
observations consistent with other authors
(Suzuki et al., 2015; Ozturk et al., 2003). On the
other hand, our H&E and PAS-stained renal
histopathological studies indicate that pCA
possesses the ability to protect against CCls-
induced nephrotoxic damage, with a visible
reduction in cell damage, with relative integrity
of the proximal convoluted tubule, as well as its
visible cytoplasm and nuclei with no apparent
alterations (Figures 2, 3 and 4). The PAS
technique was useful to demonstrate the integrity
or morphological alterations of the basement
membrane of the convoluted tubules and
glomeruli (Ochoa et al., 1957; Sugai et al.,
1992). Similarly, microscopic observations of
PAS-stained kidney sections showed that in the
CCl4 group, there is loss of basement membrane
continuity of the different structures of the
nephron, as well as of the microvilli of proximal
convoluted tubules, while these structures are
more preserved in the CCls + pCA group. These
results are consistent with previous observations
describing that pCA protects against tubular
necrosis by preventing the production of
oxidative stress that is generated by cisplatin
(Ekinci et al 2017). Likewise, Gentamicin-
induced tubular necrosis and tubulointerstitial
inflammation of the proximal tubules was
reduced by pCA (Hakyemez et al 2022). In
addition, another work demonstrated that the
antioxidant effect of pCA reduces oxidative
stress induced in diabetic rats and prevents the
development of diabetes-associated nephropathy
(Mani, et al., 2022).

Conclusion

The present work demonstrates that pCA is a
potent nephroprotectant against renal damage
induced by sublethal doses of CCla.
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