ORIGINAL ARTICLE

Nr 2024;14 (1):12-21

Peripubertal Exposure to Glyphosate-Based
Herbicides Promotes Histopathological Impairment
in the Structure of the Diaphragm Muscle

of C57BL/6 Mice

Matheus Felipe Zazula', Ana Paula Marca?, Mylena de Campos Oliveira?, Ariadne
Barbosa?, Maria Lucia Bonfleur?, Lucinéia de Fatima Chasko Ribeiro?, Marcia Miranda

Torrejais?

" Morphofunctional Plasticity Laboratory, Department of Cellular Biology, Biological Sciences Sector,
Universidade do Parna, Curitiba, Parana, Brazil

2 Experimental Laboratory of Morphology, Center for Medical and Pharmaceutical Sciences, Universidade
Estadual do Oeste do Parana, Cascavel, Parana, Brazil

3 Laboratory of Endocrine Physiology and Metabolism, Center for Biological and Health Sciences, Universidade
Estadual do Oeste do Parana, Cascavel, Parana, Brazil

4 Laboratory of Structural and Functional Biology, Center for Biological and Health Sciences, Universidade
Estadual do Oeste do Parana, Cascavel, Parana, Brazil

CORRESPONDING AUTHOR:

Matheus Felipe Zazula

Morphofunctional Plasticity Laboratory
Department of Cellular Biology Biologjical
Sciences Sector

Federal University of Parana

Avenida Coronel Franscisco H. dos Santos
100

81530-000, Curitiba, Parana, Brazil

E-mail: matheuszazula@gmail.com

DOI:
10.32098/mltj.01.2024.02

LEVEL OF EVIDENCE: 1B

12

SUMMARY

Introduction. Glyphosate is an organophosphate herbicide most used in Latin Ameri-
ca, with multisystemic effects, including the respiratory system. In this sense, the objec-
tive of this research was to analyze the muscle fibers and neuromuscular junctions
(NMJs) of the diaphragm muscle of adult mice exposed to the glyphosate-based herbi-
cide in the peripubertal period.

Methods. Twelve male mice were used, divided into a control group (CTL, n = 6),
which received water and a glyphosate-based herbicide group (GBH, n = 6), which
received 50 mg/Kg/day of Roundup®, both by gavage from 30 to 60 days. At 150
days, the animals were euthanized, and the diaphragm was collected for analysis of
the muscle fibers through hematoxylin-eosin, Masson’s trichrome and Picrossirius Red
and the NMJs through the nonspecific esterases reaction.

Results. Rounded fibers, hypereosinophilic sarcoplasm and enlarged nuclei were
found predominantly in GBH. A reduction in body weight, an increase in muscle fiber
morphometry, an increase in type III collagen, a decrease in the overlapping of type I
and ITI collagen, and an increase in the area and greater diameter of the NM]Js in GBH
were observed.

Conclusions. Peripubertal exposure to glyphosate-based herbicides showed morpho-
logical changes characteristic of muscle degeneration and altered the morphometry of
muscle fibers and NM]Js of the diaphragm of adult mice.
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INTRODUCTION

Glyphosate or N-(phosphonomethyl)glycine is an organophos-
phate pesticide, with systemic, non-selective and broad-spec-
trum action (1, 2), is the main active ingredient contained in
Roundup® (3). Glyphosate-based herbicides are widely used
worldwide (4), especially in South America, where it is the most
commercialized herbicide in Brazil, reaching approximate-
ly 63% of the pesticide market in 2020 (5). In this sense, its
exacerbated use in agriculture has left residues in soil, water
and food (1).

Contact with pesticides can occur through mucous membranes,
skin, breathing or ingestion (6) and this exposure can trigger
different respiratory problems (7). The impairment of the respi-
ratory muscles, caused by organophosphate intoxication, possi-
bly contributes to the high morbidity rate in intoxications (8).
The association of exposure to GBH, and other organophos-
phates, to respiratory changes has received attention due to the
increased incidence of respiratory problems in regions of expo-
sure to pesticides (7, 9).

GBH has a potential endocrine disruptor effect (10), with these
exogenous substances altering the functions of the endocrine
system and, consequently, causing deleterious effects on the
health of the organism or its offspring (11). Exposure to these
xenobiotics during critical periods of development and matu-
ration, such as fetal, perinatal and puberty, may be related to
changes in gene expression patterns since it is during these peri-
ods that the organism establishes the main epigenetic patterns
(12, 13). Since the consequences of this early exposure to
glyphosate-based herbicides may only manifest in later stages of
development and/or in adulthood (14).

Puberty is the period of childhood growth that precedes the
onset of adolescence (15), it is a process of physical growth,
emotional development and great brain plasticity (15). At this
stage, there are structural and functional changes that can inter-
fere with metabolism in adulthood (16), thus being a modula-
tion window, where changes propitiated by the environment
can lead to damage to normal development and affect the
health of the individual, as is the case of exposure to pesticides.
The diaphragm is considered the main muscle of the mammali-
an respiratory system (17). It is innervated by the phrenic nerves
(18) and is composed of different types of fibers, therefore it
is classified as a mixed muscle (19). It has some peculiarities
such as greater resistance to fatigue, greater blood flow, greater
oxidative capacity and greater capillary density. These proper-
ties allow for the necessary resistance to high-demand activities
throughout life (20).

Due to its association with respiratory capacity, the diaphragm
muscle was chosen for this study, where we sought to evalu-
ate the structure of the muscle after chronic exposure to GBH.
Thus, the objective of this research was to analyze the histomor-
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phometric and histopathological characteristics of the muscle
fibers and the structure of the neuromuscular junctions (NM]s)
of the diaphragm of adult mice exposed to GBH during the
peripubertal period.

MATERIALS AND METHODS

Ethical approval

The Ethics Committee for Animal Use from the #05/2018
(CEUA - UNIOESTE) approved all the procedures involving
animals (date of approval May, 2018). The procedures were in
agreement with the Brazilian Guidelines for Care and Use of
Animals for Scientific and Teaching purposes established by
the Conselho Nacional de Controle de Experimentac¢io Animal
(CONCEA) and with the international guidelines for animal
research (21).

Animals

For the present study, 12 male mice of the C57BL/6 lineage, 21
days old and with a body weight of 20 + 2 g, were used. The
animals were acquired from the central vivarium of the UNIO-
ESTE and were kept in the sectoral vivarium of the Laborato-
ry of Endocrine Physiology and Metabolism - LAFEM, under
controlled conditions of temperature (28 + 2 °C) and luminos-
ity (12 hours light/dark). The animals were randomly divided
into two groups, with only two offspring from the same mother
allocated to the same group: the control group (CTL, n = 6)
and the glyphosate-based herbicide group (GBH, n = 6). All
mice received water ad libitum and were fed a Nuvilab® regular
chow (Quimtia S.A., Colombo, Parana, Brazil) from weaning
until 150 days of age.

Exposure to GBH

From 30 to 60 days of life, daily by gavage, the GBH group
received 50 mg/Kg/day of (22) Roundup® Original DI solution
(Monsanto, Brazil), containing 445 g/L of diammonium salt of
N-phosphonomethylglycine (37.0% m/v), of the active compo-
nent glyphosate and the CTL group received water. The GBH
solution and the water had the pH corrected between 5 and 5.5
with hydrochloric acid.

Euthanasia and tissue collection

After 150 days of life, the animals were weighed and measured
to obtain the nasoanal length. Then, the mice were anaesthe-
tized with a mixture of 9 mg/Kg xylazine hydrochloride (Anase-
dan®, Vetbrands, Brazil) and 90 mg/Kg ketamine hydrochlo-
ride (Dopalen®, Vetbrands, Brazil). Then, laparotomy was
performed to collect the organs. Retroperitoneal and peri-
toneal fat were collected and weighed and standardized by
body weight.
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For the collection of the diaphragm muscle, the animals were
kept in a ventral position and an incision was made in the
median region just below the thorax, with subsequent reflec-
tion of the skin and muscles. The removal of the diaphragm
consisted only of its costal part, being divided into right and
left hemicupules. Only the right hemicupula was weighed.
Then, each hemicupules was fragmented into two segments,
and in the right hemicupules, the upper and lower fragments
were destined for histological processing in paraffin. In the left
hemicupula, the upper and lower segments were destined for
histochemical study of the NMJs. Then, the fragments were
stored in specific fixatives to carry out the histological and
histochemical study.

Histological procedures

For the histomorphological analysis of the diaphragm
muscle, cross sections of the proximal portions of the right
cupula were fixed in Methacarn (60% Methanol, 30% Chlo-
roform and 10% Glacial Acetic Acid), and then destined for
histological processing for embedding in paraffin. Subse-
quently, 7 pm-thick cross-sections of the muscles were
obtained, which were collected on glass slides, and used for
histomorphological and histopathological analysis. One slide
from each animal was stained using Hematoxylin and Eosin
and destined for histomorphometric analysis. The other two
slides were used for the analysis of the connective tissue,
one stained with the Masson’s Trichrome technique, and the
other stained with the Picrosirius Red technique.

Histochemical procedures

For the morphological and morphometric analysis of the
NM]Js, the middle portions of the left antimeres were longi-
tudinally sectioned with the aid of a stainless-steel blade
to obtain several muscle fragments. These fragments were
submitted to the Unspecific Esterase reaction and after the
reaction mounted on a glass slide for analysis under light
microscopy.

Images obtention

To acquire images for subsequent morphometric analy-
sis, the slides stained by the pricosirius red technique were
photographed in a polarized light microscope (Carl Zeiss™
Axiolmager™). The slides obtained from the other tech-
niques were photographed under a light microscope (Carl
Zeiss™ Primo Star™). Both microscopes were coupled to
the camera (Carl Zeiss™ AxioCam ERc 5s) and connected
to the ZEN 3.1 program (Carl Zeiss™). According to the
magnification used for the analyses, the following were used:
2 microscopic fields, for 40x magnification; 5 microscopic
fields for 100x magnification; 10 microscopic fields for 200x
magnification and 20 microscopic fields for 400x magni-
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fication. For image analysis, Image-Pro Plus 6.0® software
(Media Cybernetics, MD, Rockville, USA) was used. For
the analysis of connective tissue, collagen, lipid deposits and
immunohistochemistry, pixel quantification was used, using
the GNU - GIMP 2.10.30 program (GNU General Public
License®, Berkeley, California, United States).

Histomorphometric measurements

For histomorphometric analysis, images containing whole
muscle fibers were used and the relative area of each image was
measured. Fibers, nuclei and capillaries were counted. From
these data, it was calculated: fiber density (DENS = amount
fibers per mm?), the ratio of capillaries per fiber (ratio CF =
amount of capillaries/amount of fibers), the ratio of nucleus
per fiber (ratio NF = amount of nucleus/amount of fibers) and
percentage of the central nucleus (NC%). The cross-sectional
areas (CSA) of muscle fibers (n = 150 events per animal) were
also measured, as well as the largest (LD) and smallest (SD)
diameters of muscle fibers (n = 150 per animal). These data
were used to calculate the myonuclear domain (muscle fiber
CSA/NF ratio).

The quantification of connective tissue was performed on slides
stained with Masson and based on this total amount of connec-
tive tissue, the value for each envelope (epimysium, perimysium
and endomysium) was calculated. Collagen quantification was
performed similarly, quantifying the pixels referring to type 1
collagen (in red) and type III collagen (in green) and the over-
lapping areas of both (in yellow). To measure the NMJs, the
CSA, LD and SD were measured in 150 neuromuscular junc-
tions. The diameter ratio (LD/SD) was calculated to verify the
possible roundness of the NMJs, and the Ratio of CSA Fiber
to CSA NMJ.

Histopathological Index Analysis

For the characterization of the structural alterations of the
muscular tissue, five patterns of reaction (23) were used.
Based on the previously described reaction patterns, the
slides were evaluated blindly, classifying the reaction patterns
and their extensions in the sampling areas. The results of
each evaluator were used to construct the index. For the
quantitative evaluation of the histopathology, two values
were used: 1) importance factor (w), previously tabulated
and which takes into account the pathological importance of
the alteration: 1 — Minimal importance, 2 — Moderate impor-
tance, 3 — Great importance; 2) score value (a), which varies
according to the extent of the alteration, being: (0) none, (2)
minimal, (4) moderate and (6) extensive occurrence. From
these values, the mathematical calculation for the injury rates
was developed, which can be used both for the quantifica-
tion of the reaction patterns and for the total evaluation of
the tissue.

Muscles, Ligaments and Tendons Journal 2024;14 (1)
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Statistical analysis

Normality (Shapiro-Wilk test) and homoscedasticity tests
(Barttlet’s test) were performed for all variables and those
that were following these assumptions were analyzed
by the Student’s t-test to examine the effect of glypho-
sate. When the premises were not in agreement, the
Mann-Whitney U test was performed. All analyses were
performed with alpha significance level o = 0.05.

Then, the matrices of the variables were standardized
and analyzed using the principal component analysis
(PCA). With the PCA, factorial loads are established for
each variable and analyzed in response components. The
data provided by the PCA is reduced, the data overlays
are removed, and the most representative linear units of
the data are known. The factor loads of the main compo-
nents were evaluated in terms of statistical significance
using a student t-test. As the main components (PC) are
ordered in decreasing order of importance for a structure
of variance of the data set, the greater the retention of
the total variance in a smaller number of linear formulas,
the better the application of the procedure to the exper-
imental data. All procedures were performed in software
R version 4.3.0.

RESULTS

Body characteristics

Regarding body characteristics (table I), GBH animals showed
a reduction of approximately 9% in body weight, when
compared to CTL (t = 2.9216, df = 6.943, P-value = 0.0225).
However, there was no difference between groups in nasoanal
length (t = 0.8613, df = 6.7846, P-value = 0.4185), Lee’s index
(t=1.5126, df = 8.1398, P-value = 0.1682), retroperitoneal (t =
-0.43171, df = 9.892, P-value = 0.6752) and peritoneal (W = 13,
P-value = 0.4848) fat weight, body adiposity (W = 14, P-value =
0.5887) and diaphragm muscle (t =-0.16552, df =9.2047, P-val-
ue = 0.8721) weight.

Table I. Body characteristics.

Diaphragm muscle morphology

The morphological characteristics of the diaphragm muscle
were standard (figure 1). The morphology of the radial sections
of the right hemicupule showed elongated and multinucleated
polygonal fibers with nuclei displaced immediately below the
sarcoplasmic membrane (figure 1A-H). The muscle fibers are
individually enveloped by the connective tissue of the endomy-
sium, organized into muscle fascicles delimited by the perimy-
sium, with blood capillaries associated with these connective
envelopes. However, fibers with increased nuclei and some
with a basophilic halo were observed in greater numbers in
the GBH group (figure 1D,F). Central nuclei were also found
in both groups equally and fibers with a rounded shape and
hypereosinophilic sarcoplasm were found in the CTL and
GBH groups, but predominantly in the GBH group (figure
1G,H). It was also possible to observe an increase in type I

Figure 1. Photomicrographs of the diaphragm muscle of
150-day-old mice.

Cross section, HE (A-H). (A,B) Muscle fibers (asterisk) and peripher-
al nuclei (black arrows). (C,D) Centralized nuclei (yellow arrows). (E,F)
Enlarged basophilic nuclei (white arrows). (G,H) Rounded muscle fibers
with hypereosinophilic sarcoplasm (star). Longitudinal section, Nonspecif-
ic Esterase reaction (LJ). Morphological characteristics of JNMs. Picrosir-
ius Red (K,L). Observe the perimysium (arrow). Collagen type I (in red),
collagen type III (in green) and areas of collagen type I and III overlaps (in
yellow). CTL: Control group. GBH: Glyphosate-based herbicide group..

Variable CTL GBH P-value

Body Weight (g) 30.81 + 1.04 27.75 +2.33% 0.0225
Nasoanal Length (cm) 9.11 £ 0.43 8.95 +0.18 0.4185
Lee Index (g/cm?) 342.13 £ 12.61 333.08 £7.49 0.1682
Retroperitoneal (g/100 g) 0.24 £ 0.02 0.24 £ 0.02 0.6752
Perigonadal (g/100 g) 1.01 £0.18 1.25 +0.49 0.4848
Adiposity (%) 1.24 +0.20 1.51+£0.51 0.5887
Diaphragm (g/100 g) 0.15 + 0.02 0.15 = 0.02 0.8721

CTL: Control group (n = 6); GBH: Glyphosate group (n = 6); A: statistical difference versus control group (p < 0.05).

Muscles, Ligaments and Tendons Journal 2024;14 (1)
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collagen deposition in GBH animals, with a greater predomi-
nance of reddish colouration (figure 1L). The NMJs found in
the diaphragm muscle of the animals were polymorphic, with
an oval, round or elliptical shape, however, in the GBH animals
it was possible to notice an increase in junctions in elliptical
and oval shapes (figure 1L]).

Diaphragm muscle fibers’ structure

Regarding the structure of the muscle fibers (table II), it
was possible to observe that the GBH animals presented a
reduction of approximately 9% in fiber density (t = 5.8472,
df = 9.4036, P-value = 0.0002), 25% in the ratio of nuclei
per fiber (t = 5.9281, df = 5.8347, P-value = 0.0011), 37%
in the percentage of central nuclei (t = 5.0659, df = 5.4176,
P-value = 0.0031) and 32% in the ratio of capillaries to fiber
(t=5.1561, df = 7.4976, P-value = 0.0011).

However, the GBH animals showed an increase of 15% in
the cross-sectional area (t = -5.0021, df = 9.9462, P-value
= 0.0005), 10% in the largest diameter (t = -6.0698, df =
8.5282, P-value = 0.0002) and 7% in the smallest diameter

Table Il. Diaphragm muscle fibers’ structure.

(t = -3.9581, df = 9.3541, P-value = 0.0031) of the muscle
fibers when compared to the CTL, however, there was no
difference between the groups in the ratio of these diame-
ters (t = -2.1834, df = 5.7764, P-value = 0.0734). Finally, the
GBH animals showed an increase of approximately 60% in
the myonuclear domain (W = 0, P-value = 0.0021) when
compared to the CTL animals.

Extracellular matrix composition and
neuromuscular junction

Regarding the characteristics of the extracellular matrix
(table III), it was possible to observe that the GBH animals
presented a 43 % increase in the proportion of type I colla-
gen (W = 0, P-value = 0.0021) when compared to the CTL
animals. Conversely, the GBH animals showed a 23 % reduc-
tion in the overlapping of collagens I and III (W = 36, P-val-
ue = 0.0049), when compared to the CTL. However, there
was no difference between the groups in the quantification of
type III collagen (W = 17, P-value = 0.9372), nor the quanti-
fication of total connective tissue (W = 11, P-value = 0.2971).

Variable CTL GBH P-value

Fiber Density (mm?) 1338.81 + 27.94 1229.74 + 36.144 0.0002

Fiber Cross-Sectional Area (um?) 699.85 +44.78 824.67 + 41.60% 0.0005
Fiber Largest Diameter (um) 3543 +1.41 39.61 £0.914 0.0002
Fiber Smallest Diameter (um) 22.94 + 0.69 24.62 £ 0.754 0.0031
Diameters Ratio 1.54 £ 0.01 1.61 £ 0.04 0.0734

Nuclei per Fiber Ratio 1.38+0.14 1.01 £ 0.04 0.0011
Central Nuclei (%) 3.08+0.11 1.94 + 0.544 0.0031
Mionuclear Domain (pm?) * 507.93 +32.79 817.63 + 54.85% 0.0021
Capilar per Fiber Ratio 0.57 £ 0.08 0.38 £ 0.04* 0.0011

CTL: Control group (n = 6); GBH: Glyphosate group (n = 6); A: statistical difference versus control group (p < 0.05); *Mann-Whitney Test.

Table lll. Extracellular matrix composition and neuromuscular junction.

Variable CTL GBH P-value

Connective Tissue (% pixels)* 298 +0.97 3.43 +0.66 0.2971
Collagen Type III (% pixels)* 1653 +2.24 1674 £1.25 0.9375
Collagen Type I (% pixels)* 28.66 + 3.84 40.54 + 4.88" 0.0021
Collagen Merge (% pixels)* 54.82 +2.49 4272 + 6.05* 0.0049
NMJ Cross-Sectional Area (pm?) 259.93 +13.86 346.25 £ 21.074 0.0000
NM]J Largest Diameter (pm) 24.05 +1.38 2830+ 0.57% 0.0002
NMJ Smallest Diameter (pm) 12.35 +0.32 14.21 + 0.68* 0.0005
NMJ Diameters Ratio 1.95+0.15 1.99 + 0.07 0.5489

CSA Fiber / CSA NMJ Ratio 270+0.25 239 +0.174 0.0345

CTL: Control group (n = 6); GBH: Glyphosate group (n = 6); A: statistical difference versus control group (p < 0.05); “Mann-Whitney Test.
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Meanwhile, the neuromuscular junctions (table III) showed
an increase of approximately 32% in the cross-sectional
area (t = -8.3817, df = 8.6472, P-value = 0.0000), 20% in the
largest diameter (t = -6.943, df = 6.7036, P-value = 0.0002)
and 16% in the smallest diameter (t = -6.0155, df = 7.1036,
P-value = 0.0005) in the GBH animals when compared to
the CTL. However, there was no difference between groups
in the ratio of diameters (t = -0.62626, df = 7.486, P-value
= 0.5498), an important predictor of structural alteration of
the joints. Finally, the ratio between the cross-sectional area
of muscle fibers and neuromuscular junctions (t = 2.4861, df
=9.0216, P-value = 0.0345) showed a reduction of approxi-
mately 13% in GBH animals when compared to CTL.

Histopathological index

Regarding the histopathological characteristics (table IV),
it was possible to notice that the GBH animals presented
scores approximately 300% higher than the CTL animals
in the total index of alterations (W = 0, P-value = 0.0048).
Similarly, across subdivisions of the index, GBH animals
showed a 360% increase in the circulatory and inflammato-
ry disorders (CID) score (W = 0, P-value = 0.0045), a 300%
increase in the muscle fiber alterations (MFA) score (W = 0,
P-value = 0.0042), a 550% increase in the associated tissue
alterations (ATA) score (W = 0.5, P-value = 0.0055), and
110% increase in progressive changes (PC) score (W =5.5,
P-value = 0.0455) when compared to CTL animals.

Principal components analysis

In the case of Principal Components Analysis (figure 2), the
multivariate arrangement of the data in significance showed
that in only 3 principal components, there was a retention
of 93.06% of the variance of the model data. Regarding the
First Component (data = Total Index, Muscle Fiber Alter-
ations, Mionuclear Domain, NMJ Cross-Sectional Area and
Largest Diameter, Circulatory and Inflammatory Disorders,
Nuclei per Fiber Ratio, Fiber Density, Associated Tissues
Alterations, Collagen Type I and Collagen Merge; Eigenval-
ue = 15.05; Retention Variance = 75.27 %), the GBH animals
showed a positive displacement concerning the CTL, show-

Table IV. Histopathological index.

ing that these animals presented greater alterations in the
muscle fiber, nuclear alterations, alterations histopathologi-
cal changes in the characteristics of the neuromuscular junc-
tions and the composition of the extracellular matrix (t =
-25.58, df = 9.8254, P-value = 0.0000). As for the Second
(data = Cross-Sectional Areas Ratio, Progressive Changes;
Eigenvalue = 2.09; Retention Variance = 10.90%) and Third
(data = NMJ Smallest Diameter, Capillary per Fiber Ratio,

Muscle Fiber 10.90%

Fiber Form and Capillarization 6.98%

i

3 ] 3 3
NMJ Size, MIO Domain and MEC Composition 75.27%

Figure 2. Principal Component analysis (A, B) and variation
of data in each component (C-E).

CTL: control group; GBH: glyphosate group. First Component (data
= Total Index, Muscle Fiber Alterations, Mionuclear Domain, NMJ
Cross-Sectional Area and Largest Diameter, Circulatory and Inflammatory
Disorders, Nuclei per Fiber Ratio, Fiber Density, Associated Tissues Alter-
ations, Collagen Type I and Collagen Merge; Eigenvalue = 15.05; Retention
Variance = 75.27%); Second (data = Cross-Sectional Areas Ratio, Progres-
sive Changes; Eigenvalue = 2.09; Retention Variance = 10.90%) and Third
(data = NMJ Smallest Diameter, Capillary per Fiber Ratio, Central Nuclei,
Fiber Cross-Sectional Area, Fiber Largest Diameter, Diameters Ratio;
Eigenvalue = 1.01; Retention Variance = 6.89%) components.

Variable CTL GBH P-value

Total Index (max 320)* 18.00 + 2.82 71.00 + 3.03 0.0048
CID (max 36)* 3.33 +1.63 1533 +2.424 0.0045
MFA (max 182)* 10.00 + 2.19 40.00 + 1.78* 0.0042
ATA (max 36)* 1.33 +£1.63 8.67 £3.01* 0.0055

PC (max 36)* 3.33 +2.06 7.00 +2.75% 0.0455

CTL: Control group (n = 6); GBH: Glyphosate group (n = 6); circulatory and inflammatory disorders (CID); muscle fiber alterations (MFA); associated
tissue alterations (ATA); progressive changes (PC); A: statistical difference versus the control group (p < 0.05). *Mann-Whitney Test.

Muscles, Ligaments and Tendons Journal 2024;14 (1)
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Central Nuclei, Fiber Cross-Sectional Area, Fiber Larg-
est Diameter, Diameters Ratio; Eigenvalue = 1.01; Reten-
tion Variance = 6.89%) components, there was no differ-
ence between the CTL and GBH groups (t = -0.1642, df =
9.9892, P-value = 0.8728; t = 0.12797, df = 6.7539, P-value
=0.9019, respectively).

DISCUSSION

The present study sought to evaluate the histomorphometric
and histopathological changes in the diaphragm muscle of
adult animals chronically exposed during the peripubertal
period to a dose of 50 mg/Kg/day of glyphosate-based herbi-
cide (GBH). Thus, we observed that the animals exposed to
GBH showed a reduction in body weight, without alteration
in the other evaluated body characteristics (NAL, LEE,
Adiposity, Diaphragm weight). However, in addition to the
morphological changes found, the GBH animals showed an
increase in the size of muscle fibers (Cross-Sectional Area,
Largest and Smallest Diameters), in addition to an increase
in the myonuclear domain. On the contrary, they present-
ed a reduction in the density of muscle fibers, in the ratios
of nucleus and capillaries per fiber and a reduction in the
percentage of central nuclei. There was also an alteration in
the components of the extracellular matrix, with a reduction
in the overlapping of collagen I and III, due to the increase
in the deposition of type I collagen), in addition to a change
in its predominant format, contributing to the decrease in
the ratio between the areas of muscle fibers and NMJ. Final-
ly, the histopathological analysis showed an increase in total
muscle damage in the animals exposed to GBH, due to the
increased presence of circulatory and inflammatory disor-
ders, muscle fiber alterations, associated tissue alterations
and progressive changes.

Exposure to GBH is associated with changes in the devel-
opment of animals, especially during critical periods of life,
such as during pregnancy (24), perinatal (25) and peripu-
bertal periods (26). Chronic and subchronic exposures to
doses of 250 mg/kg/day and 500 mg/kg/day, regardless
of the sex of the animals, have been reported to reduce
weight gain in animals in the peripubertal period, such as
those described in the present study (27, 28). Alterations
in the weight gain of the animals may be related to several
factors, in particular the reduction in the body’s accumu-
lation of lipids, the reduction in the glycogen reserve and
the reduction in the synthesis of complex proteins, in this
sense an effect on the organism’s ability to reserve ener-
gy (26). This reduction in reserve energy supply may be
related to the large consumption of ATP in the reactions
involved in phase I and phase II of xenobiotic detoxifica-
tion, pathways classically altered in chronic exposure to

18

organophosphates (28, 29). Another factor that may justi-
fy the change in weight gain of the animals is the possible
endocrine-disrupting effect of this herbicide (1), leading to
lower synthesis of steroidal hormones, responsible for the
positive modulation effect on the body growth rate during
puberty (4, 30).

As one of the main routes of human contamination with
GBH is the nasal-oral route, intoxication by this and other
organophosphates may be related to respiratory problems,
such as cases of respiratory failure (8, 31, 32). One of the
main consequences of chronic respiratory failure is the
progressive increase in tone and strength of muscle contrac-
tion, due to the workload exerted on the muscle (33, 34). In
cases of alteration in the diaphragmatic workload, there is a
significant variation in the recruitment of motor units, caus-
ing muscle hyperactivation (33). In this sense, it is common
to find hypertrophy in muscle fibers (35) and in the junc-
tional postsynaptic compartments (36), as found in the
present study.

Also, exposure to GBH may be related to functional chang-
es in the cardiovascular system (25, 37). In experimen-
tal models of heart failure, after biochemical evaluation of
the diaphragm muscle, there was evidence of induction of
oxidative distress and morphological and functional chang-
es (38). In this sense, it is possible to associate the diaphrag-
matic alterations found in the present study as a result of
pulmonary congestion, resulting from cardiac mechanical
alteration and, consequently, reduction in cardiac output,
caused by the use of glyphosate (37).

In addition to changes in fiber size, any change in functional
demands can make muscle tissue respond differently, alter-
ing its structural, metabolic and functional aspects (39).
The increase in myonuclear volume and domain found in
animals exposed to GBH may be related to the toxic effect
of organophosphates on the tissue, since, as a consequence
of the cellular toxicity promoted by GBH, there may be a
greater expression of proteins of the antioxidant defense
system and repair (40). That way. nuclei with increased
volume may indicate an increase in the protein synthesis
rate (41), as well as related to the muscle fiber regeneration
process (42). However, the reduction in nuclear density in
animals exposed to glyphosate impairs this feature. In this
sense, the reduction of central nuclei may signal a failure or
reduction in the regenerative capacity of the muscle tissue of
these animals, since this position of the nuclei is the deter-
mining factor for maintaining the health of the tissues since
their presence in the muscle fibers indicates correct and
coordinated muscle regeneration process (43, 44).

Finally, the connective envelopes are responsible for the
structural maintenance of muscle fibers and for allowing
the individually generated force of contraction to act on the
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entire muscle. It is important to note that several patholog-
ical alterations in the muscle are also associated with some
degree of thickening of the extracellular matrix, or the
collagen composition of this matrix (45). Therefore, due to
muscle damage caused by exposure to GBH, there may be
an imbalance in the proliferation of growth factors involved
in muscle regeneration and mesenchymal growth, including
fibroblast growth factor (FGF), which acts by stimulating
tissue synthesis. connective tissue, especially in the synthe-
sis of collagen I, which determines the tensile strength and
rigidity of the tissue (45). In this sense, a structural alteration,
such as an increase in fibrotic tissue, can negatively impact
the arrival of muscle growth signalling factors. Although the
increase in connective tissue is an indicator of muscle regen-
eration, collagen overproduction often results in the forma-
tion of scar tissue that impairs muscle function (46).
According to the literature, the toxicity of glyphosate is
low in subchronic or chronic exposure in adult individuals.
However, this herbicide can induce metabolic and struc-
tural alterations in critical periods, such as the peripuber-
tal period, a fact that can lead to the emergence of several
associated comorbidities (47, 48). In the present study, we
could observe that chronic exposure to lower doses than
those studied in the literature in the peripubertal period
was sufficient to promote changes in muscle fibers that may
indicate a change in the mechanism of the functionality of
the diaphragm muscle. We also found results that suggest
an important histopathological alteration, which together
with the nuclear alterations, can translate into a reduction
in the muscle repair capacity, which, associated with the
alteration of the neuromuscular junctions, can contrib-
ute to accentuate these damages throughout the life of
these animals.

CONCLUSIONS

Because of the results, it is concluded that peripubertal expo-
sure to GBH generates muscle adaptations that are dictat-
ed throughout development, with changes in weight and
diaphragmatic muscle tissue being found in adduct mice.
GBH led to histomorphological adaptations with hyper-

REFERENCES

1. Pandey A, Dabhade P, Kumarasamy A. Inflammatory Effects
of Subacute Exposure of Roundup in Rat Liver and Adipose
Tissue. Dose-Response. 2019;17(2):155932581984338. doi:
10.1177/1559325819843380

2. Reynoso E, Torres E, Bettazzi F, Palchetti I. Trends and
Perspectives in Immunosensors for Determination of Current-

Muscles, Ligaments and Tendons Journal 2024;14 (1)

trophy of muscle fibers, an increase in the nuclear domain
and type I collagen and NMJs, and changes involved in the
process of muscle remodelling.

FUNDINGS

The laboratories of the Universidade Estadual do Oeste
do Parana (UNIOESTE) and the Universidade Federal do
Parana (UFPR) and the Graduate Programs in Bioscienc-
es and Health (PPGBCS-UNIOESTE) and the Cell and
Molecular Biology (PPGBCM-UFPR) received fundings
from the Conselho Nacional de Desenvolvimento Cientifi-
co e Tecnolégico (CNPq), the Coordenacao de Aperfeicoa-
mento de Pessoal de Nivel Superior (CAPES) and the
Fundacao Arauciria.

DATA AVAILABILITY

Data from this study can be accessed at: Zazula M, Torrejais
MM. GBH diaphragm DOHaD. Mendeley Data. 2023. doi:
10.17632/777jdscnyc.1.

CONTRIBUTIONS

MFZ, LFCR, MMT: data collection, analysis and interpre-
tation of results, draft manuscript preparation, review of
results, final version of the manuscript. APM: data collection,
analysis and interpretation of results, draft manuscript prepa-
ration, review of results. MCO, AB: data collection, analysis
of results. MLLB: data collection, analysis and interpretation of
results, draft manuscript preparation, review of results.

ACKNOWLEDGEMENTS

The authors would like to thank the Conselho Nacion-
al de Desenvolvimento Cientifico e Tecnolégico (CNPq),

the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) and the Fundacao Araucaria.

CONFLICT OF INTERESTS

The authors declare that they have no conflict of interests.

ly-Used Pesticides: The Case of Glyphosate, Organophos-
phates, and Neonicotinoids. Biosensors. 2019;9(1):20. doi:
10.3390/bios9010020.

3. Owagboriaye F, Dedeke G, Ademolu K, Olujimi O, Alade-
sida A, Adeleke M. Comparative studies on endogenic stress
hormones, antioxidant, biochemical and hematological status of

19



Glyphosate-Based Herbicides Promotes Damage In Skeletal Muscle

10.

11.

12.

13.

14.

15.

16.

17.

20

metabolic disturbance in albino rat exposed to roundup herbi-
cide and its active ingredient glyphosate. Environ Sci Pollut
Res. 2019;26(14):14502-12. doi: 10.1007/511356-019-04759-1.
Pham TH, Derian L, Kervarrec C, et al. Perinatal Exposure
to Glyphosate and a Glyphosate-Based Herbicide Affect
Spermatogenesis in Mice. Toxicol Sci. 2019;169(1):260-71.
doi: 10.1093/toxsci/kfz039.

Ministério da Satide do Brasil. Abordagem do Paciente
Intoxicado por Produtos Comerciais Formulados a base de
Glifosato. Portaria N° 5 Brasilia; 2019 p. 234. Available at:
http://conitec.gov.br/images/Protocolos/DiretrizesBrasilei-
ras_Agrotoxico_Cap3.pdf. Last access date: 09/10/2023.
Giliotti B, Falciola C, Rivolta M, et al. 36th International
Congress of the European Association of Poisons Centres
and Clinical Toxicologists (EAPCCT) 24-27 May, 2016,
Madrid, Spain. Clin Toxicol. 2016;54(4):344-519. doi:
10.3109/15563650.2016.1165952.

Diaz-Criollo S, Palma M, Monroy-Garcia AA, Idrovo AJ,
Combariza D, VArona-Uribe ME. Chronic pesticide mixture
exposure including paraquat and respiratory outcomes
among Colombian farmers. Ind Health. 2020;58(1):15-21.
doi: 10.2486/indhealth.2018-0111.

Gaspari RJ, Paydarfar D. Respiratory recovery following
organophosphate poisoning in a rat model is suppressed
by isolated hypoxia at the point of apnea. Toxicology.
2012;302(2-3):242-7. doi: 10.1016/.t0x.2012.08.005.
Pandher U, Kirychuk S, Schneberger D, et al. Lung inflam-
mation from repeated exposure to LPS and glyphosate.
Cell Tissue Res. 2021;386(3):637-48. doi: 10.1007/500441-
021-03531-7.

Gomez AL, Altamirano GA, Tschopp MV, Bosquiazzo VL,
Mufioz-de-Toro M, Kass L. Exposure to a Glyphosate-based
Herbicide Alters the Expression of Key Regulators of Mamma-
ry Gland Development on Pre-pubertal Male Rats. Toxicolo-
gy. 2020;439:152477.doi: 10.1016/j.t0x.2020.152477.

de Aratjo-Ramos AT, Passoni MT, Romano MA, Romano
RM, Martino-Andrade AJ. Controversies on Endocrine and
Reproductive Effects of Glyphosate and Glyphosate-Based
Herbicides: A Mini-Review. Front Endocrinol (Lausanne).
2021;12(3):1-9. doi: 10.3389/fendo.2021.627210.

Greenspan LC, Lee MM. Endocrine disrupters and pubertal
timing. Curr Opin Endocrinol Diabetes Obes. 2018;25(1):49-
54. doi: 10.1097/MED.0000000000000377.

Lucaccioni L, Trevisani V, Marrozzini L, et al. Endocrine-Dis-
rupting Chemicals and Their Effects during Female Puberty:
A Review of Current Evidence. Int ] Mol Sci. 2020;21(6):2078.
doi: 10.3390/ijms21062078.

Myers JP, Antoniou MN, Blumberg B, et al. Concerns
over use of glyphosate-based herbicides and risks associat-
ed with exposures: a consensus statement. Environ Heal.
2016;15(1):19. doi: 10.1186/512940-016-0117-0.

Dutta S, Sengupta P. Men and mice: Relating their ages. Life
Sci. 2016;152:244-8. doi: 10.1016/}.1f5.2015.10.025.
Pervanidou P, Chrousos GP. Metabolic consequences of
stress during childhood and adolescence. Metabolism.
2012;61(5):611-9. doi: 10.1016/j.metabol.2011.10.005.
Lambertz M, Shelton CD, Spindler F, Perry SE. A caseian
point for the evolution of a diaphragm homologue among the

18.

19.

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

earliest synapsids. Ann N'Y Acad Sci. 2016;1385(1):3-20. doi:
10.1111/nyas.13264.

Sperringer JE, Grange RW. In Vitro Assays to Determine
Skeletal Muscle Physiologic Function. Methods Mol Biol.
2016;1460:271-91. doi: 10.1007/978-1-4939-3810-0_19.
Termin A, Staron RS, Pette D. Myosin heavy chain isoforms
in histochemically defined fiber types of rat muscle. Histo-
chemistry. 1989;92(6):453-7. doi: 10.1007/BF00524756.

. EI Khayat El Sabbouri H, Gay-Quéheillard J, Joumaa WH,

et al. Does the perigestational exposure to chlorpyrifos and/
or high-fat diet affect respiratory parameters and diaphrag-
matic muscle contractility in young rats? Food Chem Toxicol.
2020;140:111322. doi: 10.1016/j.fct.2020.111322.

Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE
guidelines 2.0: Updated guidelines for reporting animal
research. PLOS Biol. 2020;18(7):€3000410. doi: 10.1371/
journal.pbio.3000410.

Romano RM, Romano MA, Bernardi MM, Furtado PV,
Oliveira CA. Prepubertal exposure to commercial formula-
tion of the herbicide glyphosate alters testosterone levels and
testicular morphology. Arch Toxicol. 2010;84(4):309-17. doi:
10.1007/500204-009-0494-z.

Zazula MF, de Andrade BZ, Toni Boaro C, et al. Develop-
ment of a histopathological index for skeletal muscle analysis
in Rattus norvegicus (Rodentia: Muridae). Acta Histochem.
2022;124(4):151892. doi: 10.1016/j.acthis.2022.151892.
Barbosa A, Zazula MF, Oliveira MC, et al. Maternal expo-
sure to glyphosate-based herbicide promotes changes in
the muscle structure of C57BL/6 mice offspring. Anat Rec
(Hoboken). 2022:305(11):3307-16. doi: 10.1002/ar.24922.
de Souza JS, Kizys MML, da Conceicao RR, et al. Perina-
tal exposure to glyphosate-based herbicide alters the thyro-
trophic axis and causes thyroid hormone homeostasis imbal-
ance in male rats. Toxicology. 2017;377:25-37. doi: 10.1016/j.
tox.2016.11.005.

Ren X, Li R, Liu J, et al. Effects of glyphosate on the ovarian
function of pregnant mice, the secretion of hormones and the
sex ratio of their fetuses. Environ Pollut. 2018;243:833-41.
doi: 10.1016/j.envpol.2018.09.049.

Tang J, Hu P, Li Y, Win-Shwe T-T, Li C. Ion Imbalance Is
Involved in the Mechanisms of Liver Oxidative Damage in
Rats Exposed to Glyphosate. Front Physiol. 2017;8:1083.
doi: 10.3389/fphys.2017.01083.

Ait Bali Y, Ba-Mhamed S, Bennis M. Behavioral and Immuno-
histochemical Study of the Effects of Subchronic and Chron-
ic Exposure to Glyphosate in Mice. Front Behav Neurosci.
2017;11. doi: 10.3389/fnbeh.2017.00146.

Milesi MM, Lorenz V, Durando M, Rossetti MF, Varayoud J.
Glyphosate Herbicide: Reproductive Outcomes and Multi-
generational Effects. Front Endocrinol (Lausanne). 2021;12.
doi: 10.3389/fend0.2021.672532.

Jarrell ZR, Ahammad MU, Benson AP. Glyphosate-based
herbicide formulations and reproductive toxicity in
animals. Vet Anim Sci. 2020;10:100126. doi: 10.1016/j.
vas.2020.100126.

Klein-Rodewald T, Seeger T, Dutschmann M, Worek F,
Morschel M. Central respiratory effects on motor nerve activ-
ities after organophosphate exposure in a working heart brain-

Muscles, Ligaments and Tendons Journal 2024;14 (1)


http://conitec.gov.br/images/Protocolos/DiretrizesBrasileiras_Agrotoxico_Cap3.pdf

MaTHEUS FELIPE ZazuLa, ANA PauLa Marca, MYLENA DE Campos OLIVEIRA, ET AL.

32.

33.

34.

35.

36.

37.

38.

39.

stem preparation of the rat. Toxicol Lett. 2011;206(1):94-9.
doi: 10.1016/j.toxlet.2011.07.005.

Czajka M, Matysiak-Kucharek M, Jodtowska-Jedrych B, et al.
Organophosphorus pesticides can influence the development
of obesity and type 2 diabetes with concomitant metabolic
changes. Environ Res. 2019;178(8):108685. doi: 10.1016/j.
toxlet.2011.07.005.

EL Sabbouri HEK, Hallal N, Darwiche W, et al. Effect of
chronic chlorpyrifos exposure on diaphragmatic muscle
contractility and MHC isoforms in adult rats. Toxicol Envi-
ron Health Sci. 2022;14(1):77-87. doi: 10.1007/513530-
021-00121-6.

Boussuges A, Rives S, Finance J, Brégeon F Assess-
ment of diaphragmatic function by ultrasonography:
Current approach and perspectives. World J Clin Cases.
2020;8(12):2408-24. doi: 10.12998/wjcc.v8.i12.2408.

van der Pijl R], Granzier HL, Ottenheijm CAC. Diaphragm
contractile weakness due to reduced mechanical loading:
role of titin. Am J Physiol Physiol. 2019;317(2):C167-76. doi:
10.1152/ajpcell.00509.2018.

Lee Y II. Differences in the constituent fiber types contrib-
ute to the intermuscular variation in the timing of the devel-
opmental synapse elimination. Sci Rep. 2019;9(1):8694. doi:
10.1038/541598-019-45090-6.

Turkmen R, Birdane YO, Demirel HH, Yavuz H, Kabu M,
Ince S. Antioxidant and cytoprotective effects of N-acetyl-
cysteine against subchronic oral glyphosate-based herbi-
cide-induced oxidative stress in rats. Environ Sci Pollut Res.
2019;26(11):11427-37. doi: 10.1007/511356-019-04585-5.
Kelley RC, Ferreira LE. Diaphragm abnormalities in heart
failure and aging: mechanisms and integration of cardio-
vascular and respiratory pathophysiology. Heart Fail Rev.
2017;22(2):191-207. doi: 10.1007/510741-016-9549-4.
Hoppeler H. Molecular networks in skeletal muscle plas-
ticity, ] Exp Biol. 2016;219(2):205-13. doi: 10.1242/
ieb.128207.

Muscles, Ligaments and Tendons Journal 2024;14 (1)

40.

41.

42.

43.

44.

45.

46.

47.

48.

Osuna-Flores I, Pérez-Morales A, Olivos-Ortiz A, Alva-
rez-Gonzalez CA. Effect of organophosphorus pesticides in
juveniles of Litopenaeus vannamei: alteration of glycogen,
triglycerides, and proteins. Ecotoxicology. 2019;28(6):698-
706. doi: 10.1007/s10646-019-02066-6.

Agostini LP, Dettogni RS, dos Reis RS, et al. Effects of glypho-
sate exposure on human health: Insights from epidemiological
and in vitro studies. Sci Total Environ. 2020;705(2020):135808.
doi: 10.1016/j.scitotenv.2019.135808.

Roman W, Pinheiro H, Pimentel MR, et al. Muscle repair after
physiological damage relies on nuclear migration for cellular
reconstruction. Science. 2021;374(6565):355-9. doi: 10.1126/
science.abe>620.

Shahidi B, Shah SB, Esparza M, Head BP, Ward SR. Skeletal
Muscle Atrophy and Degeneration in a Mouse Model of Trau-
matic Brain Injury. ] Neurotrauma. 2018;35(2):398-401. Adoi:
10.1089/neu.2017.5172.

Ross JA, Levy Y, Svensson K, Philp A, Schenk S, Ochala J.
SIRT1 regulates nuclear number and domain size in skele-
tal muscle fibers. J Cell Physiol 2018;233(9):7157-63. doi:
10.1002/jcp.26542.

Martins HRF, Zotz TGG, Messa SP, et al. Morphometric
and Molecular Muscle Remodeling after Passive Stretching
in Elderly Female Rats. Clinics. 2020;75:€1769. doi: 10.6061/
clinics/2020/e1769.

Mahdy MAA. Skeletal muscle fibrosis: an overview. Cell Tissue
Res. 2019;375(3):575-88. doi: 10.1007/500441-018-2955-2.
Kubsad D, Nilsson EE, King SE, Sadler-Riggleman I, Beck
D, Skinner MK. Assessment of Glyphosate Induced Epigen-
etic Transgenerational Inheritance of Pathologies and
Sperm Epimutations: Generational Toxicology. Sci Rep.
2019;9(1):6372. doi: 10.1038/s41598-019-42860-0.

Ingaramo P, Alarcon R, Mufoz-de-Toro M, Luque EH.
Are glyphosate and glyphosate-based herbicides endocrine
disruptors that alter female fertility? Mol Cell Endocrinol.
2020;518(7):110934. doi: 10.1016/j.mce.2020.110934.

21





