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RESUMO

Analise da remodelagao cardiaca de ratos submetidos a exposig¢ao

cronica ao herbicida 2,4-D

Introdugao: O acido 2,4-diclorofenoxiacético (2,4-D) € um dos herbicidas
clorofenoxi mais amplamente utilizados em todo o mundo devido sua
seletividade, eficiéncia e baixo custo. O 2,4-D é rapidamente absorvido no trato
respiratorio e pode afetar toxicamente tanto animais quanto seres humanos em
uma ampla gama de 6rgdos, como, figado, rins, musculos, pulmdes, trato
gastrointestinal, sistema nervoso (central, periférico), sistema enddcrino,
sistema reprodutivo e coragao. Objetivo: O objetivo desse estudo foi avaliar os
efeitos crénicos da nebulizagdo com o 2,4-D na remodelagao cardiaca de ratos
Wistar. Métodos: Foi utilizados 30 ratos Wistar adultos machos divididos em 3
grupos: grupo controle exposto a nebulizagdo de 10 ml de solugéo de cloreto
de sddio a 0,9% (GCI, n=10), grupo baixa concentracao exposto ao 2,4-D com
3,71x10°%g de ingrediente ativo por hectare (GBI, n=10) e grupo alta
concentracao exposto ao 2,4-D com 9,28x10"°’g de ingrediente ativo por hectare
(GAI, n=10). Em um periodo de exposicado de 180 dias, foram utilizadas duas
caixas conectadas a nebulizadores ultrassénicos para pulverizacdo de
herbicidas. Apds esse periodo, os ratos foram eutanasiados para coleta e
estudo do tecido cardiaco. A remodelacéo cardiaca foi avaliada em relacao a
hipertrofia, fibrose e vascularizacdo. Para avaliagao da hipertrofia as areas dos
cardiomiécitos foram avaliadas apds coloragcao por hematoxilina e eosina, na
avaliagado do tecido conjuntivo foram analisadas as medidas de fibrose pelas
laminas coradas com Picrosirius Red (PSR). A analise vascular foi feita a
analise da espessura arteriolar por meio da coloragdo por meio da técnica de
Verhoeff (VVG). Para todas essas abordagens a dimenséao fractal (DF) foi
aplicada pelo método de box-counting. A normalidade dos dados foi avaliada
pelo teste de Shapiro-Wilk. Os dados paramétricos foram avaliados por ANOVA
seguido do teste de Tukey e para dados ndo paramétricos foi utilizado o teste
de Kruskal-Wallis seguido do poés-teste de Dunn (p<5%). Resultados: N&o
houve alteragdo da area dos cardiomidcitos; houve aumento do colageno

cardiaco nos animais expostos a baixa dose do 2,4-D (p<0,0001) e diminuigédo



da dimensao fractal do colageno no grupo de alta dose (p=0,010); e ndo houve
diferengca na quantidade entre os colagenos do tipo | e Ill; e na analise da
espessura das arteriolas nado houve modificagdes. Conclusao: Apos 180 dias
de exposicao ao agrotoxico 2,4-D houve alteragdo na remodelagao cardiaca

demonstrado pelo aumento do colageno e da dimensao da fractabilidade.

Palavras chaves: Herbicida, Cardiotoxicidade, Acido 2,4-Diclorofenoxiacético.



ABSTRACT

Analysis of cardiac remodeling in rats subjected to chronic exposure to
the herbicide 2,4-D

Background: 2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most widely
used chlorophenoxy herbicides worldwide due to its selectivity, efficiency and
low cost. 2,4-D is rapidly absorbed in the respiratory tract and can toxically
affect both animals and humans in a wide range of organs, such as liver,
kidneys, muscles, lungs, gastrointestinal tract, nervous system (central,
peripheral), endocrine, reproductive system and heart. Workers who use
herbicides have a high risk of contamination by residues, which can occur
through contact with the skin, ingestion and inhalation. Objective: To evaluate
the chronic effects on cardiac remodeling of adult male Wistar rats that inhaled
2,4-D by nebulization. Methods: 30 adult male Wistar rats were used, divided
into 3 groups: a control group exposed to the nebulization of 10 ml of 0.9%
sodium chloride solution (GCI, n=10), a low concentration group exposed to
2.4-D with 3.71x10%g of active ingredient per hectare (GBI, n=10) and a high
concentration group exposed to 2.4-D with 9.28x10"°’g of active ingredient per
hectare (GAIl, n=10). During an exposure period of 180 days, two boxes
connected to ultrasonic nebulizers were used to spray the herbicides. After this
period, the rats were euthanized for the collection and study of cardiac tissue.
Cardiac remodelling was assessed in terms of hypertrophy, fibrosis and
vascularization. To assess hypertrophy, the areas of the cardiomyocytes were
evaluated after staining with hematoxylin and eosin. To assess connective
tissue, fibrosis measurements were analyzed using slides stained with
Picrosirius Red (PSR). Arteriolar thickness was analyzed using the Verhoeff
technique (VVG). For all these approaches, the fractal dimension (FD) was
applied using the box-counting method. Data normality was assessed using the
Shapiro-Wilk test. Parametric data was evaluated by ANOVA followed by
Tukey's test and for non-parametric data the Kruskal-Wallis test was used
followed by Dunn's post-test (p<5%). Results: Analysis of the measurement of
cardiomyocyte area showed no change; there was an increase in collagen in

the animals exposed to a low dose of 2,4-D (p<0.0001) and evaluation of the LV



by means of fractal dimension showed a reduction in fractal dimension in GAl
when compared to GCI (p=0.010); and there was no difference in the amount
between type | and Il collagens; and analysis of the thickness of the arterioles
showed no change. Conclusion: After 180 days of exposure to the pesticide
2,4-D there was an alteration in cardiac remodeling demonstrated by the

increase in collagen and the dimension of fractility.

Keywords: Herbicide, Cardiotoxicity, 2,4-Dichlorophenoxyacetic acid.



LISTA DE ABREVIATURAS

2,4-D: dichlorophenoxyacetic acid
SG Saline group

LCG: Low concentration group
HCG: High concentration group
HE: hematoxylin-eosin method
PSR: Picro Sirius Red

VVG: Verhoeff

DF: fractal dimension
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ABSTRACT
2,4-dichlorophenoxyacetic acid (2,4-D) is one of the most used in the world and
exposure to herbicides can affect animals and humans, causing toxic effects
that include cardiotoxicity. This is the first study to evaluate cardiac remodeling
after experimental simulation of environmental exposure by chronic inhalation (6
months) to the herbicide 2,4-D. Thirty male Wistar rats were exposed to two
different concentrations of the 2,4-D formulation (low — 187.17 mg/m3; and high
— 467.93 mg/m3) and the control group exposed to nebulization of chloride
solution 0.9% sodium. Inhalation exposure lasted 6 months. Mice hearts were
collected for histology. There was a difference between exposure
concentrations in relation to the increase in cardiac collagen (p<0.0001). In
mice exposed to a low dose of 2,4-D and a decrease in the fractal dimension of
cardiac collagen in the high dose of 2, 4-D (p=0.010). There was no difference
in relation to anatomical parameters, cardiomyocyte area, collagen types | and
[Il and analysis of arteriole thickness. Chronic exposure at different doses to the
2,4D herbicide had the potential to cause damage to cardiac remodeling by

altering cardiac collagen in rats.

Keywords: herbicide, cardiotoxicity, 2,4-dichlorophenoxyacetic acid, pesticide

exposure, environmental exposure, collagen
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INTRODUCTION

2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most used
chlorophenoxy herbicides worldwide since the 1940s to the present day [1]. The
mixture of 2,4-D butoxyethanol esters and 2,4,5-trichlorophenoxyacetic acid
gave rise to the military herbicide used in the Vietham War called Agent Orange
[2]. The wide use of this pesticide is due to its cost-benefit, selectivity,
effectiveness and broad spectrum in controlling weeds and because it is easily
soluble in water and other solvents that result in rapid penetration through
leaves and roots [3, 4].

In the US, the annual cost of markets for 2,4-D is almost 57 million
dollars [5]. In China, production reached 40,000 tons in 2010 and due to this
increase in the extensive application of 2,4-D, there is an increase in human
exposure due to domestic and agricultural use and the consumption of
contaminated food and water [6].

The human population can be exposed to 2,4-D occupationally, in
agricultural  production  through  skin  absorption and inhalation,
paraoccupationally in food, water and air, since during crop spraying the
herbicide is carried by the wind which generates contamination of workers and
the population [7, 8]. Lack of use of personal protective equipment and chronic
exposure can lead to health problems [9]. 2,4-D is rapidly absorbed in the
respiratory tract and can toxically affect both animals and humans in a wide
range of organs such as the liver, kidneys [10], lungs [11], gastrointestinal tract
[12], nervous system (central, peripheral) [13], endocrine system, reproductive
system [14] and cardiovascular system [15, 16].

In the cardiovascular system, studies reported that the administration of
2,4-D for 6 weeks promoted an increase in blood pressure and arrhythmias [16]
and that the consumption of nebulized feed with a high dose of 2,4 D promoted
an increase in apoptotic markers in the rat heart. However, cardiac structural
assessment after chronic inhalation exposure to different doses of 2,4-D that
simulates occupational exposure has not been investigated.

Cardiac evaluation after chronic exposure to this herbicide is very
relevant since its use is worldwide and workers are exposed to its inhalation

during spraying of coffee, sugar and other food crops. And, understanding its
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mechanisms of action in cardiac tissue can guide public health approaches. The
objective of this study was to evaluate the effects of 6 months of low and high
dose inhalation exposure of 2,4-D on the heart of rats.

METHODS

Ethical approval

The animals used in the research did not belong to another
institution/individual/farm. They were treated humanely in accordance with
institutional guidelines and internationally accepted principles for the use and
treatment of laboratory animals, as set out in international guidelines, with due
consideration for the relief of distress and discomfort. This study was approved
by the Animal Use Ethics Committee of the Universidade do Oeste Paulista
(Protocol n° 5684) and was carried out in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institute of Health (Guide

Update Committee for the care and use of laboratory animals 2011).

Animal protocol

This study was initially described by Mello et al. (2018) [17]. We used 30
healthy adult male Wistar rats weighing between 200 and 250g, with an
average age of 60 + 5 days, provided by the Central Animal Farm of the
Universidade do Oeste Paulista (UNOESTE) and they were allocated in
collective plastic box (5 rats per box). Which measured 30x16x19 cm. The rats
were kept in a temperature-controlled room (22 + 2°C, 50-60% relative
humidity) and with a 12-hour light/dark cycle (7 am to 7 pm, light period; 7 pm to
7 am, dark period). To determine the minimum sample size for comparisons
between groups, it was used the article by Parizi et al. (2020) [18] as a basis.
From these data it was concluded that at least 5 elements were needed per
group.

Throughout the experimental period, rats were exposed to the herbicide
for 5 consecutive days per week at the same time, to simulate occupational
exposure in crops. The rats received filtered water and commercial rat chow
(Supralab®, Alisul, Brazil) ad libitum. All mice in each specific group were

exposed to the herbicide at the same time. A commercial formulation of (2,4-
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dichlorophenoxy) acetic acid (2,4-D; Nortox SA, Arapongas, Paranda, Brazil,
registered with the Ministry of Agriculture, Livestock and Supply n°® 03009) was
used. The formulation consisted of 806g/L of dimethylamine salt of (2,4-
dichlorophenoxy) acetic acid (2,4-D), 670g/L of 2,4-D acid equivalent and
424g/L of inert ingredients. The 2,4-D formulation was diluted in 0.9% sodium
chloride. The rats were randomly distributed into three experimental groups (n =
10/group):

e SG, saline group: exposed to nebulization of 10 ml of 0.9% sodium
chloride solution.

e LCG (2,4-D low concentration group): exposed to herbicide mist with
3.71x10-3 g of active ingredient per hectare (gia/ha) (4.6 pl of the
pesticide was added to the saline), corresponding to 187.17 mg/m3 of
2,4-D.

e HCG (2,4-D high concentration group): exposed to herbicide nebulization
at 9.28x10-3 gia/ha (11.5 ul of pesticide was added to saline solution),
corresponding to 467.93 mg /m3 of 2,4-D.

The concentrations of 2,4-D herbicide were diluted in 10 ml of 0.9% sodium
chloride to perform nebulization. The solutions were prepared at the time of use.
The different concentrations of the 2,4-D herbicide were formulated based on
the product label, which shows the different concentrations of herbicide for each
type of crop to be sprayed, and dose adjustments were made in the area of the
mist box to simulate the occupational environmental exposure [18]. Rats from
different groups were exposed for five consecutive days per week over a period
of 180 days. Rats were exposed with the concentration for their specific

experimental group [17].

2,4-D exposure protocol

Exposure occurred through inhalation in plastic boxes connected to an
ultrasonic nebulizer (Pulmosonic Star®, Brazil). Daily exposure periods lasted
approximately 15 minutes; this is the time required for the entire solution to
nebulize [17]. The concentrations of 2,4-D for each experimental group were
chosen according to the standard application of the product and agronomic
prescription for different crops. For a better interpretation and comparison of

results in the literature, the concentrations of 2,4-D used in agriculture (grams of
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active ingredient per hectare - g aiha-1) were adjusted to the dimensions of the
box and converted to the units of mg/m- 3 and parts per million (ppm) [17].

All rats were exposed to the herbicide for 6 months and euthanized after this
period. Anesthesia and euthanasia were performed with sodium thiopental
(Syntec, USA) at doses of 100 mg/kg of weight administered into the peritoneal
cavity. Indications of death were loss of reflexes and absence of respiratory
movements and heartbeat [19]. After euthanasia, the heart was dissected into
atria, right ventricle, left ventricle and weighed. Cardiac remodeling of the left
ventricle was evaluated by anatomical data with the relationship of left ventricle
weight/length of the tibia, and by histological analyses: evaluation of
cardiomyocytes in relation to hypertrophy and nuclear organization, the
extracellular matrix by analysis of quantity, organization (fractal dimension) and

types of collagens and vascular aspects by analyzing arteriolar thickness.

Fig 1. Experimental design

Male Wistar rats 180 days : Anatomical

parameters

0.9% saline solution1gm| | cardiomyoeyie area

SGMN=10) - N >
E % of collagen

LCG (n=10) — .. Doseof 187.17 mg/m*of 24-D!  Types | and Ill of
= : collagen

Dose of 467,93 mg/m® of 2.4-D! Fractal
HEG (=100 weeeveneeecmmmnmnemesnnnnnnne e e SRR g ’f,, Difmension

Arteriole
thickness

Euthanasia

Fig. 1- Experimental design. SG: Saline group, LCG: Low concentration group,
HCG: High concentration group, ml: milliliter, mg/m3: milligrams per cubic
meter, VE: left ventricle. Created with BioRender.com

Anatomical parameters analysis

The rats were euthanized, and their hearts were dissected into the left

ventricle (LV), right ventricle (RV) and atria, and were subsequently weighed.
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The weights obtained were normalized by the tibial length, used as an index of

ventricular hypertrophy [15].
Cardiomyocyte area analysis

The left ventricle was fixed in 10% buffered formalin for 48 hours. For
histological analysis, 4 um coronal sections were made and the tissues were
fixed in paraffin blocks. The slides were stained with Hematoxylin-Eosin (HE)
solution, and the analysis carried out consisted of measuring the transversal
areas of the cardiomyocytes. We used a LEICA DMLS microscope (DM750,
Leica Microsystems, Wetzlar, Germany) with 100x magnification. Digital images
of coronal sections were analyzed using the ImagePro-Plus program. From
each slide, 15 histological fields were selected. Fifty transverse cardiomyocytes
were then selected, they must have a round shape and a visible nucleus in the
center of the cell, located in the subendocardial layer of the LV muscular wall.
As an indicator of cell size, the average sectional areas of each group were
used [20]. A qualitative analysis was obtained to assess cell quantity, necrosis,
fibrosis, and inflammation [21, 22, 23, 24].

Arteriolar thickness analysis

For arteriolar assessment, the VVG technique (Verhoeff) was used, and
arteriolar thickness was measured at 400 x magnification, with 4 thicknesses for

each arteriole, with 4 arterioles per animal [25].

Collagen quantification

LV fixation and preparation of slides were performed in the same way as
the previous item (cardiomyocyte area). However, the staining of the samples
was in accordance with the laboratory's standard protocol, they were stained
with Picrosirius red (PSR). Heart sections stained with PSR were used to
quantify fibrosis and 20 captures from each slide were analyzed using ImageJ®
following the software instructions for collagen quantification [26].
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Fractal dimension

Left ventricular sections stained with Picrosirius red (PSR) were
evaluated using fractal dimension. 20 animal images were captured, with a
magnification of 400x to evaluate collagen organization. Analysis was
performed using Imaged®, following software instructions for collagen
quantification. Fractal dimension calculation is performed in two dimensions in
planar binary images. To analyze the fractal dimension, the images were
binarized for reading and the DF was estimated using the box-counting method.
The software considered the box-counting method in two dimensions, allowing
the quantification of the distribution of pixels in this space, without considering
the texture of the image. The result is that two images with the same pixel
distribution, one binarized and the other in gray levels, will have the same DF.
The analysis of fractal histological slides was based on the relationship between
the resolution and the evaluated scale, and the result was expressed
quantitatively as the DF of the object (Log Nr/Log r-1; Nr which represents the
quantity of equal elements necessary to attest the original object as a scale

applied to the object.), whose value is between 0 and 2 [27, 28].

Collagen types analysis

The LV sections stained with Picrosirius Red were analyzed with images
captured on the LEICA microscope (model DM750, Leica Microsystems,
Wetzlar, Germany) using a video camera with a 40x objective with 400x
amplification. Images of cardiac tissue were captured by a computer coupled to
a video camera to evaluate interstitial collagen. The images were sent to a
computer equipped with Image-Pro Plus (Media Cybernetics, Silver Spring,
United States). Using polarized light, it was possible to differentiate type | (red)
and type Ill (green) collagen. The measurement of the color of these collagens
was carried out using the ImageJ® software, using 20 captures from each slide
[29, 30].

Statistical analysis
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Data normality was assessed using the Shapiro-Wilk test. Parametric
data were evaluated by ANOVA followed by Tukey's test. For non-parametric
data, the Kruskal-Wallis test was used followed by Dunn's post-test. Data were
expressed as mean % standard deviation and median, minimum and maximum.
GraphPad Prism 10.1.0 software (GraphPad Software, Boston, MA, USA) was
used. The significance level for consideration was p < 0.05.

RESULTS

Analysis of cardiac anatomical parameters in rats exposed to chronic 2,4-

D inhalation

There was no significant difference between the groups for the
anatomical variables analyzed, which demonstrates that 2,4-D did not promote

hypertrophic changes in the atria and ventricles (Table 1).

Table 1. Analysis of cardiac anatomical parameters of rats exposed to
chronic 2,4D inhalation.
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VARIABLES SG LCG HCG p value
(n=10) (n=10) (n=10)

FBW (g) 463.5 £25.88 487.5%21.13 463.5%+29.12 0.07

LV (g) 1.05%0.08 1.012+0.07 1.00%0.05 0.21

LV/Tibial length 0.29
0.23+0.02 0.22+0.01 0.22+0.01

(g/cm)

RV (g) 0.25%0.05 0.24+0.03 0.23+0.01 0.61

RV/Tibial length 0.59
0.05%0.01 0.05%0.008 0.05+0.006

(g/cm)

Atria (g) 0.08+0.03 0.08+0.02 0.10+0.02 0.37

Atria/Tibial length 0.17
0.01+0.007 0.01+0.005 0.02+0.006

(g/cm)

Data as mean = SD or median and interquartile range. SG: Saline group, LCG:
Low concentration group, HGC: High concentration group. FBW: final body
weight. LV: Left Ventricle. LV/tibial length: left ventricle to tibial length ratio. RV:
Right Ventricle. RV/tibial length: ratio of right ventricle to tibia length. Atria/tibial
length: relationship of the atria to the length of the tibial. ANOVA followed by
Tukey or Kruskal - Wallis followed by Dunn.

Area of cardiomyocytes on the effect of 2,4-dichlorophenoxyacetic acid
Figure 2 shows the area of cardiomyocytes stained with HE and

evaluated for hypertrophy. After 180 days of exposure to 24-

dichlorophenoxyacetic acid, no LV hypertrophy was observed.
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Fig. 2 A Transverse sections of the LV of rats exposed to inhalation of the 2,4-D
herbicide were stained using the Hematoxylin and Eosin (HE) technique and
visualized with a 40x objective and 400x magnification, the black arrows point to
the circled illustrative measurements of the areas of cardiomyocytes. B
Quantitative analysis of the cardiomyocyte area. Data expressed as median and
interquartile range. Kruskal-Wallis followed by Dunn. SG: Saline group; LCG:
Low concentration group; HCG: High concentration group; um2: square

micrometers.
Arteriole thickness induced by 2,4-dichlorophenoxyacetic acid

The analysis of arteriolar thickness analyzed by the method VVG
(Verhoeff), is represented in Figure 3. Exposure to the pesticide did not cause

an increase in arteriolar thickness.
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Fig. 3 A Transverse sections of cardiac arterioles from rats exposed to
chronic inhalation of 2,4-D were stained using the VVG technique (Verhoeff)
and visualized with a 40x objective and 400x magnification. The red lines
illustrate the four measurements of the thickness of the cardiac arterioles for
subsequent calculation of the average. B Quantitative analysis of arteriolar
thickness. SG: Saline group; LCG: Low concentration group; HCG: High
concentration group; pm: micrometers. Data expressed as median and

interquartile range. Kruskal-Wallis followed by Dunn.
Analysis of cardiac fibrosis induced by 2,4-dichlorophenoxyacetic acid

Figure 4 (A) shows interstitial collagen stained with Picrosirius Red, to
assess the presence of cardiac fibrosis. There was an increase in collagen in
animals exposed to a low dose of 2,4-D (p<0.0001). When evaluating the VE
using the fractal dimension in figure 4 (B), a reduction in the fractal dimension
was found in the HCG when compared to the SG (p=0.010). Figure 4 (C) shows

the image with polarized light, the results show type | collagen in red and type Il
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collagen in green, there was no difference in the amount of these two types of

collagen.
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Fig. 4 A Transverse sections of the left ventricle of rats exposed by inhalation to

the herbicide 2,4-D were stained using the Picrosirius Red (PSR) technique and
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visualized with a 40x objective and 400x magnification for the quantification of
type | collagen (red) and type Ill (green) in ImageJ® Software. B Cross sections
of the LV after binarization to measure the fractal dimension in ImageJ®
software. C PSR observed under polarized light and quantified by ImageJ®
software, type | collagen red and type Ill collagen green. D Collagen
quantification analysis. E Analysis of the fractal dimension of collagen. F
Analysis of the quantification of type | and type Il collagen). SG: Saline group;
LCG: Low concentration group; HCG: High concentration group; pm:
micrometers. Data expressed as mean and standard deviation. One-Way
ANOVA followed by Tukey and Kruskal-Wallis followed by Dunn.

Discussion

This is an unprecedented study that showed that chronic inhalation
exposure to 2,4-D caused cardiotoxicity in rats by promoting reorganization of
the extracellular matrix, demonstrated by the increase in collagen in the group
with low concentration exposure and a decrease in fractal dimension in the high
concentration group. concentration. There were no changes in anatomical
parameters, cardiomyocyte area, thickness of cardiac arterioles and
quantification of collagen types | and Il

In the present study, no change in left ventricular weight or
cardiomyocyte area was identified. In study withrats that fed food contaminated
with 2,4-D pelthe same period of 180 days showed a reduction in
cardiomyocyte area and this change was related to the pro-apoptotic protein
BAX and anti-apoptotic Bcl-2 degradation that leads to apoptosis [15]. However,
in another study with Swiss rats, there was cardiac hypertrophy upon acute
exposure to 2,4-D by nebulization for 3 days as a probable compensatory
mechanism [31]. These data from Mantovani et al. (2020) [15] and Negréo et al.
(2019) [31] suggest that different types of environmental exposure and duration
may influence the different results, as the dose applied to the animals was the
same as in the present study.

Based on our results, we did not observe changes in arteriole thickness.
Although there is a paucity of studies on these changes in mice, two studies

highlight changes in zebrafish. In Lee's et al. (2020) [32] study on the toxicity of
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chlorpropham, it is highlighted that vascular morphogenesis, crucial for the
cardiovascular circulatory system, was interrupted by chlorpropam, resulting in
a decrease in the expression of specific regulators. Another study, using Bifenox
in zebrafish embryos, suggests that Bifenox induces hepatotoxicity and vascular
toxicity by generating reactive oxygen species and modifying signaling
pathways, which in turn inhibits blood vessel growth [33].

In this study we observed that the percentage of interstitial collagen
increased, which indicates that environmental exposure to low doses can
already cause cardiac toxicity. Studies report that increased collagen is related
to fibrosis, which causes changes in ventricular relaxation and significant
contractile impairments [34, 35]. In our study, the increase in collagen infers
reorganization of the extracellular matrix (ECM). The ECM is a three-
dimensional network responsible for organizing, structuring, and providing
function to cellular processes [36], and in the heart, not only to structure, but
also transmits contractile force, being essential to maintain adequate ventricular
ejection fraction. This is made up of glycoproteins, glycosaminoglycans and
collagen, with types | and Ill being the most common [34]. The impairment of
these components causes changes in cardiac remodeling [37], thus inferring a
specific cardiotoxic action of this herbicide.

Shortly after an acute myocardial infarction, fibroblasts are activated and
transform into myofibroblasts, playing a crucial role as the main source of
extracellular matrix during the healing process. This transformation is essential
for the formation of scars, which help maintain the structural integrity of the
heart, although it can also contribute to cardiac stiffness and dysfunction if
collagen production is excessive [38, 39]. Adequate modulation of this fibrous
response is essential to promote efficient healing and minimize adverse
remodeling of cardiac tissue.

A study with cardiac fibroblasts in vitro, administered Nitrofen, a herbicide
from the diphenyl ether class, observed changes in the remodeling of the
extracellular matrix and proliferation of cardiac fibroblasts. Nitrofen stimulated
collagen mRNA in fibroblast cells, also influencing growth factor and
tropoelastin, which altered the extracellular matrix [38].

In two weeks, Rotenone, a pesticide derived from plants, was applied

intraperitoneally and induced cardiac fibrosis through the loss of energetic
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mechanisms, by increasing reactive oxygen species through mitochondrial
damage, which accelerates the fibrosis process [40]. However, Dinis-Oliveira et
al. 2009 used Paraquat, a herbicide that belongs to the chemical
groupbipyridylium, considered highly toxic, which was administered by gavage,
at a dose of 125 mg/kg, and no cardiac changes were observed in relation to
fibrosis, only in other organs. Therefore, the type of herbicide, its chemical
composition, mechanism of action, may be selective in causing cardiac fibrosis.
One of the mechanisms that may be involved in the increase in cardiac fibrosis
is the increase in reactive oxygen species, which accelerated the fibrosis
process [22, 24].

We analyzed the fractal dimension of collagen due to the importance of
the technique in highlighting tissue organization. There was a reduction in
fractability in the high dose group, which indicates a reorganization of the
extracellular matrix in this tissue. In the research by Mantovani et al. 2020 [15],
2,4-D chronically through oral exposure did not cause interstitial fibrosis and
changes in fractal dimension, which contradicts our findings. This may indicate
that the inhaled form of administration of 2,4-D influences this aspect of the
extracellular matrix more than the oral form. The reduction in fractal dimension
has already been identified in other studies and has been related to functional
impairments. Aminuddin et al., 2022 [41] showed that reduced cerebral vascular
fractal dimension was a potential biomarker of cerebral small vessel disease in
asymptomatic individuals. Smallest retinal vascular fractal dimension assessed
from 97,895 individuals it was also associated with a high risk of other
complications such as hypertension, heart failure and other changes [42].

In the study by Zouein et al. 2014 [43] wild-type hypertensive mice
showed cardiac fibrosis, with an increase in collagen and a significant decrease
in DF. The authors suggest collagen packaging that could lead to myocardial
stiffening and diastolic dysfunction. However, in a study with C57BL/6NJ mice
induced to pulmonary fibrosis with bleomycin or recombinant adenovirus Ad-
TGFB1, histological images of fibrotic lung tissue were analyzed and they found
that fibrotic regions have greater fractal dimensions compared to non-fibrotic
regions, indicating that the Tissue remodeling in fibrotic regions is associated
with increased spatial complexity [44]. Therefore, quantifying changes in tissue

structure through a fractal dimension may provide an alternative metric of
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phenotypic changes in fibrosis to complement the conventional metric of total
collagen, as well as demonstrating that both increases and decreases in DF
indicate changes in tissue complexity.

The study carried out had limitations such as not evaluating cardiac

function in vivo and the molecular mechanisms involved in these changes.

Conclusions

Based on data from this study, we conclude that chronic inhalational
exposure to 2,4-D in rats resulted in cardiotoxicity, evidenced by the
reorganization of the extracellular matrix in cardiac tissue. This was indicated by
the increase in the amount of collagen with the administration of a low
concentration of the herbicide and the decrease in the fractal dimension with
exposure to a high concentration of the herbicide. The observed changes were

correlated with the different concentrations of the 2,4-D herbicide.
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Fig. 5 Schematic figure summarizing the main results. 2,4-D: 24-
Dichlorophenoxyacetic; mg/m3: milligram per square meter. Created with
BioRender.com.
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2,4-D: dichlorophenoxyacetic acid; SG Saline group; LCG: Low concentration
group; HCG: High concentration group; HE: hematoxylin-eosin method; DF:
fractal dimension; PSR: Picro Sirius Red; VVG: Verhoeff
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toxicity and the development of predictive tools and models. Work considering alternative
methods to in vivo studies is encouraged.

Systems toxicology, studies that describe the toxicological effects of chemicals on specific
organs or systems (for example, immune, nervous, reproductive, respiratory), including
studies that incorporate genomic, metabonomic and proteomic data.

Risk assessment, studies which provide toxicological data or information—such as hazard
identification, and dose-response assessment.

Exposure assessment for the development of risk assessments or regulation.
Environmental toxicology, studies reporting toxicology data for organisms within an
ecosystem are encouraged if there is a wider benefit to human health. This includes studies
on lower organisms as models for the human toxic response, studies which provide cross-
species perspective, or studies on organisms which lie within the human food chain. Studies
where the toxicological conclusions are only relevant for a specific lower organism should
be submitted to a more specialized journal.

Clinical toxicology, studies relating to clinical trials or medicinal applications of
toxicological research, including translational toxicology, and studies translating a
molecular understanding of the toxic response to clinical application.

Nanotoxicology, an adequate characterization of relevant physico-chemical properties of the
nanoparticles is required for studies on the biochemical or molecular mechanisms of toxic
responses to nano materials. Studies on common nanomaterials which are of direct
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relevance to human health are strongly encouraged. For studies reporting the synthesis and
characterization of novel nanomaterials, the rationale for reporting the toxicological effect
of these materials must be justified.

Food toxicology, toxicological studies of chemical extracts related to food and nutrition.
Studies that involve uncharacterized extracts or in which the food substance is only of
limited or local interest should be submitted elsewhere.

Analytical metrology, including studies of new analytical methods and applications.

The following areas are not within the scope of Toxicology Research:

e Studies that focus only on toxic contaminant levels in the environment or in
populations, and the sources, transport or fate of these contaminants.

e Biomarkers for the detection of contaminants in the environment.

e Environmental contaminant studies that do not discuss toxic effects on a molecular
level.

Ethical policies

Authors should observe high standards with respect to publication best practice.
Falsification or fabrication of data, plagiarism, including duplicate publication of the
authors’ own work without proper citation, and misappropriation of work are all
unacceptable practices. Any cases of ethical or publication malpractice are treated very
seriously and will be managed in accordance with the Commission on Publication Ethics
(COPE) guidelines. Further information about OUP’s ethical policies is available.

Data policies

Availability of Data and Materials

Where ethically feasible, Toxicology Research strongly encourages authors to make all data
and software code on which the conclusions of the paper rely available to readers. We
suggest that data be presented in the main manuscript or additional supporting files, or
deposited in a public repository whenever possible. Information on general repositories for
all data types, and a list of recommended repositories by subject area, is available here.

Data and Software Citation

Toxicology Research supports the Force 11 Data Citation Principles and requires that all
publicly available datasets be fully referenced in the reference list with an accession number
or unique identifier such as a digital object identifier (DOI). Data citations should include
the minimum information recommended by DataCite:

[dataset]* Authors, Year, Title, Publisher (repository or archive name), Identifier
*The inclusion of the [dataset] tag at the beginning of the citation helps us to correctly

identify and tag the citation. This tag will be removed from the citation published in the
reference list.
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Software citations should include the minimum information recommended by
the FORCE11 Software Citation Implementation Group:

Author/Developer, Release date, Title, Publisher (repository or archive name),
Identifier

If there is an article describing the software, it is recommended to cite both the software and
the article.
OUP’s policy on data and privacy.

ORCID

Toxicology Research requires submitting authors to provide an ORCID iD at submission to
the journal. More information on ORCID and the benefits of using an ORCID iD is
available. If you do not already have an ORCID iD, you can register for free via the ORCID
website.

Third-party permissions

In order to reproduce any third party material, including tables, figures, or images, in an
article authors must obtain permission from the copyright holder and be compliant with any
requirements the copyright holder may have pertaining to this reuse. When seeking to
reproduce any kind of third party material authors should request the following:

non-exclusive rights to reproduce the material in the specified article and journal;
electronic rights, preferably for use in any form or medium;

the right to use the material for the life of the work; and

world-wide English-language rights.

It is particularly important to clear permission for use in both the print and online versions

of the journal, and we are not able to accept permissions which carry a time limit because
we retain journal articles as part of our online journal archive. Further guidelines on

clearing permissions.

Permissions regarding re-use of OUP material

Guidelines on permissions for the reuse of OUP material.

Funder policies

Information about compliance with funder requirements including PubMed/PMC deposits.

Article types and submission
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Toxicology Research publishes:

Original Article

Communications

Reviews

Viewpoints

See below for more information about these article types. All manuscripts are submitted and

reviewed via the journal’s web-based manuscript submission system, ScholarOne
Manuscripts. To submit to the journal go to the submission website. New authors should

create an account prior to submitting a manuscript for consideration.

This journal operates double-anonymised peer review, meaning that the author’s identity is
hidden from reviewers, and the reviewers’ identities are hidden from authors. The editors
have oversight of the reviewers’ and the authors’ names. For full details about the peer
review process, see Fair editing and peer review.

OUP author FAQs

Original Article

These contain original scientific work that has not been published previously. However,
work that has appeared in print in a short form such as a Communication is normally
acceptable. Please note that full papers based on Communications must represent a
substantial extension of the original material. Full papers should be written in a concise
fashion.

Typical articles would be between three and seven pages in length, and articles would not
normally exceed 10 pages. Authors are encouraged to supply any additional procedures,
data and other material in an electronic supplementary information file.

Communications

Toxicology Research Communications contain novel scientific work of such importance that
rapid publication is desirable (typically 50% faster than a full paper). Authors should briefly
indicate in a covering letter the reasons why they feel that publication of their work as a
Communication is justified.

Communications should be written in a concise fashion, with a recommended length of
between two and four journal pages. Authors are encouraged to supply any additional
procedures, data and other material in an electronic supplementary information file.

Reviews

Toxicology Research Reviews are concise and critical appraisals of specialist areas
throughout toxicology. Reviews will be easy-to-read articles (typically 6-10 journal pages
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in length) that focus on the key developments that have shaped the topic, rather than
comprehensive reviews of the literature.

Authors are encouraged to include their own perspective on developments, trends and future
directions; however Reviews should not solely cover the author's own work, but should
include key developments from across the field. Reviews are normally published by
invitation of the Toxicology Research editorial office. However, direct submissions from
authors are welcome. Reviews are subject to the journal’s standard peer review process and
an invitation to submit is not a guarantee of acceptance. Enquiries regarding the submission
of Reviews should be directed to the editorial office.

Viewpoints

Viewpoints are short articles which focus on some of the key challenges, issues or
developments in toxicology research. They can be opinion style articles, which give the
author’s perspective on a particular issue, backed up by the literature. Viewpoints are
subject to the journal’s standard peer review process and an invitation to submit is not a
guarantee of acceptance.

Comments

Comments and Replies are a medium for the discussion and exchange of scientific opinions
between authors and readers concerning material published in Toxicology Research.

For publication, a Comment should present an alternative analysis of and/or new insight
into the previously published material. Any Reply should further the discussion presented in
the original article and the Comment. Comments and Replies that contain any form of
personal attack are not suitable for publication.

Comments that are acceptable for publication will be forwarded to the authors of the work
being discussed, and these authors will be given the opportunity to submit a Reply. The
Comment and Reply will both be subject to rigorous peer review in consultation with the
journal’s Editorial Board where appropriate. The Comment and Reply will be published
together.

Manuscript preparation guidelines

The following guidelines are journal specific. For general guidance on preparing an article,
please visit our Author Resource Centre online, the content of which is relevant to all of our

journals. Toxicology Research uses CSE style — if using Endnote, we recommend that you
select the CSE template.

Language editing pre-submission

Language editing, particularly if English is not your first language, can be used to ensure
that the academic content of your paper is fully understood by the journal editors and
reviewers
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In partnership with Enago, we are offering authors free usage of their Trinka Al Editing
Tool pre-submission. This is an Al driven tool that performs academically tailored grammar

and language checks. Authors are given a markup of suggested corrections to significantly
improve the written quality and readability of their paper. Before submission, we encourage
authors to run their paper through this tool, although this is not mandatory and suggested
corrections are optional.

Please note that edited manuscripts will still need to undergo peer review by the journal.

Research that involves live animals or human subjects

Live animals

It is essential that any studies involving animal use are carried out in accordance with
applicable policies. The study should, as a minimum, be in compliance with the author’s
institute’s policy on animal use and ethics, but where possible details of compliance with
national or international policies should be included.

In cases where a study involves the use of live animals the author should include the
following at the beginning of the 'experimental’ section of the manuscript.

A statement that the experimentation, transportation and care of the animals were performed
in compliance with the relevant laws and institutional guidelines; this should include details
of the institute(s) and/or organizations whose guidelines have been followed, and where
possible the institutional/local ethics committee which has approved the study

A brief description of the procedures used for the handling and care of animals

Editors may, in certain circumstances, request additional information from the author. The
National Centre for the Replacement, Refinement and Reduction of Animals in

Research (NC3Rs) has produced the ARRIVE guidelines. Authors are encouraged to use
these guidelines when preparing a manuscript for submission.

Human subjects

In cases where a study involves the use of live human subjects, the author should include in
the 'methods/experimental’ section of the manuscript a statement that the research is
approved by an appropriate institutional review board (IRB) and complies with all
applicable laws and institutional guidelines, and also state the institutional committee(s) that
have approved the experiments.

Authors should also include a statement that informed consent was obtained from all human
subjects.

Editors may, in certain circumstances, request additional information from the author, and
referees may be asked to comment specifically on any cases in which concerns arise. A
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manuscript will not be considered for publication if the author has not provided satisfactory
statements, as detailed above.

Where research has been carried out outside of federal regulations, authors should provide
evidence that the research was carried out in accordance with the principles outlined in the
Declaration of Helsinki.

Graphic images of test subjects

The appropriateness of inclusion of graphic images and/or videos of test subjects will be
considered by the handling associate editor on a case-by-case basis

Conflicts of interest

All manuscripts submitted to Toxicology Research must include a conflict interest statement
in order to be considered for publication in the journal. This statement should highlight any
potential conflicts of interest, be they financial, personal or otherwise, which authors
consider relevant to disclose to the readers of the published work. This statement should be
placed at the end of the manuscript under the sub-heading “Conflicts of interest” before the
references list. If no conflicts of interest are present, please state that “There are no conflicts
of interest to declare” under the heading.

Guidelines about conflicts of interest.

Experimental details and data guidelines

Sufficient details of experimental procedures should be included such that a scientist skilled
in the art would be able to reproduce the results presented. The synthesis of all new
compounds must be described in detail. Extensive experimental procedures and data (more
than two journal pages) should be placed in an electronic supplementary information file.

Organic compounds

Synthetic procedures must include the specific reagents, products and solvents and must
give the amounts (g, mmol, for products: %) for all of them, as well as clearly stating how
the percentage yields are calculated. The final physical state (solid; amorphous; liquid;
solution) should be disclosed. Where compounds are synthesized as part of an array or
library a representative synthesis will be sufficient. Characterization levels should be
consistent with the importance of the structure to the conclusion of the work.

For key new compounds the purity and identity should be established. Data should ideally
include 1H NMR data backed up with LC-MS data with a minimum purity criterion of
95%. Additional data such as 13C NMR, elemental analysis and HRMS data should be
supplied if available.

For chiral compounds, evidence of enantiomeric purity via chiral HPLC or derivatization to
diastereoisomeric compounds/use of chiral shift reagents should be given.
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Data is not required for known compounds synthesized by a known method, but an original
reference should be cited.

Disclosure of chemical structures

Chemical structures should be reported in the manuscript if that structure is necessary to
understand the paper or repeat an experimental or computational procedure. Chemical
structures should not be blanked out. In certain cases the non-disclosure of chemical
structures may be acceptable, and these are considered on a case-by-case basis by the
associate editor.

Biological data

Doses and concentrations should be expressed as molar quantities (for example, mol kg-,
mmol kg1, M, mM). Forms of administration as well as physical states and formulations
should be noted. Biological test methods should be described in sufficient detail such that a
scientist skilled in the art would be able to reproduce the results presented.

Data may be presented tabulated or as graphs; extensive data for compounds is best
presented in tabulated within the electronic supplementary information.

Nanomaterials

Submissions that report toxicology studies involving nanomaterials are welcome. In order
for these articles to be properly assessed authors should ensure that the following guidelines
are met.

Submissions that do not report all necessary information should include a statement as to
why this cannot be supplied.

Synthesis and characterization of nanomaterials

Authors must include experimental procedures for the synthesis of nanomaterials, including
any later modifications. Characterization of the physico-chemical parameters of
nanomaterials immediately prior to and during their application, and following any
modifications during their interaction with biological systems, should be reported.
Nanomaterials delivered from producers should also be characterized.

Characterization data should include the following:

size and size distribution (in both dry and wet states)

elemental composition including impurities

morphology.

Dosing
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Authors should give nanomaterial dosing as nanomaterial surface area per volume and
number of particles per volume. Justification of the doses of nanomaterials used should be
given, particularly when doses are beyond realistic exposure and application scenarios.

In vitro dosing parameters such as exposure length, cell seeding density, an estimate of the
actual cellular dose and the relevance of the cell types used should be given.

Additional information

Authors are encouraged to include comments on how the presented data would extrapolate
to humans. Evidence of uptake of nanomaterials (for example, TEM) should be included in
cases where it is postulated that uptake is linked to toxicity.

Organization of material for Communications & Full Papers
Title

An article should have a short, straightforward title directed at the general reader. Lengthy
systematic names and complicated and numerous chemical formulae should therefore be
avoided where possible.

Author names

Full names for all the authors of an article should be given. To give due acknowledgement
to all workers contributing to the work, those who have contributed significantly to the
research should be listed as co-authors. Corresponding authors must submit an institutional
or industry email address for contact purposes.

Abstract

Every paper must be accompanied by a summary (50-250 words) setting out briefly and
clearly the main objects and results of the work; it should give the reader a clear idea of
what has been achieved.

Introduction

This should give clearly and briefly, with relevant references, both the nature of the problem
under investigation and its background.

Materials & methods

Descriptions of methods and/or experiments should be given in detail sufficient to enable
experienced experimental workers to repeat them.

Results
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Only strictly relevant results should be presented and figures, tables, and equations should
be used for purposes of clarity and brevity.

Discussion

This section should discuss the significance of the results reported.

Conclusion

This section is for interpretation of the key results and to highlight the novelty and
significance of the work. The conclusions should not summarize information already
present in the article or abstract. Plans for relevant future work can also be included.

Acknowledgements

Contributors other than co-authors may be acknowledged in a separate paragraph at the end
of the paper; acknowledgements should be as brief as possible. All sources of funding
should be declared.

Authors' contributions

The individual contributions of authors to the manuscript should be specified in this section.
Please review the Guidance and Criteria for Authorship. We would recommend you follow
some kind of standardised taxonomy like the CASRAI CRediT (Contributor Roles
Taxonomy).

Bibliographic references

These should be listed at the end of the manuscript in numerical order.

Bibliographic details should be cited in the order: year, volume, page, and must include the
article title. For example:

Ivonne M. C. M. Rietjens, Bozena Tyrakowska, Suzanne J. P. L. van den Berg, Ans E. M. F.
Soffers, Ans Punt, Matrix-derived combination effects influencing absorption, distribution,
metabolism and excretion (ADME) of food-borne toxic compounds: implications for risk
assessment, Toxicol. Res., 2015, 4, 23.

Figures & schemes
Preparation of graphics

Artwork should be submitted at its final size so that reduction is not required. The
appearance of graphics is the responsibility of the author.

Graphics should fit within either single column (8.3 cm) or double column (17.1 cm) width,
and must be no longer than 23.3 cm.
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Graphical abstracts should be no larger than 8 x 4 cm.

Schemes and structures should be drawn to make best use of single and double column
widths.

Axes titles and other text should legible in the final size of the artwork.

Figure accessibility and alt text

Incorporating alt text (alternative text) when submitting your paper helps to foster
inclusivity and accessibility. Good alt text ensures that individuals with visual impairments
or those using screen readers can comprehend the content and context of your figures. The
aim of alt text is to provide concise and informative descriptions of your figure so that all
readers have access to the same level of information and understanding, and that all can
engage with and benefit from the visual elements integral to scholarly content. Including alt
text demonstrates a commitment to accessibility and enhances the overall impact and reach
of your work.

Alt-text is applicable to all images, figures, illustrations, photographs, and it isn’t required
for tables and large datasets (unless the tables are provided as figures).

Alt-text is only accessible via e-reader and so it won’t appear as part of the typeset article.

Detailed guidance on how to draft and submit alt text.
Colour figures

Colour figure reproduction is provided free of charge online.

Graphical abstracts

Authors may submit a graphical abstract in addition to a text abstract for their manuscript at
initial submission.

A graphical abstract is a single figure prepared by the authors that summarizes the key
point(s) of an article and serves as a visual introduction to encourage interest in the content.
When preparing your graphical abstract, keep in mind that they are ideally suited for
promoting your article on social media, so text should be large enough to be read in that
context and the image should be oriented in landscape format.

Please also consider the accessibility of your graphical abstract to all readers. See
OUP’s Guidelines for making figures accessible.

Graphical abstracts are peer reviewed and published as part of the article online and in the
PDF. It also appears in the table of contents and some other journal pages including in
search results.
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Your graphical abstract should be submitted as a separate file, selecting the appropriate file
type designation in the online submission system. The file should be

named “graphical abstract”. Please see OUP's guidance on appropriate file format and
resolution for graphics.

OUP partners with Tidbit, an online tool for creating attractive visuals that describe your

work with an easy-to-use interface. Prospective authors can redeem a 10% discount on
Tidbit’s services using the code TOXRES at the checkout. The discount will be
automatically applied to the payment if you have selected the journal from the dropdown
when creating the graphical abstract. If your paper is accepted in the Journal, your Tidbit
graphical abstract will be branded with the journal name and article DOI, and then
published as part of your paper.

Tidbit is an independent service provider, which will handle all aspects of this service,
including payment if applicable. As an author you are under no obligation to use their
services. Graphical abstracts created using Tidbit will undergo the regular review process of
the Journal.

Open access

Toxicology Research offers the option of publishing under either a standard licence or an
open access licence. Please note that some funders require open access publication as a
condition of funding. If you are unsure whether you are required to publish open access,
please do clarify any such requirements with your funder or institution.

Should you wish to publish your article open access, you should select your choice of open
access licence in our online system after your article has been accepted for publication. You

will need to pay an open access charge to publish under an open access licence.

Details of the open access licences and open access charges.

OUP has a growing number of Read and Publish agreements with institutions and consortia
which provide funding for open access publishing. This means authors from participating
institutions can publish open access, and the institution may pay the charge. Find out if your
institution is participating.

Preprint Policy

Authors retain the right to make an Author’s Original Version (preprint) available through
various channels, and this does not prevent submission to the journal. For further
information see our Online Licensing, Copyright and Permissions policies. If accepted, the
authors are required to update the status of any preprint, including your published paper’s
DOlI, as described on our Author Self-Archiving policy page.
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