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Abstract

The main objective of this work is to assess the potential negative impact of organic farming
on the thyroid gland and compare it with the negative impact of conventional farming on
this organ. Previous studies have linked exposure to conventional farming with thyroid
disruption; relatively less is known about effects of exposure to organic farming on the
thyroid. Mus musculus were the bioindicators in this work, captured in a conventional
farm (CF), an organic farm (OF), and two reference areas (RF’) without agriculture. His-
tomorphometric and histomorphological measurements of the thyroid were performed.
Hypothyroidism signs were observed in mice exposed to either farming system, being
less pronounced in organic farming-exposed mice: epithelium thickness and the epithelial
cells’ area and volume were lower than in non-exposed mice [epithelium thickness (µm):
4.16 ± 0.51 (CF); 6.28 ± 0.19 (OF); 7.46 ± 0.25 (RF’)]. Histomorphologic alterations included
decreased follicular sphericity, increased epithelium irregularity, increased exfoliation into
the colloid, and increased inflammation of thyroid tissue. Results suggest that, while
organic farming might be a better alternative to conventional farming, it is not completely
free of health hazards. Exposure to an organic farming environment can cause thyroid
disruption, although with less pronounced effects than conventional farming. Despite there
being risks to be considered, results support the benefit of transitioning from conventional
farming systems towards organic farming systems.

Keywords: organic agriculture; organic fertilizers; conventional agriculture; agrochemicals;
chronic exposure; endocrine disruption; hypothyroidism

1. Introduction
Agriculture is among the most important anthropogenic activities, providing human

populations with a steady supply of food, fuel, and fiber [1,2]. However, agriculture is one
of the major causes of environmental pollution, adversely affecting ecosystem condition
and human health—especially when involving the use of synthetic agrochemicals [3,4].
Based on the nature of approaches towards food and livestock production, agriculture is
divided into two major systems: conventional farming (CF) and organic farming (OF). In

Environments 2026, 13, 66 https://doi.org/10.3390/environments13020066

https://crossmark.crossref.org/dialog?doi=10.3390/environments13020066&domain=pdf&date_stamp=2026-01-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0009-0009-6312-9964
https://orcid.org/0000-0003-1386-7204
https://orcid.org/0000-0003-4490-9905
https://orcid.org/0000-0003-4120-191X
https://orcid.org/0000-0002-9851-5429
https://doi.org/10.3390/environments13020066


Environments 2026, 13, 66 2 of 20

essence, CF heavily relies on synthetic inputs (i.e., agrochemicals) to maximize yields, while
OF excludes synthetic inputs to promote environmental sustainability [5,6]. Worldwide,
CF is the dominant farming system [7]. By contrast, although growing, OF represents only
about 1% of global cropland [8]. There is ongoing debate about whether OF is an overall
better alternative to CF, particularly regarding the balance between production costs, yields,
and the presence of hazardous substances in produce [9–11].

Conventional farming (also known as industrialized agriculture) refers to agricultural
methods heavily reliant on synthetic inputs, such as the use of agrochemicals and geneti-
cally modified organisms (GMOs), to achieve the highest possible yields. Most modern
agriculture systems rely on CF practices for production, due to a greater demand for food
products resulting from a swift rise in world population numbers [12]. The presence of
several cancer-promoting pesticide residues has been documented in CF food products,
highlighting the serious health hazard associated with CF contaminants [13,14]. On the
other hand, organic farming (also referred to as biological agriculture) is characterized
by the exclusion of synthetic fertilizers, pesticides, and GMOs in its practices. Organic
farming prioritizes quality over quantity, with the aim of producing safer and healthier food
products, despite relatively lower yields [15,16]. Focusing on environmental sustainability,
OF employs techniques like the use of composting and manure as natural fertilizers, crop
rotation, cover cropping, and biological pest control—i.e., the implementation of natural
predators, parasites, and pathogens of pest populations—in its practices [17,18]. Data
suggests that OF positively impacts the environment by promoting a decrease in nitrate
leaching and in greenhouse gas emissions, along with increasing farmland biodiversity,
and even promoting carbon sequestration via increasing soil organic matter [19]. According
to Meng et al. (2017) [19], all these benefits compensate for the economic costs of a lower
crop production.

The trend is for current CF systems to transition to OF ones, due to the perception
that the latter are more beneficial for both the environment and humans. However, agro-
chemical residues, especially synthetic pesticide traces, are commonly detected in OF
produce [20–22]. The review of Lazarević-Pašti et al. (2025) [22] points to the presence of
pesticide residues in 28% of organic food in Southern Germany, 9% in the Swiss market, and
6% in the overall European market. Another problem is the fact that OF practices increase
the amount and distribution of antibiotic resistance genes (ARGs) in the environment. This
is because the manure used as natural fertilizer often comes from livestock that has been
treated with antibiotics, growth factors, and other substances [23–25]. Bacterial populations
in the soil are exposed to these compounds, gain resistance towards them, and pass on
the relevant genes both intra- (vertical gene transfer) and interspecies (horizontal gene
transfer) [26].

The thyroid is a small, butterfly-shaped endocrine gland located at the front of the
neck, responsible for regulating metabolism. This gland synthesizes thyroid hormones
(THs)—tetraiodothyronine (thyroxine, T4) and triiodothyronine (T3). Essentially, THs
enhance metabolism by affecting the rate at which cells utilize oxygen and nutrients nec-
essary for cellular activities [27,28]. Thyroid hormones oversee a wide array of processes,
including the development of the nervous system, respiration, heart rate, body temperature,
digestion, and muscle function. Thyrocytes, also known as follicular or epithelial cells, are
responsible for producing THs and are arranged in sphere-shaped structures called follicles,
which consist of simple cuboidal epithelium that contains colloid in their interior [29].
Within the interstitial tissue between the thyroid follicles, C cells, or parafollicular cells,
are present—they produce calcitonin, a hormone that lowers blood calcium levels [30]
(Figure 1). The negative feedback mechanism in the hypothalamus–pituitary–thyroid axis
(HPT-axis) controls thyroid function based on TH concentrations in the bloodstream. The
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hypothalamus secretes thyrotropin-releasing hormone (TRH), which is sent to the ante-
rior pituitary, stimulating the production and release of thyrotropin (thyroid-stimulating
hormone, TSH). Subsequently, TSH is transported to the thyroid, where it facilitates the
biosynthesis and release of TH [29,31].

 

Figure 1. Histological section of the thyroid tissue of a wild mouse (Mus musculus L., 1758). Labels:
A = follicle; B = thyrocyte (or thyroid follicular cell); C = colloid; D = C cell (or parafollicular cell).
Hematoxylin and eosin stain; scale bar = 25 µm; photomicrograph by N. M. P. Coelho.

The thyroid retains high plasticity even in adults, reflecting its ability to adapt to
stimuli by changing both its structure and function according to physiological needs.
Thyroid structure is closely related to glandular activity levels, making its morphology
a good indicator of functional status [32–35]. Thyroid follicle size and epithelium height
are examples of where histological alterations of note can be observed [36]. Around
the world, thyroid disorders are the most common endocrine disorders, estimated at
around 200 million people having been diagnosed [37]. Estimates suggest that 1 in 10 men
and 1 in 8 women have some form of thyroid condition. It is further believed that 50%
of thyroid disorders remain undiagnosed, underlining the seriousness of the topic [38].
Hypothyroidism—a thyroid endocrine disorder where THs are produced in insufficient
amounts—is thought to affect approximately 5% of world population (≈380 million), with
another 5% remaining undiagnosed [39]. This data underlies the need for developing
studies that determine the causes of thyroid endocrine disruption so that countermeasures
can be implemented.
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Endocrine disruption is the process by which natural or man-made chemicals interfere
with hormones, frequently by mimicking their structure or blocking their receptors [40].
These exogenous chemicals are called endocrine disruptors (or endocrine-disrupting chem-
icals, EDCs), causing alterations in or otherwise interfering with the physiological func-
tion of endogenous hormones [41]. Agrochemicals are widely distributed environmental
EDCs [42–44]. “Thyroid disruption” refers to adverse thyroid outcomes resulting from
exposures to EDCs, like hypothyroidism, hyperthyroidism, and cancer [45,46]. Epidemio-
logical studies represent the majority of research linking thyroid disruption with exposure
to CF and OF contaminants, with hypothyroidism often being reported in occupationally
exposed farm workers [47,48]. A recent study showed that mice chronically exposed to a CF
environment had thyroid histomorphology alterations [49]. Such alterations, namely when
it comes to lower epithelial cell area and volume, revealed indications of hypothyroidism
in the exposed mice. Results underscored the usefulness of thyroid histomorphological
biomarkers as early and sensitive indicators of glandular activity, providing information
about thyroid disruption.

The purpose of this study is to assess the potential negative impact of OF on the thy-
roid gland and compare it with the negative impact of CF on this organ, using histological
techniques for the analysis of the thyroid of wild mice chronically exposed to these agricul-
tural practices. The topic is especially relevant given the growing demand for agricultural
products, and the tendency to regard OF as a better alternative to CF. Therefore, this study
aims to answer the following questions: (i) Does chronic exposure to an environment where
there are OF practices negatively affect the thyroid? (ii) If so, is such an impact less severe
than that caused by CF? The formulated hypothesis was that chronic exposure to OF has a
negative but less severe impact on the thyroid than that caused by CF.

2. Methodology
2.1. Study Sites

This work was executed on the island of São Miguel, located in the archipelago of
the Azores, belonging to Portugal. Study sites were selected based on the presence or
absence of agricultural practices—including the nature of those practices. A total of four
sites were selected: two agricultural areas (study groups) and two areas without agriculture
(reference groups) (Figure 2). The two study groups corresponded to a CF site and an OF
site, operated under the respective agricultural system for at least a decade. Concerning
the two reference groups, one was a small village (Rabo de Peixe, RF1), while the other
corresponded to a pristine area (Pinhal da Paz, RF2); in neither of which agricultural
practices had been carried out for at least a decade. All sites are located in the geological
complex of Picos Fissural Volcanic System, which provides them with similar bedrock
and pedological conditions. This ensures that each site is distinguished mostly on the
occurrence and nature of agricultural practices [50,51].

Conventional farming systems are characterized by agricultural practices that fre-
quently utilize agrochemicals, which are governed by European and national regulations.
The agrochemicals used in the study area encompass a range of inputs, including both
organic and inorganic fertilizers, as well as various pesticides—such as insecticides, her-
bicides, nematicides, fungicides, molluscicides, and acaricides. Parelho et al. (2014) [50]
highlight that agriculture represents a diffuse source of metal pollution in the farming
soils of the island of São Miguel. The authors note that the soils under conventional farm-
ing practices in this region are especially contaminated with lithium (Li), potassium (K),
and molybdenum (Mo), attributed to the intensive and repeated application of inorganic
fertilizers and pesticides. On the other hand, OF systems are certified by the European
Commission, which prohibits the use of synthetic agrochemicals. Soil amendments are
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restricted to organic fertilizers, specifically manure and compost. Both farms have been
operated under the same system for at least a decade [51]. RF1 is the largest fishing village
in the Azores. There are no major agricultural practices within the village, with the excep-
tion of some home gardening for a small part of its population. Meanwhile, RF2 is situated
within a region with no historical records or evidence of farming activity, encompassing a
centennial Japanese cedar [Cryptomeria japonica (Thunb. ex L.f.) D.Don] forest reserve. Ac-
cording to Parelho et al. (2014) [50], the soils from OF and RF2 have trace metal background
values significantly lower than those found in the CF site. An exception was identified for
vanadium (V) and barium (Ba), both of which are found in greater concentrations in RF2
compared to CF and OF soils. Additional information regarding the characteristics of the
study sites is available in Parelho et al. (2016) [51].

 

Figure 2. Map of the Azores archipelago showcasing (A) its location in the Atlantic Ocean, (B) its
geographical groups, and (C) São Miguel Island and study sites. Study groups = conventional farming
(CF), and organic farming (OF) agricultural areas; Reference groups = small village area (Rabo de
Peixe, RF1), and pristine area (Pinhal da Paz, RF2), without agricultural practices. Basemap aerial
view backgrounds obtained from ESRI ArcGIS online v2.3: “World Imagery” [basemap], “World
Imagery Map”. Last updated on November 2024. https://www.arcgis.com/home/item.html?id=10
df2279f9684e4a9f6a7f08febac2a9 (most recently consulted on 10 December 2024). Attribution to ESRI
and other data providers is present in the figure.
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2.2. Mice Sampling and Preparation of Histological Slides

Data from animals living in—or otherwise exposed to—contaminated environments
is important in research, given that it provides early warnings for environmental hazards
and potential human health risks. The assessment of toxic effects on bioindicator species
at environmentally relevant concentrations helps in understanding long-term effects of
environmental stressors, monitoring contaminant flow through ecosystems and food chains,
developing conservation strategies, and protecting public health. Field studies with animal
models capture realistic, long-term exposures to complex contaminant mixtures, picturing
ecological realism and tapping into conditions impossible to recreate in a laboratory [52–54].
Wild mice, scientifically known as Mus musculus L., 1758, meet the criteria for being
chosen as bioindicators (i.e., they exhibit high abundance, possess a life expectancy that
is sufficiently long to enable the assessment of potential long-term effects [55], and have
a relatively small average home range of 145 m2 [56]). Therefore, they were selected as
bioindicator species for this study.

In accordance with the methodology described by Coelho et al. (2024) [49], M. musculus
mice were captured in each of the selected sites (CF, OF, RF1, and RF2). Following euthana-
sia using isoflurane (IsoVet® by B. Braun, Voorschoten, The Netherlands), their thyroids
underwent the normal histological processing procedures. Both male and female mice were
included in this study. Histological slides with several 5 µm thyroid sections of 64 individ-
uals were prepared: 12 from CF, 12 from OF, 27 from RF1, and 13 from RF2. Hematoxylin
and eosin stain was applied [57]. A series of histomorphometric and histomorphologic
data was collected from the slides with the objective of assessing thyroid status.

Because males and females were not equally distributed between groups (χ2-test,
p < 0.05), their data was first treated separately (Supplementary Materials). For both males
and females, groups RF1 and RF2 did not differ in the majority of the evaluated parameters
(t-test, p > 0.05 for normal data; U-test, p > 0.05 for non-normal data), hence they were
merged into a new group, designated RF’ (Supplementary Materials). After assessing
differences within groups between males and females, it was found that they did not differ
in the majority of the evaluated parameters (t-test, p > 0.05 for normal data; U-test, p > 0.05
for non-normal data), hence statistical analysis was finally performed between groups CF,
OF, and RF’ on their respective male and female populations (Supplementary Materials).
The inclusion of both males and females within groups ensured balanced samples across
the CF and OF groups. In addition, the higher number of individuals in the RF’ group
compared to the CF and OF groups increased statistical power, increasing the likelihood of
detecting real differences between groups [58]. There were no significant differences (F-test,
p > 0.05) in the weight of mice between groups [weight (g): 14.1 ± 0.47 (CF); 13.4 ± 0.40
(OF); 14.6 ± 0.42 (RF’)]. Mice from the CF and OF groups were, on average, significantly
(F-test, p > 0.05) younger than those from the RF’ group [age (days): 107 ± 5.3 (CF); 116 ± 11
(OF); 212 ± 11 (RF’)].

The procedures involved in this work were authorized by the Ethics Committee of the
University of Azores (REF: 10/2020). The procedures were performed under the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (ETS 123) recommendations, directive 2010/63EU, and Portuguese
legislation (DL 113/2013).

2.3. Histomorphometric Analysis

Following the methodology from Coelho et al. (2024) [49], five thyroid fields, separated
by at least 20 µm, were selected for taking photomicrographs, with a total of 20 follicles
studied per individual.
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Using the Image-Pro Plus v5.0 software, data regarding the (i) number of follicles in
a 30,000 µm2 thyroid area, (ii) colloid area and (iii) perimeter, (iv) epithelium thickness,
and (v) number of epithelial cell nuclei on a 50 µm transect (Supplementary Materials)
was collected. For each parameter, data were recorded as the average per individual. Data
regarding the average width of epithelial cells, the average area of epithelial cells, and the
average volume of epithelial cells was calculated as described in Coelho et al. (2024) [49].

Epithelium thickness varies with thyroid activity, with cuboidal cells when the gland
functions normally and smaller, squamous cells when it is underactive. In light of this,
the average epithelium thickness, along with the average epithelial cells’ area and volume,
were selected as the primary thyroid function biomarkers [59].

2.4. Histomorphological Analysis

Per field, per individual, five histomorphological parameters (follicular sphericity,
epithelium irregularity, degree of exfoliation, degree of inflammation, and degree of colloid
vacuolization—the latter based on the presence of vacuoles in the colloid) were studied
via the visual qualitative scales defined in Coelho et al. (2024) [49]. The higher the value
indicated on the scales, the more significant the disruption to the thyroid. The analyses
were performed by two independent observers. The final values were determined by
consensus, totaling the following number of observations: 60 for CF, 60 for OF, 135 for RF1,
and 65 for RF2. Both the independent analyses and large number of observations served
as a way to ensure that the recorded abnormalities were not influenced by histological
processing artifacts. Examples of photomicrographs assigned with extreme values can be
found in the Supplementary Materials.

2.5. Statistical Analysis

Statistical analysis was carried out in the IBM SPSS Statistics ® v. 28.0.1 (142) software.
Statistical significance was considered when p < 0.05.

Morphometric data normality was assessed through Q-Q plots. Differences in the
means between groups CF, OF, and RF’ were assessed via One-way analysis of variance
(ANOVA) tests [followed by post hoc Tukey’s honest significance (HSD) tests, to assess
which groups differed from one another] for normal data, and non-parametric independent
samples Kruskal–Wallis tests (followed by pairwise comparisons, to assess which groups
differed from one another) for non-normal data.

Box plots illustrating colloid area and perimeter, epithelium thickness, and epithelial
cell area and volume were made, with the aim of better illustrating differences between
their distributions per group. Much like a squamous epithelium, follicles with larger
colloid area and perimeter are also indicative of an underactive thyroid. In light of this, the
mentioned parameters were chosen for graphical representation due to better representing
indications of thyroid disruption [33,59].

For morphological data, non-parametric Kruskal–Wallis tests were employed to ana-
lyze and compare the distributions of values assigned in observations among the groups
CF, OF, and RF’. The relative frequency of each category was calculated, per group, to better
illustrate differences between their distributions per group.

Data associations were determined via Spearman correlations (in all correlations
assessed, at least one parameter had either non-normal data or qualitative data).

3. Results
3.1. Histomorphometric Analysis

The table below displays the descriptive statistics and differences between groups
regarding morphometric (quantitative) data (Table 1).
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Table 1. Descriptive statistics detailing the mean values and corresponding standard errors of
histomorphometric data from male and female wild mice (Mus musculus L., 1758) sourced from
conventional farming (CF), organic farming (OF), and reference (RF’) sites. Pairwise comparisons are
shown. * H-test; ** F-test; bold p values mark significant differences (p < 0.05).

Variable Sites Mean ± Standard Error * Kruskal–Wallis/** ANOVA Pairwise
Comparisons/Tukey’s HSD pValues

Colloid area (µm2)
CF 6200 ± 820

* H (2.64) = 20.45, p < 0.001
CF-OF <0.001

OF 2220 ± 360 CF-RF’ 0.272
RF’ 5020 ± 300 OF-RF’ <0.001

Colloid perimeter (µm)
CF 361 ± 26

* H (2.64) = 20.73, p < 0.001
CF-OF <0.001

OF 203 ± 19 CF-RF’ 0.007
RF’ 269 ± 8.4 OF-RF’ 0.003

Epithelium thickness (µm)
CF 4.16 ± 0.51

* H (2.64) = 25.72, p < 0.001
CF-OF 0.033

OF 6.28 ± 0.19 CF-RF’ <0.001
RF’ 7.46 ± 0.25 OF-RF’ 0.022

Number of epithelial cell
nuclei per 50 µm

CF 4.43 ± 0.33
* H (2.64) = 26.81, p < 0.001

CF-OF <0.001
OF 6.03 ± 0.17 CF-RF’ 0.003
RF’ 5.12 ± 0.08 OF-RF’ <0.001

Epithelial cell width (µm)
CF 11.8 ± 0.63

** F (2.64) = 23.11, p < 0.001
CF-OF <0.001

OF 8.36 ± 0.24 CF-RF’ <0.001
RF’ 9.86 ± 0.15 OF-RF’ 0.001

Epithelial cell area (µm2)
CF 46.1 ± 2.2

* H (2.64) = 30.69, p < 0.001
CF-OF 0.243

OF 52.6 ± 2.4 CF-RF’ <0.001
RF’ 73.7 ± 2.8 OF-RF’ <0.001

Epithelial cell volume (µm3)
CF 538 ± 33

** F (2.64) = 14.11, p < 0.001
CF-OF 0.421

OF 444 ± 31 CF-RF’ 0.005
RF’ 734 ± 34 OF-RF’ <0.001

Number of follicles in a
30,000 µm2 thyroid area

CF 5.87 ± 0.90
* H (2.64) = 28.47, p < 0.001

CF-OF 0.001
OF 17.8 ± 2.0 CF-RF’ <0.001
RF’ 10.9 ± 0.55 OF-RF’ <0.001

The box plots below illustrate the differences between groups concerning colloid area
and perimeter, epithelium thickness, and epithelial cell area and volume (Figure 3).

Between CF and OF, results show that individuals from CF had, on average, signifi-
cantly larger colloid area (H-test, p < 0.05), larger colloid perimeter (H-test, p < 0.05), lower
epithelium thickness (H-test, p < 0.05), a lower number of epithelial cell nuclei per 50 µm
(H-test, p < 0.05), larger epithelial cell width (F-test, p < 0.05), and a lower number of follicles
in a 30,000 µm2 thyroid area (H-test, p < 0.05), when compared to individuals from OF.
However, CF and OF individuals did not differ significantly regarding epithelial cell area
(H-test, p > 0.05) and epithelial cell volume (F-test, p > 0.05).

Between CF and RF’, results show that individuals from CF had, on average, sig-
nificantly larger colloid perimeter (H-test, p < 0.05), lower epithelium thickness (H-test,
p < 0.05), a lower number of epithelial cell nuclei per 50 µm (H-test, p < 0.05), larger epithe-
lial cell width (F-test, p < 0.05), lower epithelial cell area (H-test, p < 0.05), lower epithelial
cell volume (F-test, p < 0.05), and a lower number of follicles in a 30,000 µm2 thyroid area
(H-test, p < 0.05), when compared to individuals from RF’. However, CF and RF’ individuals
did not differ significantly regarding colloid area (H-test, p > 0.05).

Finally, between OF and RF’, results show that individuals from OF had, on average,
significantly lower colloid area (H-test, p < 0.05), lower colloid perimeter (H-test, p < 0.05),
lower epithelium thickness (H-test, p < 0.05), a higher number of epithelial cell nuclei per
50 µm (H-test, p < 0.05), lower epithelial cell width (F-test, p < 0.05), lower epithelial cell area
(H-test, p < 0.05), lower epithelial cell volume (F-test, p < 0.05), and a higher number of follicles
in a 30,000 µm2 thyroid area (H-test, p < 0.05), when compared to individuals from RF’.
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Figure 3. Box plots of the (A) colloid area, (B) colloid perimeter, (C) epithelium thickness, (D) epithelial
cell area, and (E) epithelial cell volume of the male and female wild mice (Mus musculus L., 1758)
sourced from conventional farming (CF), organic farming (OF), and reference (RF’) sites. * H-test;
** F-test; different letters (a, b, and c) indicate significant differences (p < 0.05). The line in the middle
of each box plot represents the median of the respective group; error bars are shown; an asterisk
within the graphs indicates a group outlier.

3.2. Histomorphological Analysis

The clustered bar charts below illustrate the differences between groups regarding
morphologic (qualitative) data (Figure 4).
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Figure 4. Clustered bar charts of the (A) follicular sphericity, (B) epithelium irregularity, (C) degree
of exfoliation, (D) degree of inflammation, and (E) degree of colloid vacuolization of the male and
female wild mice (Mus musculus L., 1758) sourced from conventional farming (CF), organic farming
(OF), and reference (RF’) sites. * H-test; different letters (a, b, and c) indicate significant differences
(p < 0.05); relative frequencies per category per group are shown.

Between CF and OF, results show that individuals from CF had significantly more
regular epithelium, less exfoliation, and less inflammation (H-test, p < 0.05, all parameters),
when compared to individuals from OF. However, CF and OF individuals did not differ
significantly regarding follicular sphericity (H-test, p > 0.05).

Between CF and RF’, results show that individuals from CF had significantly less
spherical follicles, more irregular epithelium, more exfoliation, and more inflammation
(H-test, p < 0.05, all parameters), when compared to individuals from RF’.

Finally, between OF and RF’, results show that individuals from OF had significantly
less spherical follicles, more irregular epithelium, more exfoliation, and more inflammation
(H-test, p < 0.05, all parameters), when compared to individuals from RF’.
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3.3. Data Correlations

Regarding morphometric data, results showed a significant (p < 0.05) positive as-
sociation between (i) weight and colloid area [rs(64) = 0.274, p = 0.028]; (ii) weight and
colloid perimeter [rs(64) = 0.257, p = 0.040]; (iii) age and epithelium thickness [rs(64) = 0.429,
p < 0.001]; (iv) age and epithelial cell area [rs(64) = 0.480, p < 0.001]; and (v) age and ep-
ithelial cell volume [rs(64) = 0.389, p = 0.001]. On the other hand, there was a significant
(p < 0.05) negative association between weight and number of follicles in a 30,000 µm2

thyroid area [rs(64) = −0.312, p = 0.012].

4. Discussion
Numerous studies have examined the effects of environmental endocrine-disrupting

chemicals (EDCs) on thyroid outcomes [46,60–63]. In this context, several studies have
utilized morphological parameters to evaluate the status of thyroid function, focusing on
exposures to substances that induce thyroid endocrine disruption [64–67]. In Coelho et al.
(2024) [49], links were identified between prolonged exposure to environments where
there are CF practices and thyroid disruption, notably the emergence of histological signs
resembling hypothyroidism in wild mice that were exposed. The methodology followed in
this work corroborated those results, while also revealing the same—albeit less strikingly, in
certain parameters—for chronic exposure to an environment where there are OF practices.
The obtained results are in accordance with those of in vivo studies linking hypothyroidism
with exposure to CF contaminants, with emphasis on pesticides [68–71]. Results also
support the findings of other studies indicating a link between hypothyroidism in humans
and exposure to CF contaminants [72–76] and OF contaminants [44].

In research, it is important that study populations are well balanced, particularly with
respect to the number of subjects per group, age, and sex. This ensures representative
samples which support the validity and generalization of results towards larger, more
diverse populations, while minimizing the risk of bias [77]. Confounding factors potentially
influencing the results of this work were the weight and age of the mice, which should
be taken into account when interpreting results [78]. As seen by data correlations, weight
could have influenced colloid area, colloid perimeter (heavier mice had larger colloid
area and perimeter), and number of follicles in a 30,000 µm2 thyroid area (heavier mice
had a lower number of follicles in a 30,000 µm2 thyroid area). Even so, the influence of
weight on results was negligible, due to the lack of statistically significant differences in
weight between groups. On the other hand, age may have influenced epithelium thickness,
epithelial cell area, and epithelial cell volume (younger mice presented lower epithelium
thickness, and lower epithelial cell area and volume). This is an important aspect, given
that both CF and OF mice were significantly younger than RF’ mice.

Collectively, indications of a higher degree of thyroid disruption in CF, followed by
OF, in comparison to RF’ were found for both males and females—especially with regard to
lower epithelium thickness, lower epithelial cell area and volume, and a higher degree of
thyroid disruption registered in the majority of the evaluated histomorphologic parameters.
A noteworthy observation was that indications of thyroid disruption in OF mice were of
an intermediate level between CF and RF’ mice. In the study of Parelho et al. (2016) [51],
CF mice bioaccumulated higher lead (Pb) hepatic loads, while OF mice bioaccumulated
higher cadmium (Cd) hepatic loads—both of which are well-known PTEs—which may
help explain some of the results. Still, there are important limitations to be considered when
interpreting results, particularly when it comes to the lack of data on TH and TSH levels,
and the concentration of EDCs in mouse tissues. The absence of these measurements makes
it unclear whether the observed alterations are clinically adverse, leading to the indirect
designation of a hypothyroid status in exposed mice. Another relevant aspect is that,
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although data on soil contaminants within the study sites is available in Parelho et al. (2014,
2016) [50,51], it may not reflect present-day concentrations. Ultimately, this means that the
observed thyroid effects can only be attributed to CF and OF environments rather than to
defined agents or exposure levels. In light of this, future studies in the scope should include
measurements of TH levels and/or EDCs in bioindicators, along with contemporaneous
data on contaminants present in the study sites to better justify observed effects.

A healthy thyroid is crucial for young individuals, given that THs contribute to the
growth, development, and proper functioning of every organ system in the body [79].
These hormones play a critical role in brain development, to the point where even minor
TH deficiencies in youth can cause irreversible brain damage [80,81]. However, thyroid
function is known to decline with age, marked by a reduction in TH secretion, and a
decline in T3 levels due to decreased peripheral conversion of T4. The HPT-axis also loses
response plasticity to shifts in TH production, which can be seen, for instance, in a less
pronounced TSH response to TH deficiency [82,83]. Although the lack of age-matched
sampling or age-adjusted models in this study may weaken causal interpretation, the
fact that the thyroids of exposed mice presented more indications of disruption, even
while CF and OF mice were significantly younger than non-exposed RF’ mice (practically
half their age), is of concern. Although it was anticipated that the thyroids of younger
mice would exhibit a significantly more active state (i.e., characterized by smaller follicles,
thicker epithelium, and epithelial cells with increased area and volume), they instead
displayed reduced epithelium thickness, diminished epithelial cell area, and decreased
epithelial cell volume, all of which suggest a loss of function (hypothyroidism) [33,34].
The existence of notable differences between groups, irrespective of age, underscores the
severity of the effects of chronic exposure to CF and OF contaminants on thyroid function.
Furthermore, it is conceivable that the variation in data among groups could have been
more pronounced had the ages of the mice not varied significantly, accounting for a longer
duration of exposure to the farming environments. Increased colloid area and perimeter
are also often associated with hypothyroidism [33]; nevertheless, in this work, differences
between groups were mostly not significant for these parameters. Therefore, epithelium
thickness, along with epithelial cell area and volume, might be a better alternative to assess
thyroid disruption than colloid area and perimeter alone. These results further emphasize
the significance of effect biomarkers—including epithelial thickness, as well as cell area
and volume—in research evaluating chronic exposure to contaminants. Additionally, these
biomarkers may be particularly pertinent for organs that play crucial roles in metabolism
over an extended lifespan.

In addition to decreasing the ability of the thyroid to produce hormones—as seen
through a thinner epithelium, and epithelial cells of smaller area and volume—chronic
exposure to CF and OF seemed to alter the histomorphology of the gland. Lower follic-
ular sphericity, epithelium of irregular delimitation, high degree of exfoliation, and high
degree of inflammation were observed in the thyroids of OF-exposed mice, though less
pronouncedly than in CF mice. No differences were found between groups in terms of
degree of vacuolization (when in abundance, colloid vacuoles tend to be a sign of thyroid
epithelial cell hyperactivity, which is in line with other studies [66,84,85]).

Decreased follicular sphericity, epithelium of irregular delimitation, and higher degree
of exfoliation are alterations that reflect thyroid function status. Because of this, these
aspects are the ones most likely tied with exposure to CF and OF environments. On the one
hand, decreased follicular sphericity and epithelium of irregular delimitation are commonly
associated with injuries on the thyroid [86,87]. In turn, exfoliation, while being a part of
normal thyroid function, is tied to epithelial cell degeneration, which results in shedding
into the colloid—where apoptosis (cell death) occurs [87,88]. Considering this, results
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suggest that thyroid disruption arising in CF- and OF-exposed mice not only involves
indications of loss of function, but also observable alterations to tissue histomorphology.
On the other hand, evidence of a higher abundance of lymphocytes in the thyroid of
CF- and OF-exposed mice suggests inflammation that may be related to agrochemical
residues and their endocrine-disrupting potential. Agrochemicals have been noted to
cause unusual inflammatory reactions, as they can disrupt the normal physiology and
metabolism of immune system cells [89,90]. In Hashimoto’s thyroiditis, the immune system
actively attacks the thyroid, destroying thyroid cells via cell- and antibody-mediated
processes, which can lead to hypothyroidism or underactive thyroid [91]. The causes for
Hashimoto’s thyroiditis are still unclear; however, it is plausible that environmental factors,
like contaminant exposure, may contribute to its onset [92,93].

It has been shown that EDCs can act at any level of the HPT-axis communication,
including by interfering with tissue-specific factors such as iodothyronine deiodinase
(DIO) enzymes. Some mechanisms of EDCs’ interference with thyroid metabolism and
signaling pathways are (i) mimicking TH structure, (ii) binding to TH receptors, (iii) binding
to TH transport proteins, (iv) inhibiting or stimulating DIO activity, (v) inhibiting or
stimulating thyroperoxidase (TPO) activity, and (vi) inhibiting iodide (I−) transport into
thyrocytes [94–96]. The heavy metals (also designated potentially toxic elements, PTEs)
present in the composition of agrochemicals—with special emphasis on pesticides—often
mimic the chemical structure of TH [97–100]. Because inorganic fertilizers and several
pesticides were used in the CF study site, the observed histological effects on CF-exposed
mice were expected and can likely be attributed to the intensive application of these
contaminants. In contrast, relatively fewer studies have addressed the impact of OF
contaminants on health [26,44,101–103]. In the study of Zhuang et al. (2024) [26], eight types
of major ARGs and 10 mobile genetic elements (MGEs) were detected in the gut microbiome
of mice exposed to a diet consisting of organic foods, including tetracycline, multidrug,
sulfonamide, aminoglycoside, beta-lactamase, chloramphenicol, MLSB, and vancomycin
resistance genes. It was also found that the abundance and diversity of ARGs, MGEs, and
potential antibiotic-resistant bacteria (ARB) in the gut increased with time after organic food
consumption. ARGs are not known to directly disrupt the thyroid; however, environmental
antibiotic-related contaminants can cause thyroid disruption via TH synthesis inhibition
or by causing chemical thyroiditis. It has been documented that long-term exposures
to certain antibiotics—like tetracyclines—present in contaminated food and water can
cause thyroid disruption [104]. The immune system, which is dysregulated in thyroid
autoimmune disorders, can also be influenced by the microbiome [105]. The works of
Kongtip et al. (2019) [44] and Nankongnab et al. (2020a) [102] were the only ones to directly
study thyroid effects on OF farmers. Their works involved the same population of CF
and OF farmers in Thailand. In both studies, the authors found that the TSH, free T3
(FT3), T3, and T4 levels were significantly higher in CF farmers than in OF farmers. In
both groups, several individuals suffered from hypothyroidism, though there was a higher
proportion of hypothyroid individuals in the OF group. The authors suggested the higher
number of females in the OF group—some of which were nearing or in postmenopausal
age—as a likely explanation for a higher proportion of hypothyroid individuals. Another
relevant factor was that many individuals in the OF group had handled agrochemicals,
particularly pesticides, in the past. The studies lacked a population non-exposed to farming
environments to serve as a reference group, which makes it difficult to establish the true
extent of the impact of OF on the thyroid. Still, their results align with those of the present
work in that thyroid effects were overall more pronounced on the CF-exposed group than
the OF-exposed group.
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The results obtained in this work underline the risks of chronic exposure to both CF
and OF environments, which supports the first hypothesis. The thyroids of exposed mice
showed several histological signs of disruption (particularly indicating hypothyroidism),
when compared to the RF’ group, though less pronouncedly in the OF group. While OF
might be a better alternative to CF, it is not completely free of health hazards, mainly because
OF products can be indirectly contaminated by the agrochemicals used in CF practices.
Considering this, organic certification must guarantee total exemption of agrochemical
contamination in OF products. Overall, seeing as exposure to an OF environment seemed
to have a less severe impact on the thyroid, the benefit of transitioning from CF systems
towards OF systems is supported. Petit et al. (2024) [106] alert us to the fact that thyroid
disorders among farmers “likely arise from the combined effects of various causal agents
and triggering factors (agricultural exposome)”. In light of this, it is important to continue
research into what exactly causes thyroid disruption in both CF and, especially, OF farming
practices, so that countermeasures can be taken. Filling in these knowledge gaps is of utmost
importance for occupationally exposed farmers, as well as for the general population
through food consumption. Efforts made towards tracking pesticide residues in food
products have been substantial in the European Union (EU) [107–109]. Unfortunately, the
same still cannot be said about other regions of the world.

5. Conclusions
The findings of this study indicate that chronic exposure to an OF environment—albeit

less pronouncedly than in a CF environment—still leads to thyroid disruption. Although
there are some limitations to be considered—such as the lack of data on TH levels —this
is evidenced by clear histological alterations observed in the thyroid tissue of exposed
wild mice, namely (i) decreased epithelium thickness, (ii) lower epithelial cell area and
(iii) volume, (iv) lower follicular sphericity, (v) epithelium with irregular delimitation,
(vi) greater exfoliation towards the colloid, and (vii) increased inflammation of thyroid
tissue. Lower epithelium thickness, along with lower epithelial cell area and volume, are
indications commonly associated with hypothyroidism.

Because the OF environment seemed to have a less severe impact on the thyroid
than the CF environment, the transition from the globally predominant CF systems to OF
alternatives is supported. Still, knowledge gaps remain regarding the general impact of OF
on human health. More research is needed about what exactly causes thyroid disruption in
both CF and, especially, OF farms, so that preventive countermeasures can be implemented.
The topic is of utmost importance, given that it is not only farmers who are exposed to
such hazards through their occupation, but also the general population, who are exposed
through food consumption.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments13020066/s1, Figure S1. Distribution of the male
and female wild mice (Mus musculus L., 1758) sourced from conventional farming (CF), organic
farming (OF), and reference (RF’) sites; Figure S2. Box plots of the (A) colloid area, (B) colloid
perimeter, (C) epithelium thickness, (D) epithelial cell area, and (E) epithelial cell volume of the male
(M) wild mice (Mus musculus L., 1758) sourced from conventional farming (CF), organic farming
(OF), and reference (RF’) sites; Figure S3. Box plots of the (A) colloid area, (B) colloid perimeter, (C)
epithelium thickness, (D) epithelial cell area, and (E) epithelial cell volume of the female (F) wild mice
(Mus musculus L., 1758) sourced from conventional farming (CF), organic farming (OF), and reference
(RF’) sites; Figure S4. Clustered bar charts of the (A) follicular sphericity, (B) epithelium irregularity,
(C) degree of exfoliation, (D) degree of inflammation, and (E) degree of colloid vacuolization of
the male (M) wild mice (Mus musculus L., 1758) sourced from conventional farming (CF), organic
farming (OF), and reference (RF’) sites; Figure S5. Clustered bar charts of the (A) follicular sphericity,
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(B) epithelium irregularity, (C) degree of exfoliation, (D) degree of inflammation, and (E) degree of
colloid vacuolization of the female (F) wild mice (Mus musculus L., 1758) sourced from conventional
farming (CF), organic farming (OF), and reference (RF’) sites; Figure S6. Photomicrographs from
thyroid histological sections of wild mice (Mus musculus L., 1758) detailing histomorphometric
analysis; Figure S7. Photomicrographs from thyroid histological sections of wild mice (Mus musculus
L., 1758) detailing histomorphological analysis; Table S1. Distribution of males and females from
conventional farming (CF), organic farming (OF), and reference (RF1, RF2) sites; Table S2. Distribution
of males and females from conventional farming (CF), organic farming (OF), and reference (RF’)
sites; Table S3. Descriptive statistics detailing the mean values and corresponding standard errors
of histomorphometric data from male and female wild mice (Mus musculus L., 1758) sourced from
conventional farming (CF), organic farming (OF), and reference (RF’) sites; Table S4. Descriptive
statistics detailing the registered observations of histomorphologic data from male and female wild
mice (Mus musculus L., 1758) sourced from conventional farming (CF), organic farming (OF), and
reference (RF’) sites.
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