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Hypothyroidism is a common disease, and its molecular mechanism still needs further investigation. Lysine succinylation is found to be
involved in various metabolic processes associated with hypothyroidism. We performed quantitative analysis on lysine succinylome in
thyroids of rats with hypothyroxinemia, which was induced through the administration of a high-fat diet. Overall, 129 differentially
expressed proteins were quantified. Downregulated proteins were enriched in the thyroid hormone synthesis and thyroid hormone
signaling pathways and were mainly localized in the mitochondria. In addition, 172 lysine succinylation sites on 104 proteins were
obviously changed. Decreased succinylated proteins were involved in diverse metabolic pathways and were primarily localized in
mitochondria. Finally, the mitochondrial oxygen consumption rates of human normal thyroid epithelial cells were measured to further
verify the role of lysine succinylation. +e mitochondrial oxygen consumption rates were markedly blunted in the cells treated with
palmitic acid (all p< 0.05), and the changes were reversed when the cells were treated with palmitic acid and desuccinylase inhibitor
together (all p< 0.05). +us, we theorize that the thyroid differentially expressed proteins and changed succinylation levels played
potential roles in the mitochondria-mediated energy metabolism in the high-fat diet-induced hypothyroxinemia rat model.

1. Introduction

+yroid hormone, synthesized and secreted by the thyroid
gland, plays a crucial role in the normal development,
differentiation, and metabolism of human beings [1]. Dis-
turbances in thyroid homeostasis may result in several
thyroid disorders such as hypothyroidism. Hypothyroidism
is a disorder of the endocrine system that results from low
production of thyroid hormone thyroxine (TT4) from the
thyroid gland. +is leads to metabolic dysfunction because
thyroid hormone is an essential regulator of glucose-lipid

metabolism and energy homeostasis. Hypothyroidism also
leads to a rise in the concentration of thyrotropin (TSH)
through the negative feedback of the hypothalamus-pitui-
tary-thyroid axis [2]. Primary hypothyroidism, caused by a
dysfunction of the thyroid itself, is the main cause of hy-
pothyroidism [3]. +e onset of hypothyroidism in adults is
often subtle presenting with a range of nonspecific symp-
toms. However, severe untreated hypothyroidismmay result
in poor prognoses, such as heart failure, psychosis, and even
coma [3]. So far, possible measures for the treatment of
hypothyroidism include improvements in symptoms and
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prevention of adverse event. Undoubtedly, hypothyroidism
places a huge burden on the economy and greatly lowers the
quality of the patient’s life. +us, it is essential to investigate
the pathogenesis and explore novel treatment strategies.

Posttranslational modifications (PTMs), which refer to
covalent modifications introduced to amino acids of pro-
teins either enzymatically or nonenzymatically, are key
mechanisms for increasing proteomic diversity and exert
crucial effects on biological function in a variety of species
[4–7]. PTMs modulate protein properties through proteo-
lytic cleavage of regulatory subunits, addition of a modified
group to one or more amino acids, or degradation of entire
proteins, thus determining activity status, localization,
turnover, and interactions with other molecules [8].

Lysine, as the most common posttranslation modified
amino acid residue, is critical for the formation of protein
structures and regulation of protein functions. Lysine res-
idues can be subjected to various PTMs, such asmethylation,
acetylation, biotinylation, ubiquitination, ubiquitin-like
modifications, propionylation, and butyrylation [9–13].
+ese lysine PTMs play important roles in cellular physi-
ology and pathology, thereby influencing almost all aspects
of cell biology and pathogenesis [14–17]. Lysine succinyla-
tion is one of significant posttranslational protein modifi-
cations, which can occur on cytosolic, nuclear, and
mitochondrial proteins by a nonenzymatic chemical reac-
tion [18] and enzymatic catalytic reaction. +e former
succinylation originates directly from succinyl-CoA, which
can be generated from the TCA cycle, lipids, and amino acid
metabolism, and the enzymatic succinylation of lysine takes
place by lysine succinyltransferase. Lysine succinylation has
been identified and verified as an important form of PTM
and is involved in a diverse array of cellular functions as-
sociated with thyroid diseases [19–21]. Cinzia Puppina et al.
have found that acetylated levels of lysine at positions 9–14
of H3 histone (H3K9-K14ac) were significantly higher in
follicular adenomas, papillary thyroid carcinomas, follicular
thyroid carcinomas, and undifferentiated carcinomas than
in normal tissues [22]. Andrea Henze et al. reported that
oxidative modifications of Cys10 seemed to affect the
binding of T3 to transthyretin and provided a sensitive
mechanism for adjusting thyroid hormone availability [23].
+e role of lysine succinylation in thyroid diseases is still
unknown and needs further investigation.

Our previous studies [24, 25] have found that excess
intake of dietary fat induced decreased serum TT4 and FT4
concentrations in parallel with elevated serum TSH con-
centration, as well as abnormal morphology and lipid profile
change of the thyroid gland, providing evidence for the
correlation between lipid profiles and organ function, as well
as a new prospect for understanding the pathogenesis of
hypothyroidism. However, the underlying molecular
mechanism remains unclear and needs further investigation.

Liquid chromatography-tandem mass spectrometry-
(LC-MS/MS-) based proteomic analysis has emerged as a
powerful tool for studying disease mechanisms due to its
high throughput and accuracy [20, 26, 27]. In the present
study, to investigate which PTM played a role in hypo-
thyroxinemia, we detected four types of lysine acylations by

western blotting, including succinylation, crotonylation, 2-
hydroxybutyrylaion, and malonylation. A significant change
in lysine succinylation was observed in the HFD group
relative to the control group.+en, we carried out label-free-
based quantitative analyses on the global proteome and
lysine succinylome of thyroid tissues in the HFD-induced
thyroid dysfunction rat model using LC-MS/MS methods. A
series of bioinformatics analyses were conducted to explore
the underlying molecular mechanisms of hypothyroxinemia
and lysine succinylation’s involvement. We aimed to explore
the association between lysine succinylation and hypothy-
roidism and to evaluate potential diagnostic biomarkers and
therapeutic targets.

2. Materials and Methods

2.1. Experimental Design and Workflow. We compared the
protein expression profile and succinylation level in the rat
thyroid tissue between a high-fat diet (HFD) study group
and a chow-diet (CD) control group. +e experiment
procedures consisted of four key steps as follows: (1) the
establishment and sample collection in a hypothyroxinemia
rat model, as previously described [24, 25]; (2) label-free-
based quantitative proteomics, including protein extraction,
trypsin digestion, high-performance liquid chromatography
(HPLC) fractionation, and antibody-based affinity enrich-
ment of lysine succinylated peptides; (3) LC-MS/MS ana-
lyses; and (4) bioinformatics analyses. +ree biological
replicates were performed for the global proteome and
succinylome analyses.+e procedure is described in detail in
the following paragraphs.

2.2. Animal Model and Ethics Statement. Twenty-six male
SD rats at 6-week-old (Beijing Vital River Laboratory An-
imal Technology Co., Ltd., Beijing, China) weighing
190–210 g were fed in the experimental animal center of
Shandong Provincial Hospital, Shandong University. +e
rats were maintained at a constant temperature and hu-
midity and were rendered a 12 h :12 h light–darkness cycle.
+e rats were randomly and equally divided into the CD
control group (n� 13) and the HFD study group (n� 13)
(the detailed composition of fatty acids in diets is shown in
Supplementary Table S1). +e animals were weighed weekly
and fed for 24 weeks. At the 24th week of feeding, all rats
were fasted for 12 hours before sacrifice. All experiment
protocols were approved by the Animal Ethics Committee of
Shandong Provincial Hospital, Shandong University.

2.3. Serum 8yroid Function Parameters Analysis. Serum
TT4, FT4, and TSH concentrations were measured at the end
of the experiment. Blood samples were collected by inferior
vena cava puncture. Serum TT4, FT4, and TSH were mea-
sured by using ELISA kits (CUSABIO, Wuhan, China). All
procedures were carried out in accordance with the in-
structions provided by the manufacturers.
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2.4. Protein Extraction and Trypsin Digestion. +yroid tissue
samples from 4, 4, and 5 rats were pooled as three biological
replicates, respectively. Each sample was grinded by liquid
nitrogen into cell powder and then transferred to a 5mL
centrifuge tube. Following the addition of four volumes of
lysis buffer (8M urea, 1% protease inhibitor cocktail, 3 μM
TSA, 50mM NAM, and 2mM EDTA) into the centrifuge
tube, sonication on ice was performed three times. After
centrifugation at 12,000 g at 4°C for 10min, the remaining
debris was removed, and the supernatant was collected.
Finally, a BCA kit (Beyotime Institute of Biotechnology,
Shanghai, China) was utilized to determine the protein
concentration according to the manufacturer’s instructions.

In preparation for digestion, the protein solution was
reduced (5mM dithiothreitol, 30min, 56°C) and alkylated
(11mM iodoacetamide, 15min, room temperature in
darkness). +e urea concentration was then diluted to less
than 2M by adding 100mM NH4HCO3. Finally, trypsin
(Promega Corporation, Fitchburg, Wisconsin, United
States) was added at 1 : 50 enzyme-to-substrate mass ratio
and incubated overnight for the first digestion, followed by
the addition of trypsin at 1 :100 enzyme-to-substrate mass
ratio for an additional 4 h digestion.

2.5. HPLC Fractionation and Antibody-Based Affinity
Enrichment. +e tryptic peptides were then fractionated
into several fractions by high-pH reverse-phase HPLC using
Agilent 300 Extend C18 columns (5 μmparticles, 4.6mm ID,
250mm length). Briefly speaking, peptides were first sepa-
rated into 60 fractions with a gradient of 8%–32% aceto-
nitrile (ACN, pH 9.0) for over 60min. Afterwards, the
peptide fractions were combined into 4 fractions and dried
by vacuum centrifuging.

Enrichment was implemented by immunoprecipitation
in accordance with previous studies [28, 29]. Briefly, to
enrich lysine-succinylation modified peptides, tryptic pep-
tides were dissolved in NETN buffer (100mM NaCl, 1mM
EDTA, 50mM Tris-HCl, 0.5% NP-40, and pH 8.0) and then
incubated overnight with prewashed antisuccinyl lysine
antibody agarose beads (catlog no. PTM402; PTM Bio,
Hangzhou, China) at 4°C with gentle shaking. Finally, the
bound peptides were eluted from the beads with 0.1% tri-
fluoroacetic acid (TFA), combined, and vacuum-dried.
Before LC-MS/MS analysis, the obtained peptides were
desalted with C18 ZipTips (Millipore) according to the
manufacturer’s instructions.

2.6. LC-MS/MS Detection, Database Search, and Quantifi-
cation Analysis. +e tryptic peptides were resuspended in
solvent A (0.1% formic acid in 2% ACN) and then directly
loaded onto a reversed-phase analytical column (15 cm
length, 75 μm ID; PTM bio, Hangzhou, China). A constant
flow rate of 700 nl/min was established on an EASY-nLC
1000 UPLC system, with a gradient consisting of 9%–25%
solvent B (0.1% formic acid in 90% ACN) for 38min, 25%–
40% for 14min, climbing to 80% for 4min, and holding at
80% for the last 4min.

+e peptides were subjected to a nanospray ionization
(NSI) source, followed by tandem mass spectrometry (MS/
MS) in a Q ExactiveTM Plus (+ermo Fisher Scientific)
coupled online to an ultraperformance liquid chromato-
graph (UPLC). Intact peptides and succinylated peptides
were detected in the Orbitrap at a resolution of 70,000 and a
m/z scan ranging from 350 to 1800. +e peptides were then
selected using 28% normalized collision energy (NCE) for
MS/MS analyses, and the ion fragments were detected using
the Orbitrap at a resolution of 17,500. Data-dependent
acquisition (DDA) procedures that alternated between one
MS scan followed by 15 and 20MS/MS scans were applied to
collect the top 15 and 20 precursor ions of peptides and
succinylated peptides above a threshold ion count of 10,000
in the MS survey scan with 30.0 s and 15.0 s dynamic ex-
clusions, respectively. +e electrospray voltage applied was
2.1 kV. +e automatic gain control (AGC) was utilized to
prevent overfilling of the ion trap, and 50,000 ions were
accumulated for the generation of MS/MS spectra. +e
maximum injection time was set as 200ms and 100ms for
peptides and succinylated peptides, respectively.

+e acquired MS/MS data were processed and ana-
lyzed with the MaxQuant search engine (v.1.5.2.8).
Tandem mass spectra were searched against the UniProt
rat database (29,795 sequences) concatenated with pro-
tein sequences of common contaminants (such as he-
moglobin, keratin, and lactoglobulin) and a reverse decoy
database. Trypsin/P was specified as a cleavage enzyme
allowing up to two missing cleavages, as well as five
modifications per peptide. +e mass error was set as
20 ppm in the first search and 5 ppm in the main search
for precursor ions and 0.02 Da for fragment ions. Car-
bamidomethyl on cysteine was specified as a fixed
modification, whereas acetylation on the protein N-ter-
minal and oxidation on methionine were specified as
variable modifications. For succinylome analysis, succi-
nylation on lysine was also set as variable modifications.
+e false discovery rate (FDR) thresholds for the iden-
tification of PTM levels, peptides, and proteins were
adjusted to 0.01. +e minimum length of peptide was set
as 7 amino acid residues.

+e quantitative values of each sample in three replicates
were obtained by LFQ intensity. +e first step is to calculate
the differential concentration of the protein between the two
samples. First, calculate the average value of the quantitative
values of each sample in multiple replicates, and then,
calculate the ratio of the average values between the two
samples. +e ratio is used as the final quantitation. For
normalization to succinylated peptides, the naked intensities
of succinylated peptides were first measured and then were
divided by the corresponding protein intensities [30]. To
calculate the significant p value of differential concentration
between two samples, the relative quantitative values of each
sample were taken as log2 transform (so that the data
conform to the normal distribution), and p value was cal-
culated by the two-sample two-tailed t-test method. p val-
ue< 0.05 and protein ratio >1.5 were regarded as
upregulation. p value< 0.05 and protein ratio <1/1.5 were
regarded as downregulation.
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2.7. Bioinformatics Analysis. +e raw proteome and succi-
nylome mass spectrometric data have been deposited to the
ProteomeXchange (https://www.ebi.ac.uk/pride) with
identifier PXD012814. Gene ontology (GO) analyses were
derived from the UniProt-GOA database (http://www.ebi.
ac.uk/GOA/) and GO annotation (http://geneontology.org/)
to classify all identified proteins into three categories: bio-
logical process, cellular component, and molecular function.
A cutoff of absolute fold change ≥1.5 was employed to
identify the differentially expressed proteins. +e functional
pathways of all quantified proteins or succinylated proteins
were annotated by performing the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis (http://www.genome.
jp/kegg/). +e functional enrichment analyses were carried
out to reveal the differentially expressed proteins enriched in
all identified proteins and succinylated proteins. When
performing bioinformatics analysis, a two-tailed Fisher’s
exact test was performed, and a corrected p value< 0.05 was
considered significant. Protein-protein interactions were
analyzed by STRING (http://string-db.org/) using differ-
ential proteins and succinylated proteins with significant
abundance changes as input. +e required confidence score
was set as >0.700 for highly confident interactions. +e
results were visualized using the Cytoscape package.

2.8. Cell Culture and Reagents. +e human normal thyroid
epithelial cell line Nthy-ori3-1 (ECACC, Wiltshire, UK) was
cultured in RPMI-1640 (Gibco, +ermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; ExCell Bio, Shanghai, China), penicillin
(100 IU/ml), streptomycin (100 IU/ml), and L-glutamine
(2mM) at 37°C in a humidified atmosphere containing 5%
CO2.

For the measurement of mitochondrial functions,
briefly, palmitic acid (PA) from 50mM stock solution was
warmed and freshly diluted in 2.5mM BSA-PBS.+e diluted
PA solution was warmed to clear in a 55°C water bath. +en,
the solution of PA and nicotinamide (NAM) was added to
the cultures, respectively. Cells were divided into three
groups according to different treatments (the NC group, the
PA group, and the PA+NAM group).

For immunoprecipitation, cells divided into four groups
(the control group, the NAM group, the PA group, and the
NAM+PA group). NAM, PA, and NAM+PA groups were
treated with NAM, PA, and both NAM and PA, respectively.
All reagents were purchased from Sigma-Aldrich (Saint
Louis, USA) unless otherwise stated.

2.9. Measurement of Mitochondrial OCR. +e measurement
of OCR was performed using an XF96 Analyzer (Seahorse
Bioscience, USA) according to the manufacturer’s instruc-
tions. In brief, approximately 7×103 cells per well were
seeded onto the Seahorse XF96 cell culture microplate
(Seahorse Bioscience, USA) and cultured for 24 hours. After
the administration of PA (0.2mM) and NAM (10mM), the
cells were cultured for another 24 hours. +en, the micro-
plate was incubated in the low-buffered and non-
bicarbonated assay medium (XF base medium with 2mM

glutamine, 1mM sodium pyruvate, and 25mM glucose) in a
non-CO2 incubator at 37°C for 1 hours. +en, OCRs were
measured in an XFe 96 extracellular flux analyzer (Seahorse
Bioscience) for 3 periods with 3min of mixing in each cycle.
+e results were normalized to the corresponding total
protein concentration per well.

2.10. Immunoprecipitation. Cells were cultured for 24 hours.
After the administration of PA (0.2mM) and NAM
(10mM), the cells were cultured for another 24 hours. +en,
cells were washed three times with ice-cold PBS and lysed in
1ml ice-cold RIPA lysis buffer (50mM Tris, 150 nM NaCl,
1% sodium deoxycholate, 1% Triton-X-100, 1mM EDTA,
0.1% SDS, 10mM NaF, 1mM sodium orthovanadate, 1mM
PMSF, and 10mM NAM). Cells were scraped off from
plates, and cell lysates were centrifuged at 12,000 g for 15
minutes. Supernatants were collected, and protein con-
centration was measured by a BCA kit. 500 μg of total
protein was used for IP. Proteins were incubated with the
primary antibody overnight at 4°C with gentle rocking.
Immunocomplexes were immunoprecipitated using protein
A-agarose beads. +e immunoprecipitate was washed four
times with lysis buffer. Finally, each bead pellet was
resuspended in 20 μl of 2× reducing loading buffer (130mM
Tris pH 6.8, 4% SDS, 0.02% bromophenol blue, 20% glycerol,
and 100mM DTT) and boiled at 100°C for 5min. Samples
were stored at −80°C, followed by Western blotting.

2.11. Western Blotting. Equal amounts of protein from
different samples were subjected to 8% SDS-PAGE, followed
by electrotransfer from the gel to polyvinylidene difluoride
membranes (Millipore).+emembrane was blocked with 5%
(w/v) skim milk in TBST and incubated overnight at 4°C
with the pan antisuccinyl lysine antibody (1 :1000 dilution;
PTM Biolabs), anti-sirt5 antibody (1 :1000 dilution; CST),
and anti-GAPDH antibody (1 : 5000; Proteintech, 66009-1-
l g). Following the primary antibodies, the membranes were
incubated with the corresponding secondary antibodies at 1 :
5000 dilution for 1 h at room temperature. Immune com-
plexes were detected using an Amersham Imager 600
(General Electric Company). +e same membrane was
reincubated with anti-GAPDH antibodies. +e GAPDH
protein was used as a loading control for total proteins.

2.12. StatisticalMethods. Quantitative data were presented as
the mean± SEM and were processed using GraphPad Prism
6.0 (La Jolla, CA, USA) and SPSS version 22.0 (Chicago, IL,
USA). One-way ANOVA followed by Turkey’s post hoc test
was performed for multiple comparisons. A p value< 0.05
was considered significant when comparing HFD thyroid
samples with their corresponding CD thyroid samples.

3. Results

3.1. HFD-Induced Hypothyroxinemia. To observe the thy-
roid function, we measured serum TT4, FT4, and TSH. As
shown in Figure 1, the HFD group exhibited decreased
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concentration of TT4 (p< 0.01) and FT4 (p< 0.01) in parallel
with elevated concentration of TSH (p< 0.01). +ese results
indicate that the establishment of the hypothyroxinemia rat
model was successful.

3.2. General Characterization of the Quantitative Proteome in
Rat 8yroid Tissues. Label-free-based quantitative proteo-
mics was performed using HPLC fractionation and high-
resolution LC-MS/MS analysis. Pairwise Pearson’s corre-
lation coefficients displayed sufficient reproducibility of the
experiment (Supplementary Figure S1A in the Supple-
mentary Material for comprehensive image analysis). A
total of 3869 proteins were identified, among which 2982
proteins were quantitative (Supplementary Table S2).
Differentially expressed proteins were filtered with a fold-
change threshold >1.5 (p value <0.05) for upregulation and
a ratio < 1/1.5 (p value <0.05) for downregulation in the
thyroid of the rats with HFD relative to the control. A total
of 129 proteins were quantified as differentially expressed
proteins between the two groups, including 69 upregulated
and 60 downregulated proteins, which is exhibited by
volcano plot (Figure 2(a)). +en, these differentially
expressed proteins were annotated by performing intensive
bioinformatics analyses.

Comparing rat thyroid proteome data with Protein Atlas
Publica database, some hallmark proteins in the thyroid
tissue can be found in our detected results (Figure 2(b)). For
example, thyroglobulin (Tg) is the most abundant among all
proteins in MS detected, which acts as a substrate for the
synthesis of the thyroid hormones, thyroxine (T4) and
triiodothyronine (T3). +yroid peroxidase is also high level
expressed, which is involved in the pathway of thyroid
hormone biosynthesis. Other specific proteins such as
iodotyrosine deiodinase 1 and calcitonin gene-related
peptide 2 in Protein Atlas thyroid database exist in our
protein detected table too (Supplementary Table S2). All of
these proved our mass spectrum proteomics qualification,
and quantification is credible.

GO biological process and molecular function enrich-
ment analysis were performed to all quantified proteins. GO
biologic process enrichment analysis shows that the most
significant enrichment is metabolic process, including sin-
gle-organism metabolic process, small molecule metabolic
process, and organonitrogen compound metabolic process
(Figure 2(c)). For GO molecular function enrichment,
poly(A) RNA binding, protein binding, and cadherin
binding involved in cell-cell adhesion are top three GO
items.

3.3. Enrichment Analysis of the Differentially Expressed
Proteins. Enrichment analyses were performed to identify
GO terms, KEGG pathways, and domains that were sig-
nificantly enriched.

GO analyses were conducted to characterize the bio-
logical processes and molecular functions of the differen-
tially expressed proteins. As shown in Figures 3(a) and 3(b),
among cellular components, the expression of proteins lo-
calized to the ribosome and ribosome subunit increased,
while the expression of proteins localized to the mito-
chondrion and ATPase complex significantly decreased.
Among the molecular functions, the structural constituents
of ribosomes and the structural molecule activity were
upregulated, while the ATPase activity was downregulated.
In the biological process category, the upregulated proteins
were markedly enriched in several metabolic processes
(including peptide, cellular amide, and macromolecule
metabolism), biosynthetic processes (such as peptide, amide,
macromolecule, and organic substance biosynthesis), and
translation. In contrast, some downregulated proteins were
enriched in a number of metabolic processes including the
nitrogen cycle and sulfur metabolism.

+e KEGG pathway enrichment analyses were also
performed to further investigate the functions of these
differentially expressed proteins. Consistent with the results
of GO analyses, the results show that the ribosome pathway
was the most prominent enriched pathway for upregulated
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Figure 1: +yroid hormones measurement. Serum TSH (a), TT4 (b), and FT4 (c) were measured using ELISA kits in rats in the chow-diet
(CD) control group or the high-fat diet (HFD) study group. Hypothyroxinemia in the HFD group was observed. Error bars represent the
mean± SD. ∗p< 0.01 versus the CD group.
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Figure 2: Continued.
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proteins (Figure 3(c)). Meanwhile, downregulated proteins
were observed to be enriched in the thyroid hormone sig-
naling pathway and thyroid hormone synthesis, indicating
that these pathways may play essential roles in the devel-
opment of hypothyroxinemia (Figure 3(d)).

3.4. General Characterization of Quantitative Succinylome in
Rat 8yroid Tissues. Label-free-based quantitative lysine
succinylome analysis was performed using antibody-based
affinity enrichment, followed by LC-MS/MS analysis. Al-
together, 685 succinylation sites in 250 proteins were
identified, among which 621 succinylation sites on 229
proteins were quantified and normalized to the proteome
data (Supplementary Table S3). With a quantification ratio
of >1.5 (p value< 0.05) as the upregulation threshold and
<1/1.5 (p value< 0.05) as the downregulation threshold, 172
succinylation sites corresponding to 104 proteins showed

different succinylation levels in three repeated experiments
(7 upregulated succinylated sites on 5 proteins, 165
downregulated succinylated sites on 99 proteins, and the
HFD group compared with the CD group), which is
exhibited by volcano plot (Figure 4(a)).+e average peptides
mass error was <10 ppm, indicating a high mass accuracy of
the MS data (Supplementary Figure S1B in the Supple-
mentary Material for comprehensive image analysis). +e
lengths of the most identified peptides were 8–20 amino acid
residues (Supplementary Figure S1C in the Supplementary
Material for comprehensive image analysis).

Compared with the CD group, most lysine succinylation
on different proteins undergo downregulated change in the
HFD group, moreover, these succinylated proteins are lo-
cated in mitochondria, including ATP synthase complex and
isocitrate dehydrogenase (IDH2). However, several lysine
sites succinylation are upregulated on thyroglobulin
(Figure 4(b)). GO biologic process enrichment analysis
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Figure 2: General characterization of the quantitative proteome. (a) Volcano plot illustrating significantly differential abundant proteins in
proteome analysis. +e −log10 (p value) is plotted against the log2 (ratio HFD/control). (b) Table illustrating the specific proteins in thyroid
detected. (c, d) GO biologic process andmolecular function enrichment analysis, respectively; bars length represents genes number and dots
indicate −log10 (p value) corresponding GO items.

International Journal of Endocrinology 7



reveals that the tricarboxylic acid cycle, fatty acid beta-ox-
idation using acyl-CoA dehydrogenase, oxidation-reduction
process, fatty acid beta-oxidation, and lipid homeostasis are
top five significant GO items (Figure 4(c)). And, molecular
function enrichment analysis (Figure 4(d)) shows that fatty-
acyl-CoA binding and related metabolism are enriched
significantly.

3.5. Enrichment Analysis of the Differentially Changed Suc-
cinylated Proteins. As shown in Figures 5(a) and 5(b),
among cellular components, the downregulated succinylated
proteins mainly exhibited the tricarboxylic acid cycle (TCA
cycle) enzyme complex. +e most enriched molecular
function was the ligase activity. In the biological process

category, proteins related to the system process that
responded to the lipids were enriched among the upregu-
lated succinylated proteins, while proteins related to the
TCA metabolic process, cellular respiration, TCA cycle,
citrate metabolic process, energy derivation by oxidation of
organic compounds, and aerobic respiration were enriched
among the downregulated succinylated proteins.

+e KEGG pathway enrichment analysis indicated
that the citrate cycle (TCA cycle) was the most enriched
pathway among the downregulated succinylated proteins.
In addition, propanoate metabolism and pyruvate
metabolism related pathways were also enriched
(Figure 5(c)). Protein domain analysis revealed that the
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Figure 3: Enrichment analyses of the differentially expressed proteins: (a) upregulated and (b) downregulated proteins were examined by
the GO functional enrichment; (c) upregulated and (d) downregulated proteins were examined by the KEGG pathway analysis. Upregulated
and downregulated proteins were defined as >1.5 folds and <1/1.5 compared to the control, respectively.
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Figure 4: General characterization of the quantitative succinylated proteins. (a) Volcano plot illustrating significantly differential abundant
succinylation sites analysis. +e −log10 (p value) is plotted against the log2 (ratio HFD/control). +e −log10 (p value) is plotted against the
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top two significantly enriched terms were biotin/lipoyl
attachment and single hybrid motif (Figure 5(d)).

3.6. Differential Proteins and Succinylated Proteins PPI
Analysis. To better understand the function of lysine suc-
cinylation and hypothyroidism pathology, the differential
proteins and succinylated proteins were subjected to a
protein-protein interaction (PPI) network analysis using the
STRING database (Vision 11.0). STRING defines a metric
called “confidence score” to define interaction confidence;
we fetched all interactions that had a confidence score ≥0.7
(high confidence). A network of protein-protein interactions
was generated and clustered with the Markov cluster (MCL)
algorithm [31], which was then visualized using the Cyto-
scape program (Vision 3.7).

Differential protein-protein net analysis reveals that
ribosome proteins interaction is highly clustered, and the
proteins of this PPI net cluster is characterized with
upregulated coexpression (Figure 6(a)). +e differential
succinylated proteins interacting net (Figure 6(b)) shows
three function clusters: the citrate cycle (TCA cycle), ATP
synthase complex, and valine, leucine, and isoleucine
degradation, and all of them are downregulated
succinylation.

3.7. Measurement of Mitochondrial OCR. To further inves-
tigate the role of fatty acids in mitochondrial function and to
avoid cofounding factors in vivo, OCR representing levels of
mitochondrial function were measured in normal human
thyroid epithelial cells. As shown in Figure 7, mitochondrial
OCRs related to basal respiration, ATP production, and
maximal respiration are markedly blunted by palmitic acid
exposure (all p< 0.05), and the changes were reversed when
the cells were treated with palmitic acid and desuccinylase
inhibitor together (all p< 0.05).

3.8. Verification of Protein Succinylation Levels. To deter-
mine the variation of protein succinylation in cell line, we
performed protein immunoprecipitation assays coupled
with Western blotting to detect isocitrate dehydrogenase 2
(IDH2) succinylation levels. IDH2 was known as a critical
enzyme in the tricarboxylic acid cycle. Nthy-ori3-1 cells were
treated with NAM or PA or both NAM and PA, respectively.
+e result showed that IDH2 was indeed succinylated, and
its succinylation was inhibited by PA treatment. Although
IDH2 succinylation did not show obvious change in re-
sponse to NAM, both PA and NAM treatment made IDH2
succinylation level recovered compared with PA treatment
(Figure 8).
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Figure 5: Enrichment analyses of the differentially changed succinylated proteins: (a) upregulated and (b) downregulated succinylated
proteins were classified by the GO functional enrichment; downregulated succinylated proteins were examined by (c) KEGG pathway
analysis and (d) domain enrichment analysis.
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4. Discussion

In present study, a HFD-induced hypothyroxinemia rat
model was constructed according to our previous studies
[24, 25]. Excess intake of dietary fat induced significant
thyroid dysfunction and hypothyroxinemia in rats by de-
creasing the expression of thyroid hormone synthesis-re-
lated proteins, providing evidence for the correlation
between lipid profiles and organ function. +en, we
employed a quantitative proteomics strategy and LC-MS/
MS-based enrichment to investigate global protein and
succinylation profiles in thyroid tissues. We identified 129

differentially expressed proteins and 172 differentially
expressed succinylation sites, among which several proteins
and succinylation sites were localized in the mitochondria
and associated with mitochondrial function. To confirm the
alterations in mitochondrial respiratory activities, OCR was
further employed to verify the LC-MS/MS results.

+e proteome data demonstrated changes in the met-
abolic processes in the HFD-induced hypothyroxinemia rat
model. Benard et al. presented a proteome-wide study in
HFD-fed mice and detected that fifty-four percent of those
differentially expressed proteins were involved in metabolic
processes [32]. In addition, Yang et al. revealed that the
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Figure 7: Human normal thyroid epithelial cells were isolated and cultured. +e cells were treated with and without palmitic acid (PA) in
the presence and absence of a desuccinylation inhibitor (NAM) for 24 hours, respectively. Mitochondrial OCRs were measured using the
Seahorse XF96 analyzer (mean± SEM, n� 7–8). OCRs related to the mitochondrial basal respiration, ATP production, maximal respiration,
and spare capacity were analyzed and normalized to the corresponding total protein concentration per well, respectively, (ns p> 0.05,
∗p< 0.05, ∗∗p< 0.01). Each datum was obtained from independent three days. One-way ANOVA followed by Turkey’s post hoc test was
performed for multiple comparisons.
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the presence and absence of a desuccinylation inhibitor (NAM) for 24 hours, respectively. Total proteins of each group were subjected to
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metabolic pathways of differentially expressed proteins were
possibly related to the HFD-induced decline in male rats’
fertility [33]. Furthermore, Tu et al. found that the protein
expression levels of intracranial and extracranial athero-
sclerosis in HFD-fed rabbits were different, which facilitated
the diagnosis and treatment of cerebral arteriosclerosis [34].
+ese proteomics studies provided molecular understand-
ings of HFD-induced pathology and identified potential
targets for the development of therapeutics for metabolic
syndromes. +us, we theorize that HFD may play an im-
portant role in the formation of hypothyroidism [35, 36].

Recent studies have focused on protein PTMs to identify
the potential mechanisms of several diseases. Various types
of PTMs such as phosphorylation, lysine acetylation,
ubiquitination, propionylation, crotonylation, and succi-
nylation have been discovered with the development of mass
spectrometry technology [7, 12, 37]. Particularly, the role of
PTMs in regulating cellular energy metabolism has been
demonstrated. To investigate which PTM played a role in
hypothyroxinemia, we detected four types of lysine acyla-
tions by western blotting, including succinylation, croto-
nylation, 2-hydroxybutyrylaion, and malonylation. A
significant change in lysine succinylation was observed in
the HFD group relative to the control group. Lysine suc-
cinylation, as a newly identified PTM in proteins, is wide-
spread in diverse organisms and impacts various metabolic
pathways [38–41]. +us, we investigated the quantitative
protein succinylome in the HFD-induced hypothyroxinemia
rat model, with the goal of exploring the possible role of
lysine succinylation in HFD-induced hypothyroxinemia.

At the succinylome level, our data indicated a close
relationship between lysine succinylation andmitochondria-
mediated metabolic regulation. As we all know, mito-
chondria participate in the metabolism of amino acids,
lipids, cholesterol, steroids, and nucleotides. Perhaps, most
importantly, mitochondria play a fundamental role in cel-
lular energy metabolism (including the fatty acid β-oxida-
tion and the respiratory chain), which is essential to diverse
cellular functions and developmental processes [35, 36].
Recent protein succinylome studies in human renal cell
carcinoma tissues have shown that the glycolysis pathway
might be regulated through lysine succinylation and play a
potential role in renal cell carcinoma progression [42].
Additionally, Song et al. identified that the TCA cycle and
pentose phosphate pathway were potential mechanisms of
the energy metabolism in human gastric cancer, which
might be regulated through lysine succinylation in their core
enzymes [43]. Furthermore, it is well known that thyroid
hormone participates in energy regulation and metabolic
processes, and the loss of thyroid hormone homeostasis is
highly associated with various thyroid dysfunctions in-
cluding hypothyroidism and hyperthyroidism [44, 45].+us,
lysine succinylation may play a vital role in mitochondrial
function and energy metabolism in the HFD-induced
hypothyroxinemia rat model [38–41].

Fatty acids, as the major components of triglycerides,
were found in increased contents in thyroid tissues of the
HFD-induced rat model in previous studies. To further
investigate the role of fatty acids in the mitochondrial

function and to avoid cofounding factors in vivo, fatty acids
were used to treat normal human thyroid epithelial cells,
thus decreasing the succinylation level. Mitochondrial
functions were then investigated in vitro in the present study.
Palmitic acid, as the most common saturated fatty acid in
animals, plants, and microorganisms, was applied. Nico-
tinamide (NAM), as an inhibitor of SIRT5, which has been
reported to catalyze the removal of succinylation [46–48],
was then treated to palmitic acid-stimulated cells to inhibit
the desuccinylase activity of sirtuins. Mitochondrial OCR
was then used to examine the mitochondrial function of
normal human thyroid epithelial cells with altered succi-
nylation levels. +e results in vitro were in accordance with
the results in vivo, further suggesting that fatty acids might
directly influence energy metabolism and play an important
role in the formation of hypothyroidism.

To the best of our knowledge, the present study is the first
to investigate the succinylome in an HFD-induced hypo-
thyroxinemia rat model. Succinylation level shows signifi-
cant downregulation in many important proteins, mainly
localized in mitochondria. We suppose that the significant
succinylation downregulated mitochondrial ATP synthase
complex, and mitochondrial IDH2 protein is more likely to
accompany with the depressed tricarboxylic acid cycle ac-
tivity because succinylation depends on intracellular suc-
cinyl-CoA levels, and succinyl-CoA can be generated from
the TCA cycle, lipids, and amino acid metabolism, for
succinylation can occur by a nonenzymatic chemical
reaction.

5. Conclusions

+is research reveals significant downregulated lysine suc-
cinylated proteins mainly localized in mitochondria and co-
occur with the depressed mitochondria activity in the HFD-
induced hypothyroxinemia rat model. +ese results expand
our understanding of the underlying mechanism of hypo-
thyroidism progression and provide new avenues of ex-
ploration with regard to potential treatment strategies for
hypothyroidism.
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+e epigenome of an individual can be altered by endogenous hormones, environment, age, diet, and exposure to endocrine
disrupting chemicals (EDCs), and the effects of these modifications can be seen across generations. Epigenetic modifications to the
genome can alter the phenotype of the individual without altering the DNA sequence itself. Epigenetic modifications include DNA
methylation, histone modification, and aberrant microRNA (miRNA) expression; they begin during germ cell development and
embryogenesis and continue until death. Hormone modulation occurs during the ageing process due to epigenetic modifications.
Maternal overnutrition or undernutrition can affect the epigenome of the fetus, and the effects can be seen throughout life.
Furthermore, maternal care during the childhood of the offspring can lead to different phenotypes seen in adulthood. Diseases
controlled by the endocrine system, such as obesity and diabetes, as well as infertility in females can be associated with epigenetic
changes. Not only can these phenotypes be seen in F1, but also some chemical effects can be passed through the germline and have
effects transgenerationally, and the phenotypes are seen in F3. +e following literature review expands upon these topics and
discusses the state of the science related to epigenetic effects of age, diet, and EDCs on the endocrine system.

1. Introduction to Epigenetics

Epigenetic reprogramming occurs during germ cell devel-
opment and embryogenesis, and epigenetic modifications
influence the expression of genes, creating phenotypic ex-
pression, without changing the genetic sequence [1]. To date,
there are three known epigenetic mechanisms of endocrine
disruption: DNA methylation, histone modification, and
aberrant miRNA expression. +ese mechanisms have
myriad effects on human development, health, and
reproduction.

Epigenetic modifications do not alter the gene sequence;
however, they can alter gene expression [2]. Epigenetic
changes are heritable [3] during cell division [4] and re-
versible based on environmental signals [5]. Endocrine
Disrupting Compounds (EDCs) that methylate DNA can
target the cytosine residues located in cytosine-phosphate-
guanine (CpG) dinucleotides by adding a methyl group to

the 5′ position of the cytosine pyrimidine ring [6]. +e
importance of methylation at CpG sites and gene expression
varies. Gene expression is regulated by cytosine methylation
as well as transcription factor binding [7]. It is generally
accepted that DNA methylation does not directly affect
the DNA molecule-with the exception of cytosine methyl-
ation at CpG sites. Cytosine methylation is required for
embryonic development in mammals and thus is the only
epigenetic modification known to directly affect the DNA
molecule [5].

Histone modification often occurs concomitantly with
DNA methylation and results in short- and long-term al-
terations in transcription programs [8]. Histones are pro-
teins that pack DNA into nucleosomes which make up
chromatin, and modifications in the histone can alter the
accessibility of chromatin as well as altering the transcrip-
tional activities in the cell [9]. Gene activation and silencing
can be associated with histone modifications [10]. Histone
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modifications can be responsible for the transduction of
hormones such as insulin growth factor I (IGF1) [11].

+e third type of epigenetic endocrine disruption is the
aberrant expression of microRNAs (miRNAs). miRNAs are
closely related to small interfering RNAs (siRNAs) which
are involved in DNA methylation and histone modifications
[9], and they are composed of 21–24 single stranded nu-
cleotides [12]. miRNAs are noncoding RNA produced from
introns/exons that bind to target mRNAs in order to sup-
press protein translation and posttranscriptional gene ex-
pression. +us, if miRNA expression is amplified or
diminished, production of protein or peptide hormones
could be disrupted. miRNAs have broad specificity for
mRNAs, andmore than onemiRNA can target mRNAs [13].

2. HormonalModulation andEndocrine System
Plasticity through Epigenetic Mechanisms

+e endocrine system is responsible for maintaining ho-
meostasis in the body; therefore, it must be very responsive
to environmental alterations [4]. +e nutritional environ-
ment that the mother has during the last 3 months of
pregnancy cues the infant’s system as to what the envi-
ronment will be once out of the womb [14]. +e endocrine
system will respond to this by altering the metabolic system
based on the nutritional environment that the child is
suspected to be exposed to [14]. However, this can lead to
diseases in child and adulthood if incorrectly adjusted. +e
child can possibly experience health problems such as
cardiovascular disease, diabetes, and obesity if this metabolic
adjustment was erroneous [14]. Furthermore, maternal
hormonal signals during pregnancy can modify the orga-
nizational pathways in the fetus’ brain nuclei, which can
affect physiological and behavioral responses in the adult
offspring [15].

Hormones can affect the phenotype, typically of be-
havior [16], as well as regulating development, growth, re-
production, metabolism, and immunity [17].+e abundance
of hormone receptors themselves can explain the differences
between phenotypes among individuals when encountering
specific stressors [18]. For example, corticosterone has two
receptor types: one that is active when the hormone is
present in low concentration (high affinity receptor) and the
other that is active when the hormone is in high concen-
tration (the low affinity receptor) [19]. +e high affinity
receptor is mediating the effects of corticosterone levels
daily, and the low affinity receptors are engaged during
responses to stress when cortisol is at greatest concentra-
tions, for example [19].

Phenotypic plasticity occurs in response to internal and
external environmental cues that lead to the cell changing its
behavior [4]. Environmental stressors, both endogenous and
exogenous, can partition the genome into active and inactive
domains epigenetically, which can drive phenotype plasticity
[3]. Critical time periods in epigenetic reprogramming are
during gametogenesis and early preimplantation develop-
ment, and genome-wide demethylation occurs upon fer-
tilization [20]. Furthermore, germ cells and early embryonic
cells have been the only cells affected by epigenetic

programming on a genome-wide scale [20]. +is phenom-
enon allows for epigenetic traits to be turned from “stable”
to “flexible.” Epigenetic programming is important for
erasing genomic imprints and epimutations that could be
inherited across generations. It also controls transposon
silencing [20].

Ong et al. [21] studied the effects of exposing the central
amygdala (CeA) to elevated corticosteroids (CORT) on
anxiety like behaviors inmice. Researchers inserted pellets of
CORT in the CeA in mice. +ey found that the elevated
levels of CORT in the CeA decreased histone acetylation in
histone 3 at lysine 9 (H3K9) as well as decreasing gluco-
corticoid receptors (GR) and increasing corticotropin-re-
leasing factor (CRF) expression. +e same researchers also
implanted CORT into the dorsal margin of the CeA; GR
expression was reduced in the CeA [21]. +ey also studied
the role of histone acetylation in GR and CFR gene ex-
pression. In order to do this they treated animals with
trichostatin A (TSA) after the CORT implantation. TSA
reduces the effects of CORT-induced changes in gene ex-
pression. Ong et al. [21] also found that these animals
showed greater GR expression in the CeA and showed
a reduction in expression of CRF in the CeA. Increasing
CORTin the CeA induced H3K9 deacetylation and inhibited
histone deacetylases in the CeA and reduced anxiety-like
behavior [21].

Ovarian functions such as folliculogenesis, oocyte
maturation, ovulation, and luteal function are controlled by
microRNA (miRNA) signalling [12]. Aberrant expression of
miRNAs can alter endocrine functions.Dicer andDrosha are
essential in the biogenesis of miRNAs [22, 23]. DGCR8 is
a cofactor of DROSHA [24]. At embryonic day (E) 6.5, the
deletion ofDGCR8 led to the elimination of all miRNA in the
embryo and resulted in embryo death [22]. After breeding
heterozygously for Drosha +, embryos with Drosha -/- ge-
notype were much smaller than heterozygous embryos at
E6.5, and the embryos deteriorated between E7.5 and E8.5
[22]. A lack of Drosha does not cause infertility in aging
female mice [25]. In contrast, female fertility in adulthood is
not possible without oocyte Dicer expression [20]. Ddx4-
Dicer conditional knockout (cKO) female mice were bred
with fertile male mice, and no offspring were produced
suggesting Dicer cKO leads to infertility [22]. At PND 120
ovaries were evaluated for status of follicles, and Ddx4-Dicer
cKO ovaries had no developing follicles; interestingly, pri-
mordial, primary, secondary, and antral follicles were
present at PND 30 and PND 40, suggesting a continuous loss
of follicles with age [22].

Wang et al. [24] generated mouse Dgcr8 knockout
embryonic stem (ES) cells in order to assess the role ofDgcr8
in miRNA processing as well as studying the role of miRNAs
in early development. After creating Dgcr8 knockout ES
cells, no mature or intermediate pre-miRNAs were present
[24]. Without Dgcr8, proper ES cell proliferation and cell-
cycle progression cannot occur, and ES cell self-renewal
cannot be silenced without miRNAs [24].

Epigenetic mechanisms affect fertility and hormonal
responses within an organism and occur due to external and
internal stimuli. +ese modifications and responses can

2 International Journal of Endocrinology



result in anxiety-like behaviors [21], and if the proteins
within miRNAs are affected, fertility can be compromised
[22].

3. Environmental Regulation of Endocrine
Systems through Epigenetic Mechanisms

+ree genomic targets have been identified as susceptible to
environmental epigenetic changes: promoter regions of
housekeeping genes, transposable elements that lie adjacent
to genes with metastable epialleles, and regulatory elements
of imprinted genes [2]. All three targets are rich in CpG
dinucleotides, thus making them susceptible. +ese se-
quences can be unmethylated, methylated, or differentially
methylated between organisms, and some have histone
modifications in the same region which determines levels of
gene expression [2]. +rough environmental stimuli such as
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
the methylation statuses ofH19 and Igf2 are altered [26], and
other environmental stimuli such as stress lead to the body
up- or downregulating enzyme 11β-HSD2 which protects
the fetus from maternal hormones [27]. +e expression of
these enzymes can also be altered due to exposure to metals
or metalloids [28]. Likewise, maternal care can alter the
response to stress later in life of mice by altering the DNA
methylation status and chromatin structure [29].

Wu and colleagues [26] directly studied the effects that
TCDD has on the methylation status of H19 and Igf2 which
are growth-related imprinted genes. +ey exposed mice
embryos preimplantation to TCDD and then implanted the
embryo in unexposed female mice. With exposure to TCDD
the expression level of H19 decreased, and the expression of
Igf2 tended to decrease but not at a statistically significant
value [26]. +e 5-methylcytosine concentration in the tar-
geted region of genomic DNA was higher in TCDD-exposed
embryos compared to the control. +e methylation level of
H19 and Igf2 in the imprint control region was also higher in
TCDD-exposed samples, and this was significantly corre-
lated with lower fetal body weight [26].

Maternal behavior produces stable alterations in DNA
methylation and chromatin structure which affects the
gene expression in offspring [29]. In a mouse study, adult
mice who had high pup licking and grooming (LG) and
arched-back nursing (ABN) mothers as infants had
a more moderate hypothalamic-pituitary-adrenal (HPA)
function, controlled by the neuroendocrine system [30],
respond to stress compared to the offspring of low LG-
ABN mothers [29]. +is outcome is due to the differences
in hippocampal glucocorticoid receptor gene (GR) levels
and GC negative feedback sensitivity [29]. Using sodium
bisulfite mapping, the 5′ and 3′ CpG dinucleotides within
the nerve growth factor-inducible protein-A (NGFI-A)
binding site were heavily methylated in both the high and
low LG-ABN offspring on postnatal day (PND) 1 due to
the postnatal wave of new methylation [29]. In the high
LG-ABN, the 5′ CpG dinucleotide of the NGFI-A binding
site was demethylated by PND 6 [29]. In the offspring of
low LG-ABN mothers, the 5′ CpG dinucleotide appears to
be methylated always [29].

Even small differences in epigenetic patterns can have an
impact on phenotype [31], and the environment can in-
fluence these. Monozygous twins begin with the same en-
vironment in the womb, and once they are born and
throughout life their environment differs from one another.
Differences in the genomic distribution of 5-methylcytosine
DNA and histone acetylation play a role in gene expression
in monozygous twins [32]. +ese changes can be attributed
to both external and internal factors. Nearly one-third of
monozygous twins have epigenetic differences in DNA
methylation and histone modification. Fraga et al. [32]
found that as the twins got older there were more differences
in their epigenetic patterns.

Stress during childhood has been linked to reduced
glucocorticoid receptors in adults. McGowan et al. [7] found
that, in suicide completers who had a history of child abuse,
the hippocampal expression of glucocorticoid receptor
mRNA and glucocorticoid receptor 1f splice variant was
significantly decreased compared to suicide completers
without a history of child abuse. Of note, the total gluco-
corticoid receptor expression is equal to its hippocampal
expression. +is difference was linked to the increase in
methylation of the human glucocorticoid receptor gene
(NR3C1) and reduced expression of the glucocorticoid re-
ceptor mRNA [7].

Glucocorticoids (GCs) are steroid hormones that regulate
many functions such as blood pressure and metabolic pro-
cesses in the body due to their ability to induce many genes’
expressions throughout bodily systems [33]. +e role of 1β-
hydroxysteroid dehydrogenase type 2 (11β-HSD2) is to
protect the fetus from the high levels of maternal GC hor-
mones [28]. 11β-HSD2 activity and expression in the pla-
cental tissues can be altered by exposure to metals and
metalloids [34]. +e decrease of expression and activity of
11β-HSD2 will result in increased GC exposure and enhanced
response to GC in the fetus which will cause GC-induced fetal
growth restriction (FGR) [28]. Exposure to cadmium (Cd)
through the environment or smoking can decrease 11β-HSD2
expression and activity in trophoblast cells in the placenta
[28]. In contrast, Mikelson et al. [35] found that there was no
correlation between 11β-HSD2 and placental concentrations
of Cd. Co, Ni, Zn, Fe, and Cu were also evaluated, and there
was a positive correlation between the concentration of these
metals and the expression of 11β-HSD2 only in male pla-
centae, whereas female placentae did not show any correla-
tion between expression of 11β-HSD2 and concentration of
these metals and metalloids [35].

11β-HSD2 activity and expression in the placental tis-
sues can also be altered by maternal stress [27]. An upre-
gulation of 11β-HSD2 in the placental tissues can be
triggered by maternal acute exposure to stress on GD 20
[27]. In contrast, maternal chronic stress exposure from GD
14 to GD 19 did not alter 11β-HSD2 activity; however, it did
reduce the ability to upregulate 11β-HSD2 activity during
acute stress exposure [27].

Environmental factors that affect expression of various
genes include exposure to TCDD, maternal behavior to the
offspring, stress during childhood, and placental exposure to
metals and metalloids. +ey, respectively, affect the
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expression of growth imprinting genes H19 and Igf2, GR,
NR3C1, and 11β-HSD2.

4. Ageing-Induced Hormone Modulation and
Epigenome Modifications

Hormone modulation occurs naturally as we age. GC ex-
pression levels increase as we age while the abundance of GC
receptors decreases, which can in turn leads to more GC
production [33]. In eukaryotic cells, modification of 5-
methylcytosine is the most abundant DNA base modifica-
tion that is responsible for gene repression [36]. During the
process of aging, the level of 5-methylcytosine in DNA
decreases leading to hypomethylation in most tissues while
hypermethylation occurs in promoter regions [37]. As de-
scribed above, histone modification and DNA methylation
often occur concomitantly [8]. Histone modifications can
alter the accessibility of chromatin, alter transcriptional
activities in the cell [9], and cause transduction of some
hormones [11].

+e ubiquitin-proteasome system (UPS) deteriorates
during the ageing process [38]. Histone deacetylase 1
(HDAC1), DNA cytosine-5-methyltransferase (DNMT1),
and chromatin modifiers are regulated by the UPS. More-
over, while ageing, the number of histone chaperones,
ASF1A/B, and chromatin assembly factor 1 (CAF1) de-
creases; therefore the assembly of histones around DNA and
histone incorporation into chromatin are also decreased
[39].

+e role of corticosteroid binding globulins (CBG) is to
transport GCs in the blood as well as regulating entry of GCs
into the blood. +ere are no changes in CBG with age [33].
However, the activity of 11β-HSD1 enzymes, which convert
inactive cortisone into active cortisol [40], increases with
age. In contrast, 11β-HSD2 activity decreases with age which
leads to the increased bioavailability of intracellular GCs.
Unregulated GC bioavailability has been implicated in age-
related disorders such as metabolic diseases, cognitive de-
cline, and cardiovascular risk [41].

Global hypomethylation can be caused by a decrease in
activity of DNMT1, which specifically adds methyl groups to
cytosines [42]. Likewise, global hypomethylation can occur
due to the inhibition of the activity of DNMT1 by cellular S-
adenosylhomocysteine, which increases during aging [42].
Global DNA methylation can decrease due to the reduction
of sex hormones during aging [42]. Histone acetylation is
also altered during ageing. +e irregular histone acetylation
is due to the change in activity balance between histone
acetyltransferases (HATs) and histone deacetylases
(HDACs) that occurs with age. +is change can increase the
development of age-associated diseases such as insulin re-
sistance [42].

Choi et al. [43] hypothesized that cumulative estrogen
exposure across the lifetime may be associated with dif-
ferential methylation of genes. +e reproductive period in
a female’s life is measured from the age of menarche to the
age of menopause, and during this time the woman is ex-
posed to varying activities and types of estrogens [43].
Women with longer reproductive periods have more

methylation across the oxidative phosphorylation
(OXPHOS) apparatus, which are genes found mainly in
autosomes. High levels of methylation in OXPHOS are
associated with strokes [43]. Choi et al. [43] also tested their
hypothesis by examining the association between re-
productive period and DNA methylation in the 95 genes of
the 5′ to 3′ UTR [43]. +e transcription start site NDUFS8
showed the most methylation in the OXPHOS apparatus
[43]. In the second approach, they [43] usedWilcoxon rank-
sum tests to analyze the Hallmark pathways from the
Molecular Signatures Database [44] that were the most
differentially methylated pathways between organisms in
relation to the reproductive period [43]. Ten pathways were
differentially methylated; the third most significantly
methylated pathway was the Hallmark oxidative phos-
phorylation pathway [43]. In the Hallmark oxidative
phosphorylation pathway, 95 OXPHOS genes overlapped
from the first approach, and 68 genes were found to be
common; however, 133 genes were unique to the Hallmark
pathway [43].

During ageing histone H3.3 becomes more abundant.
Histone H3.3 packages the neuronal genome looser than
other histones [45]. +e looser packaging allows for more
histone exchange as well as increased access to transcription
machinery [45] and, thus, more histone modification. In
baboons, HIRA, a heterochromatin protein and H3.3 spe-
cific chaperone found also in humans, increases [46].
Likewise, in embryonic and postnatal development of
chicken and mice, H3.3 levels increase in the brain, heart,
kidney, liver, and spleen [47].

Epigenetic modifications such as hyper- and hypo-
methylation and histone modifications can be seen on
certain genes through the ageing process.

5. Effects of Nutritional Exposure on Endocrine
Systems through Epigenetic Route

Bioactive food components can inhibit enzymes that me-
diate DNA methylation and histone modifications [37].
Nutrients, such as folate, can act as methyl sources that
contribute to the production of S-adenosylmethionine
(SAM), a methyl donor for methylation reactions [37]. Once
SAM donates a methyl group to a methylation reaction, it
converts to S-adenosylhomocysteine (SAH), which is further
converted to homocysteine [37]. A deficiency in nutrients
that donate methyl groups can lead to the lowered avail-
ability of SAM and SAH, which decreases the frequency of
DNA methylation, due to the decrease of expression of
DNMT1 [37]. Epigenetic reductions of DNA methylation in
the preovulatory oocyte can have long-term effects on the
embryo [48]; furthermore, folic acid supplementation before
conception has been linked to the imprinting status of IGF2
[49].

Insulin-like growth factor 2 (IGF2) gene affects growth
weight by encoding a fetal and placenta growth factor [50].
During the third trimester maternal concentrations of IGF2
are inversely related to the mother’s body weight and are
positively correlated with the placental weight and new-
born’s height [50]. Lower IGF2 concentrations during the
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third trimester on the maternal placental side are correlated
with higher IFG2 differentially methylated region (DMR) 2
[50]. Increased methylation of the IGF2 DMR is associated
with periconceptional folic acid supplementation of the
mother [49]. IGF2 methylation and birth weight are in-
versely related [49]. 17 months after delivery the biomarkers,
SAM, SAH, or SAM/SAH in the mother and child did not
differ between periconceptional use of folic acid and no
periconceptional use of folic acid [49].

In the weeks leading to conception, sheep were exposed
to methyl deficient (MD) diet which included low levels of
vitamin B12, folate, and amino acid methionine [48]. +e
MD diet resulted in higher concentrations of homocysteine
in ovarian follicular fluid, plasma, and granulosa cell lysates
compared to the control diet [48].+eMD offspring showed
a greater growth rate until weaning (3 months) compared to
the control offspring, and this continued until 22 months of
age resulting in heavierMD offspring, with the females being
heavier than the males [48]. +e body composition did not
differ between the MD group and control group until 22
months when the MD males became fatter and had less
muscle mass than the control males [48]. MDmales were the
only group to show insulin resistance, which was in-
dependent of adiposity [48]. +e higher adiposity and in-
sulin resistance in MD males can be explained by epigenetic
modification [48]. Of 1,400 CpG sites analyzed, 57 loci were
altered in two or more MD males in comparison to the
controls, and 88% of the altered loci were unmethylated or
hypomethylated in comparison to the controls [48]. Of the
changed loci, 53%were specific toMDmales, while only 12%
were specific to MD females [48].

Godfrey et al. [51] assessed the methylation status of
CpGs in the promoters of candidate genes in umbilical cord
tissue collected at birth and the adiposity status of the
children at 9 years of age. Of the 31 CpGs that showed hyper-
and hypomethylation, 7 had significant associations with the
child’s adiposity and body fat distribution at 9 years of age
[51]. Higher CpG methylation of RXRA, which is found
among positive regulatory elements of transcription, in the
umbilical cord was associated with lower maternal carbo-
hydrate intake, and higher adiposity at 9 years of age [51].

Maternal under- and overnutrition during pregnancy
and breast-feeding may affect infant genes that control lipid
and carbohydrate metabolism, therefore, inducing alter-
ations in epigenetic routes [52]. Heijmans et al. [53] studied
whether periconceptional exposure to famine during the
early stages of development is associated with differences in
IGF2 differentially methylated regions (DMR) in adults.
Famine exposed individuals were compared to the same-sex
siblings [53]. Four of the five CpG sites measured in the IGF2
DMR showed to be significantly less methylated in in-
dividuals exposed to famine periconceptionally compared to
their same-sex siblings [53]. Periconceptional exposure to
famine was associated with 5.2% lower methylation with no
sex-dependent difference [53].

Bogdarina et al. [54] provided pregnant rats with either
20% protein rat chow, which accounts for normal protein
consumption (control), or 8% protein rat chow which ac-
counts for maternal low protein (MLP) [54]. +is diet was

given from pregnancy to weaning which occurred at 3 weeks
of age of offspring. Liver, lung, kidney, brain, heart, and
adrenal gland tissues were harvested and analyzed at week 1
and week 12. In MLP female offspring at 1 and 12 weeks
there was an increase in expression of AT1a angiotensin
receptor in the kidney. In male and female MLP offspring,
there was an increase in AT1b angiotensin receptor in the
adrenal gland, which is associated with the development of
hypertension [54]. However, a decrease in expression was
found in the AT2 receptor in MLP offspring at 1 and 12
weeks. In the liver, angiotensinogen and AT1a receptors
showed increased expression at week 1, but the expression
normalized by week 12. +e methylation status of the 17
CpG sites in the AT1a promoter was evaluated, and no
difference was found between the methylation frequency of
this region of control offspring and the MLP offspring [54].

Nutritional intake by the mother can lead to hyper- or
hypomethylation of genes important to fetal development,
and the effects of these epigenetic modifications can be seen
after infancy.

6. Endocrine Disruptors and Endocrine
Responses through Epigenetic Routes

Endocrine disrupting chemicals (EDCs) have a variety of
mechanisms.+ey are structural similarity to hormones, and
their mechanisms include altering normal hormone con-
centrations, inhibiting or stimulating the production and
metabolism of hormones, or changing hormones’ move-
ment through the body [55]. +ese actions can result in the
production of adverse developmental, reproductive, neu-
rological, and immune effects in humans [17]. EDCs can
cause effects at low doses in a tissue-specific manner, and the
age at which a person is exposed to EDCs can determine
their effects [55]. Prenatal exposure can lead to reproductive
pathologies [55], neurodevelopmental delays in children
[17], and metabolic and hormonal disorders later in life by
altering normal cellular and tissue development and func-
tion during developmental programming [55].

Androgens and estrogens, steroid hormones, are in-
volved in normal growth and development of human sec-
ondary sex organs [56]. +ree types of estrogen receptors
that EDCs can interact with are nuclear estrogen receptors
(ERα and ERβ) which are essential in transcription regu-
lation [57], membrane bound estrogen receptors, and es-
trogen G protein-coupled receptor (GPR30) [55].
Xenoestrogens can function by utilizing membrane bound
receptors and second messenger pathways, an indirect
pathway [58], as well as disrupting normal signalling
pathways [59]. Indirect pathways can be activated at low
xenoestrogen concentrations and can lead to nongenomic
effects on gene expression [58]. +e nongenomic effects can
be perpetuated by continuous ligand stimulation and
sending signals downstream, which can cause genomic ef-
fects once the signals are in a position to control the acti-
vation state of transcription factors [59].

Anderson et al. [57] analyzed the relationship between
nuclear receptors and histone methylation modifiers in
embryonic testis tissue in mice. Nuclear receptor Rarb and
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methyltransferase Suv39h1 are both present in similar ex-
pression concentration in efferent ducts, epididymis, and vas
deferens in embryonic tissue; likewise, nuclear receptor
Nr1h2 and methyltransferase Suv420h2 show a similar re-
lationship [57]. A strong correlated expression is present in
the embryonic tissue from efferent ducts, epididymis, and
vas deferens between the nuclear receptor Rarb and
methyltransferase Suv39h1 as well as between the nuclear
receptor Nr1h2 and the methyltransferase Suv420h2 [57].

Histone modification can act as a gatekeeper mechanism
by promoting or preventing the promoter access to ligan-
ded-nuclear receptors [60]. +e gatekeeper theory may
explain the differing phenotypes displayed when the same
genes with diverse functional roles are exposed to EDCs [57].
+e gatekeeper concept was studied in genes in testis by
exposing rats from gestational day (GD) 6 to PND 92 to low
and high doses of myclobutanil, propiconazole, and tri-
adimefon. All are endocrine disrupting fungicides. Ander-
son et al. [57] determined the gatekeeper set to be the
methyltransferases: Ehmt1, Ehmt2, Prdm2, and Setdb1. +e
expression of the receptor genes Ar (androgen receptor
gene) and Esr2 (estrogen receptor gene) was studied in
relation to the expression of the identified gatekeeper
methyltransferases. In the samples exposed to high doses of
triadimefon, the gatekeeper set had highly correlated ex-
pression with the receptors. In the 22 phenotypic genes
studies, nine did not show coexpression with either Ar or
Esr2. +ree had coexpression approaching but not reaching
significance with Esr2. Ten showed statistically significant
coexpression with Esr2, Ar, or both. In contrast, only two
samples exposed to low dose of propiconazole had two
gatekeeper genes showing high coexpression with each
other, and none showed coexpression with a nuclear re-
ceptor, which is important in transcription regulation.+ese
results support the concept of the gatekeeper mechanism
where histone methylation modifiers work in unison with
nuclear receptors to mediate transcriptional change in target
genes [57].

Brominated flame retardants (BFRs) are in vitro and in
vivo endocrine disruptors [61] that structurally resemble
polychlorinated bisphenyls (PCB) [62]. +ere are many BFR
congeners that affect thyroid hormones, and poly-
brominated diphenyl ether (PBDE) congeners affect sper-
matogenesis at doses as low as 60 ug/kg/bw [61]. BFRs can
also bind to estrogen receptors [62]. Kamstra et al. [63]
studied the effects of the BFR 2,2′,4,4′-tetrabrominated
diphenyl ether (BDE-47) on 3T3-L1 adipocyte differentia-
tion on in vitro adipocytes. After 8 days of exposure to
BDE-47, they [63] found demethylation of CpG regions and
increased gene expression of Ppary2, peroxisome pro-
liferator activated receptor, and gamma 2. Kamstra and
colleagues found significant demethylation of the 3 CpG
regions between base pairs −337 and −192. +e reason for
increased gene expression of Ppary2 is due to decreased
methylation in the Ppary2 promoter [63].

Exposure to endocrine disruptors such as fungicides and
BFRs can affect the expression of various receptors due to
differential methylation and histone modifications.

7. Epigenetic Transgenerational Inheritance of
Endocrine Diseases Promoted by Ageing,
Diet, and Environmental
Endocrine Disruptors

Sex-steroid hormones establish methylation status during
critical developmental periods [64], and epigenetic modi-
fications begin as early as germ cell development and em-
bryogenesis [1]. EDCs can act on sex-steroid hormone
receptors, so during critical developmental periods if the
fetus is exposed to EDCs, remethylation could occur within
the germ cells, and these effects can be observed in sub-
sequent generations [64]. Transgenerational effects, in-
volving the transmission of epigenetic changes in the
germline, occur when effects from the endocrine disruptor
are observed without direct exposure, or in F3 [65, 66]. In
contrast, if passed down by the paternal lineage, the epi-
genetic phenotype becomes transgenerational once
expressed in the F2 generation [66]. During adult life, if the
F0 generation is exposed to endocrine disruptors, pre-
conceptionally the F1 generation is being directly exposed
[65]. Multigenerational effects are when any effects of the
endocrine disruptor are observed in the F1 and F2 genera-
tions [65]. Some examples of environmental EDCs that can
cause transgenerational effects are bisphenol-A (BPA), Di(2-
ethylhexyl) phthalate (DEHP), and vinclozolin [65] (Table 1).

Vinclozolin is a fungicide known for its antiandrogenic
endocrine disruption action [75]. Vinclozolin was the first
EDC shown to display transgenerational inheritance [76].
Nilsson et al. [77] transiently exposed pregnant rats to
vinclozolin, DDT, or control (DMSO) during GD 8–14.
+ere was no increase of the ovarian diseases polycystic
ovarian syndrome and primary ovarian insufficiency, in F1
and F2 generations from exposure to DDTand vinclozolin in
mice, but there was an increase in the two ovarian diseases in
F3 generation [77]. After ancestral exposure to DDT and
vinclozolin, changes in DNA methylation in the F3 gener-
ation were present in the areas of the genome with relatively
low CpG density [77]. Similarly, maternal exposure to di-
ethylstilbestrol (DES) at a dose of 10 μg/kg/maternal body
weight results in increased proliferative lesions (PPL) in the
oviduct in F2 mice [67].

Inawaka et al. [68] examined whether the antiandrogens
vinclozolin, procymidone, or flutamide caused trans-
generational effects of DNA methylation in male rats. +ese
researchers exposed maternal mice from GD 8 to GD 15 to
100mg/kg/day vinclozolin, 100mg/kg/day procymidone, or
10mg/kg/day flutamide. DNA methylation analysis on 210
base pairs including 7 CpG sites in the lysophospholipase
gene on F1male pups occurred on PND 6. Exposed F1 males
not sacrificed on PND 6 were bred with untreated-females,
and subsequent DNA methylation analysis occurred on F2
generation on PND 6. DNA methylation status was com-
parable to the control, and no transgenerational effects were
observed due to the DNA methylation caused by anti-
androgens exposure to the F1 males [68].

Bisphenol-A (BPA) is a synthetic compound used in
plastics and resins. Exposure to 5mg/kg BPA prenatally
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disrupts the number of ER α-cells in brain regions that play
a role in reproductive function in female mice [65]. Likewise,
exposure to the same dose perinatally increases Meg3, an
epigenetic modifier, expression in the female hypothalamus
in F3 generation females. Increased concentrations of BPA
and subsequent elevated expression of Meg3 are associated
with precocious puberty in women and laboratory mice [65].
For example, in mice, ancestral exposure to BPA at 0.5, 20,
and 50 μg/kg/day proved to cause dysregulated gene

expression of ovarian apoptotic factors, oxidative stress
factors, and autophagy factors [69]. +e exposure dose of
5mg/kg in mice is estimated to be what is present in human
maternal blood, 0.3–18.9 ng/mL, making this dose envi-
ronmentally relevant [78–80].

Furthermore, in a study examining the transgenerational
effects of an environmental dose of 20 μg/L of BPA in female
zebrafish, alterations in genes involved in female re-
production at a transcriptional level were found [70].

Table 1: EDCs and their effects as discussed in Section 7.

EDC Animal
model Sex Dose Effect Generation Reference

DES Mouse Female 10 μg/kg/maternal bw Increased PPL of oviduct F2 [67]
Vinclozolin Rat Male 100mg/kg/day No effect on methylation N/A

[68]Procymidone Rat Male 100mg/kg/day No effect on methylation N/A
Flutamide Rat Male 10mg/kg/day No effect on methylation N/A

BPA

Mice Female 5mg/kg Increased Meg3 F3 [65]

Mice Female 0.5, 20, 50 μg/kg/day
Dysregulated gene expression of ovarian
apoptotic factors, oxidative stress factors,

autophagy factors
N/A [69]

Zebrafish Female 20 μg/L Variations in transcript abundance of genes Iesr,
star, lhcgr, fshr, amh Up to F3 [70]

Rats Male
1.2 μg and 2.4 μg

Reduced sperm count and motility, decreased
ERβ expression Up to F3

[71]Increased ERα expression F1
1.2 μg Decreased Ar expression Up to F3
2.4 μg Decreased Ar expression Only F3

DEHP Mice
Female

20 μg/kg/d Ovarian weight decrease F1

[72]

500 and 750mg/kg/d Uterine weight increase F1
200 μg/kg/d Decreased body weight F3

20 and 200 μg/kg/d,
500mg/kg/d Decreased ovarian weight F3

20 and 200 μg/kg/d and
500 and 750mg/kg/d Decreased liver weight F3

750mg/kg/d Increased time in proestrus and metestrus/
diestrus F1

20 and 200 μg/kg/d Decreased time in proestrus F3
200 μg/kg/d Increased time in estrus and metestrus/diestrus F3

500mg/kg/d and
750mg/kg/d Increased time in metestrus/diestrus F3

500mg/kg/d Decreased time in proestrus and estrus F3
750mg/kg/d Decreased number of primordial follicles F1
20 μg/kg/d Decreased number of preantral follicles F1

200 μg/kg/d 500mg/kg/
d Increased number of primordial follicles F2

200 μg/kg/d Increased number of primary follicles F2

500mg/kg/d Increased levels of estradiol and decreased levels
of testosterone F1

750mg/kg/d Increased levels of estradiol F1

20 μg/kg/d Decreased testosterone and increased levels of
estradiol F2

200 μg/kg/d Decreased progesterone F2
500mg/kg/d Decreased testosterone F2

Male 150mg/kg Lighter seminal vesicles N/A [73]200mg/kg Behavioral differences N/A

TCDD Rats
Female N/A

Reduced kidney weight F3

[74]
Increased primordial follicle loss and polycystic

ovarian disease F1 & F3

Male N/A Reduced kidney weight and increase in serum
testosterone concentrations F3
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Variation in transcript abundance for the genes esr, star,
lhcgr, and fshr was observed through F3 [70]. +e transcript
abundance of amh, a gene involved in gonadal differenti-
ation, was reduced up to F3 due to hypermethylation of its
promoter regions as well as alterations in H3K4me3/
H3K27me3 [70].

In male rats, the lowest effective doses of BPA to reduce
male fertility are 1.2 and 2.4 μg/kg bw [71]. Exposure to 1.2 μg
and 2.4 μg BPA perinatally led to significantly reduced sperm
count and sperm motility in F1, F2, and F3 males [71]. A
decrease in ERβ was observed in all generations of both
exposure groups, while in both F1 generations ERα expres-
sion was increased [71]. Ar expression was decreased in F1,
F2, and F3males in the 1.2 μg group, while in the 2.4 μg group
a decrease was only seen in F3 [71]. +e altered phenotype
caused by perinatal exposure to BPA is seen transgenerationally;
therefore, BPA exposure perinatally possibly caused reprog-
ramming in the epigenome of the germ cells [81].

DEHP is a plasticizer found in numerous consumer
products and is associated with transgenerational epigenetic
effects in the ovaries of mice. Brehm et al. [72] studied the
transgenerational effects of DEHP exposure at doses
20 μg/kg/d, 200 μg/kg/d, 500mg/kg/d, and 750mg/kg/d.
Beginning on GD 11, the pregnant females were dosed with
a solution of DEHP orally. Prenatal exposure to DEHP did
not affect body weight or liver weight in the F1 and F2
generations [72]. In the F2 and F3 generations uterine
weight was not affected by DEHP exposure. In the F1
generation ovarian weight decreased at a dose of 20 μg/kg/d,
and uterine weight increased at 500 and 750mg/kg/d doses.
In the F3 generation, transgenerational effects observed were
decreased body weight (200 μg/kg/d), decreased ovarian
weight (20 and 200 μg/kg/d and 500mg/kg/d), and de-
creased liver weight (20 and 200 μg/kg/d and 500 and
750mg/kg/d) [72]. In the F1 generation, Brehm et al. [72]
found that 750mg/kg/d DEHP increased the time spent in
proestrus and metestrus/diestrus while decreasing the time
spent in estrus. +ere were no observable effects in the F2
generation. In F3 a dose of 20 μg/kg/d decreased the time
spent in proestrus; likewise, exposure to 200 μg/kg/d of
DEHP decreased the time spent in proestrus and increased
the time spent in estrus and metestrus/diestrus [72]. Ex-
posure to 500mg/kg/d decreased the time spent in proestrus
and estrus while increasing the time spent in metestrus/
diestrus. Finally, 750mg/kg/d increased the time spent in
metestrus/diestrus [72]. Up to F3 reduced ovarian follicular
reserve and oocyte and blastocyst developmental compe-
tence can be seen [82]. DEHP also affected the expression of
genes responsible for trophoblast differentiation and im-
plantation until F4 in mice [82]. +e expression of Lif-R was
upregulated in F2 and F3 generations with a dose of 0.05 and
5mg DEHP/kg/day, and, in F4 Lif-R, it was upregulated due
to dose of 0.5mg/kg/day [82].

Male mice exposed to 150mg/kg DEHP perinatally
led to lighter seminal vesicles transgenerationally which
suggests decreased testosterone levels [83]. In exposures
of 200 mg/kg, the male mice showed behavior differences
in comparison to the controls, which can be due to
differing corticosterone levels [83].

Brehm et al. [72] also studied the effects of DEHP ex-
posure on folliculogenesis which is possibly due to DNA
methylation. In the F1 generation, they found that a dose of
750mg/kg/d decreased the number of primordial follicles,
and, at a dose of 20μg/kg/d, the number of preantral follicles
was decreased. In the F2 generation, the number of primordial
follicles was increased at a dose of 500mg/kg/day and the
number of primary follicles increased at 200μg/kg/d [72]. One
transgenerational effect was observed at 200μg/kg/d and the
effect was the increase of the number of primordial follicles
[72]. In the F1 generations, 500mg/kg/d of DEPH increased
the levels of estradiol and decreased the levels of testosterone,
and 750mg/kg/d increased the levels of estradiol in mice [72].
In the F2 generation, 20μg/kg/d decreased testosterone and
200 ug/kg/d decreased progesterone [72]. +e transgenera-
tional effects were seen in 20μg/kg/d when levels of estradiol
increased and levels of testosterone decreased [72]. Testos-
terone decrease was also seen at a dose of 500mg/kg/d [72].

Exposure to phthalate diethylhexyl phthalate in midg-
estation causes puberty delay in F1 and F3 generation males
[73]. Other phenotypes in the F3 generation include lower
sperm counts, testicular germ cell function, and increased
incidence of abnormal seminiferous tubules [73].

Manikkam et al. [74] studied the transgenerational
effects of TCDD. F0 generation female rats were exposed to
TCDD from fetal days 8 to 14; then they were bred to
produce F1 [74]. Only F1 and F3 generation adult rats were
evaluated [74]. In F3 females, the body, ovarian, and
uterine weights showed no change, while the kidney
weight was reduced [74]. In F3 males, testis, epididymis,
and prostate weights did not change, while kidney weight
was reduced [74]. Serum testosterone concentrations were
increased in F3 males, and serum estradiol concentration
in F3 females during proestrus-estrus phase or diestrus
phase showed no change [74]. +ese results led to the
conclusion that F3 males experienced endocrine alter-
ations while F3 females did not [74]. F1 and F3 females
show an increase in primordial follicle loss and polycystic
ovarian disease, and in F3 male sperm 50 differentially
DNA methylated regions in promoters were found [74].
Overall, 50 statistically significant differentially DNA
methylated regions in promoters between F3 males sperm
epigenome were found [74].

Fungicides, BPA, DEHP, and TCDD affect reproduction
transgenerationally in both males and females due to epi-
genetic modifications.

8. Conclusion

Epigenetic modifications due to exposure to different nu-
trients pre- and postnatally, EDCs, maternal behavior, and
ageing can lead to various endocrine phenotypes. +e en-
docrine system is susceptible to changes in the environment
due to its role in maintaining homeostasis. In utero, the
endocrine system predicts the environment the fetus will be
living in, and the epigenetic reprogramming, if wrong, can
lead to diseases such as cardiovascular disease, obesity, and
diabetes. Hyper- and hypomethylation while ageing is re-
sponsible for the alterations in concentrations of hormones,
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hormone receptors, and DNMTs. Maternal exposure to
stress, metals, or metalloids can alter the expression of 11β-
HSD2 in the placenta leaving the fetus unprotected from
maternal GCs. EDCs such as fungicides, BPA, DEHP, and
TCDD have transgenerational effects, seen in F3 (Table 1). In
contrast, DES and antiandrogens only have multigenera-
tional effects, seen in F2. Further research is needed to
explore whether the concentrations in which humans are
exposed to various EDCs cause epigenetic effects.+e field of
epigenetics and the effects on the endocrine system is
growing, and more research is needed to see if the alterations
in gene expression is solely due to epigenetic modifications
or if other mechanisms are at play.
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Background. Adequate levels of selenium (Se) have protective effects against several chronic diseases, such as obesity. )e aim of
this study was to assess the effect of Se supplementation in a selected group of patients with obesity. Methods. )is randomized
prospective study included 37 overweight/obese individuals aged 18–65 years, who adopted a slightly hypocaloric diet for 3
months. An intervention group received 240 μg/day of L-selenomethionine for 3 months; a control group received a placebo.
Clinical and biochemical parameters, body composition measurements, and the Psychological General Well-Being Index
(PGWBI) questionnaire were tested at the beginning and end of the treatment. Results. A comparison of the two groups showed a
significant change in body composition, involving a decrease in body fat mass, between the baseline and the end of the follow-up,
in the intervention group. Unlike the placebo group, the group given Se had a significant increase in lean body and muscle mass
and a significant decrease in leptin levels after 3 months on diet. At the end of the follow-up, the group given Se scored higher on
the PGWBI than those who did not. Conclusion. Se could reinforce the effects of diet for overweight and obesity. )is work was
registered in the ISRCTN registry with study ID ISRCTN6106073.

1. Introduction

Obesity is rapidly becoming one of the most worrying
population health issues. It not only worsens an individual’s
quality of life, but also is associated with severe medical
complications such as diabetes type 2, dyslipidemia, hy-
pertension and other cardiovascular diseases, sleep apnea,
various forms of cancer, pulmonary diseases, osteoarthritis,
and a consequent increase in mortality/morbidity rates [1].

Leptin is an adiposity signal secreted by the adipocytes
proportionally to the amount of body fat. In healthy

individuals, it regulates the energy balance by increasing
energy expenditure and reducing energy intake [2]. In diet-
induced obesity, leptin levels rise due to leptin resistance, a
condition deriving from activation of an inflammatory
pathway, and from systemic oxidative stress, and involved in
skeletal muscle atrophy, a disorder also linked to obesity and
inflammation [3, 4]. In fact, obesity is associated with a state
of chronic low-grade inflammation, and some studies have
found blood concentrations of selenium (Se) inversely
correlated with obesity, making Se deficiency a possible
marker of adiposity [5–7]. Moreover, depression is also
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described as an inflammatory condition, like obesity, with
which it is often associated [8]. Lower Se blood concen-
trations correlate with a higher risk of depression and an Se-
enriched diet seems to improve the psychoemotional state
and mood of obese people [9, 10].

Se is a trace element involved in the proper functioning
of the endocrine (and particularly, thyroid) and immune
system and capable of modulating the body’s inflammatory
response due to the antioxidant action of selenoproteins [7].
Selenoproteins include glutathione peroxidases, thioredoxin
reductases, and iodothyronine deiodinases. Genetic knock-
out studies in mice have demonstrated that at least three
selenoproteins are essential as deletion of thioredoxin re-
ductase 1, thioredoxin reductase 2, or glutathione peroxidase
4 results in embryonic lethality [11–14]. In 1996, the World
Health Organization (WHO) stated that daily intake up to
400 μg selenium could be considered safe [15]. However, a
review by the United States Environmental Protection
Agency stated that no adverse effect was seen in adults taking
853 μg/day of Se. Recommended dose of selenium varies in
different countries, due to differences in geographical and
racial characteristics, besides food habits of that population
[16]. Moreover, optimal dose of Se intake in patients with
metabolic diseases is difficult to estimate due to the limited
amount of studies; however, most of these surveys stated that
patients with metabolic disorders might need higher dose of
Se than the healthy population (82.4–200 μg) [17].

Taken together, these findings suggest a promising role
for Se supplementation in obesity, hence, this pilot study, the
aim of which was to assess the effect on body weight and
mood of high Se supplementation in a selected group of
patients with obesity following a balanced, slightly hypo-
caloric diet as part of a single-center randomized controlled
trial.

2. Materials and Methods

2.1. Patients and Study Design. )is longitudinal, single-
blind, randomized placebo-controlled clinical study in-
volved 37 overweight and obese participants aged 18–65
years referred to our Endocrinology Unit for the purpose of
losing weight (Figure 1). All participants had a body mass
index (BMI) ≥25 kg/m2. )e following were reasons for
exclusion: smoking habits, treatment with levothyroxine or
any medication modifying thyroid function (e.g., cortico-
steroids, amiodarone, propranolol, and lithium), TSH levels
outside the normal laboratory range, severe cardiopathy
treated with antiarrhythmics or vasodilators, pregnancy or
breastfeeding, previous or current malignancies, severe
eating disorders, liver failure, pharmacological treatment for
obesity, chronic inflammatory disease, individuals already
on a low-calorie diet, or those who had followed a low-
calorie diet in the previous 3 months or who had lost weight
in recent months.

Participants were divided into two single-blind randomized
groups: an intervention group (n� 18) took 240μg/day of
L-selenomethionine (S) in a soft gel formula divided into
several doses for 3 months and a control group (n� 19) re-
ceived placebo likewise delivered in a soft gel formulation

(Figure 1). However, from the intervention group, 2 patients
dropped out during the treatment.)e reasons were a changed
opinion regarding the study and the discovery of pregnancy,
respectively.

After an interview with a clinical nutritionist, all par-
ticipants adopted a balanced, slightly hypocaloric diet for 3
months. )ey were asked not to change their usual physical
activity during the study period. )eir clinical parameters
and biochemical test findings were examined at the be-
ginning and end of the treatment. )eir body composition
was measured and their psychological well-being was
assessed, using the validated Psychological General Well-
Being Index (PGWBI) questionnaire, at the beginning and
end of the treatment.

)e study was approved by the Research Ethics Com-
mittee of Padua University (protocol no. 3220/AO/14). All
participants gave their written informed consent before
enrolling for the study. )is work was registered in the
clinical trial ISRCTN registry with study ID
ISRCTN6106073.

2.2. Clinical and Anthropometric Parameters. )e clinical
assessment included a general medical examination, re-
cording arterial blood pressure, weight, and height. A
participant’s height was measured without shoes, with an
approximation of 0.5 cm, and body weight was recorded
without clothes, with an approximation of 0.1 kg. )e BMI
was calculated using the formula, weight [kg]/height2 [m2],
and obesity was classified according to the World Health
Organization [18].

2.3. Biochemical Tests. Serum leptin (expressed as μg/l) was
measured at the beginning and at the end of the study using
RIA (Radio Immuno Assay).

2.4. Body Composition. Body composition was assessed by
bioelectrical impedance analysis (BIA) using the
BIAVECTOR® (BODYGRAM-AKERN s.r.l. Bioresearch),
recording values for lean mass, fat mass, and muscle mass at
the beginning and end of the study for each participant.

2.5. Types of Diet. A tailored, slightly hypocaloric diet was
given to all participants. )e quantity of calories was cal-
culated taking into account their basal metabolic rate ob-
tained with the Harris-Benedict equation and reducing each
participant’s calorie requirement by 20–25%. As recom-
mended by the European guidelines for obesity [19], the
composition of the diet was balanced in the contribution of
the main macronutrients according to the following criteria:

(i) Protein intake: 0.8–1.2 g/kg body weight reference/day
(ii) Carbohydrates: 55–65% of total kcal
(iii) Fat to supply the required amount of energy (30%):

10% monounsaturated, 10% polyunsaturated, and
10% saturated
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2.6. Psychological General Well-Being Index (PGWBI).
)e PGWBI is based on a self-report questionnaire com-
prising 22 items and has proved to be capable of assessing
respondents’ stress levels [20, 21]. It has been validated and
used in many countries in studies on large populations and
specific groups. In 2000, the PGWBIwas validated in a sample
of 1,129 Italian citizens aged 15 years or more, and its nor-
mative values are available [20].)e questions cover six areas:
anxiety, depressed mood, positive well-being, self-control,
general health, and vitality.)ere are multiple-choice answers
with scores ranging from 0 to 5. A total PGWBI score is
obtained from the sum of all the items and ranges from 0 to
110. Higher scores indicate greater psychological well-being.

2.7. StatisticalAnalysis. For each continuous variable, a two-
tailed Kolmogorov-Smirnov test was first performed to
check the type of variable distribution. )en the t-test on
independent samples, repeated-measures ANOVA, and the
Mann–Whitney and Wilcoxon tests were used, as appro-
priate, to identify statistically significant differences. All
statistical analyses were conducted using the MedCalc
software bvba, Osted, Belgium (rel. 11.6.0). Values of
p< 0.05 were considered statistically significant.

3. Results

No significant differences emerged between the two groups
in terms of age, anthropometric measurements, or body
composition at the beginning of the study. Table 1 shows

participants’ anthropometric characteristics at the baseline
and at the end of the follow-up.

Statistical analysis showed that after 12 weeks, 14/35
(40%) participants had achieved a weight loss of at least 5%
from their baseline body weight. )ough the difference be-
tween the two groups was not statistically significant, the
weight loss was more evident in the intervention group, in
which 7/16 participants (44%) lost a considerable amount of
weight, whereas this was only true of 7/19 (37%) in the
placebo group.

)ere was a statistically significant difference, however,
between the changes in body composition in the two groups.
Only the intervention group showed a significant reduction
in body fat mass from the baseline to the end of the follow-
up (p � 0.0002). )e results of ANOVA for repeated
measures also showed that the placebo group’s proportion of
lean body mass did not change after 3 months on a
hypocaloric diet, despite their significant body weight loss,
whereas the proportion of lean body mass did change in the
intervention group (p � 0.01). However, the difference in
this parameter between the two groups did not reach sta-
tistical significance at the follow-up.

Considering only muscle mass changes, there were no
differences in the placebo group after the hypocaloric diet,
irrespective of their body weight, whereas participants in the
intervention group showed a significant increase in muscle
mass at the follow-up (p � 0.02).

Serum leptin levels dropped significantly in the inter-
vention group after the diet (p � 0.04), while they remained
the same in the placebo group (Figure 2).

Inclusion criteria:
(i) 18–65 years old

(ii) BMI ≥ 25 kg/m2

Exclusion criteria:
(i) Smoking habits

(ii) Treatment with levothyroxine or any medication which can alter thyroid 
function (e.g., corticosteroids, amiodarone, propranolol, and lithium)

(iii) TSH levels outside normal laboratory range,
(iv) Severe cardiopathy treated with antiarrhythmics or vasodilators
(v) Pregnancy or breastfeeding

(vi) Previous or current malignancies
(vii) Severe eating disorders

(viii) Liver failure
(ix) Pharmacological treatment for obesity
(x) Chronic inflammatory disease

(xi) Subjects already on low-calorie diet in previous or who have followed 
low-calorie diet over the last 3 months or who had lost weight in 
recent months

Subjects referred to endocrinology unit in order to lose weight

37 patients selected
Si

ng
le

 
bl

in
d

Intervention
group 

(Se 240µg/day 
and diet for 3 

months)
n = 18

Control 
group 

(placebo and 
diet for 3 
months) 
n = 19

Figure 1: Study design with inclusion and exclusion criteria. Withdrawal due to discovery of pregnancy and changed opinion about the
study.
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Interestingly, participants who took Se scored higher on
the PGWBI at the follow-up (p � 0.003), whereas there was
no change in the placebo group’s scores from the baseline to
the follow-up. In addition, among all the participants who
obtained a weight loss >5%, the change in their PGWBI
scores was muchmore significant for those who had taken Se
(p � 0.004).

4. Discussion

A balanced antioxidant status has a fundamental role in
body homeostasis and has been linked to better health
outcomes, particularly regarding some manifestations as-
sociated with obesity [4]. Selenium is an antioxidant

micronutrient available in certain foodstuffs, such as fish,
cereals, meat, and vegetables [22–24]. Adequate levels of Se
have revealed a protective effect against various chronic
diseases, like cancer prevention and cardiovascular pro-
tection [25]. Se supplementation exerts its beneficial action
by increasing glutathione peroxidase activity and by inter-
acting with inflammatory biomarkers [23, 24].

However, an unexpected result of the Nutritional Pre-
vention of Cancer Trial in the USA was that participants
treated with Se (200 µg/day) for an average follow-up of 7.7
years had an increased likelihood of developing type 2 di-
abetes comparing with a similar cohort of participants taking
placebo [26]. However, some issues have to be taken into
account: participants were elderly individuals (mean age
63.2 years old) with a self-reported diagnosis of type 2 di-
abetes and the increased risks for type 2 diabetes among Se-
treated participants were no more evident when compared
with patients within the top tertile of BMI (>26.76 kg/m2),
who usually have a dysregulated food habits, with inade-
quate consumptions of macro- and micronutrients.

Indeed, several studies have reported a positive corre-
lation between serum Se concentrations and dietary Se in-
take and a negative correlation has been demonstrated
between serum Se and BMI [26–28]. )is relationship
emerged, for instance, in a cross-sectional study conducted
on 8- to 13-year-old schoolchildren; those with a BMI above
the 85th percentile had a significantly lower dietary Se intake
than normal-weight children, after adjusting for energy
intake [28]. Data from the 1999 to 2004 US National Health
and Nutrition Examination Survey (NHANES) also indi-
cated that children at high risk of overweight were also at
greater risk of dietary Se deficiency [29]. Finally, the
CODING study, conducted on a large general adult pop-
ulation, clearly indicated that obesity and its severity were
associated with a low dietary Se intake: every 1 µg/kg/day
increase in dietary Se intake corresponded to a 3–6% de-
crease in the proportion of body fat mass [30].

)e effect of dietary Se intake on body fat composition
has been suggested by data emerging from animal inter-
ventional experiments. Wang et al. showed that body weight
significantly decreased and the ratio of adipose tissue to body
weight fell when rats were supplemented with high doses of

Table 1: Anthropometric and biochemical characteristics of participants at the baseline and at the end of the study.

Baseline
p

End of the study
pSe-treated group

(n� 18)
Placebo-treated group

(n� 19)
Se-treated group

(n� 16)
Placebo-treated group

(n� 19)
Age (ys)± SD 38± 10.9 42± 14.4 ns
Gender ns
Male 5 6
Female 13 13

Weight (kg)± SD 106.8± 31 114± 22.8 ns 103.1± 30.7 111.1± 21.9 ns
BMI (kg/m2)± SD 37.1± 8.9 41.8± 8.5 ns 36.9± 9.2 40.6± 7.7 ns
Fat mass (kg)± SD 44.2± 3.8 47.1± 3.9 ns 34.5± 3.2 45.4± 3.8 0.03
Lean mass
(kg)± SD 62.5± 3.7 66.7± 2.9 ns 65.9± 3.4 66.9± 3.2 ns

Leptin levels± SD 28.9± 16.3 28.6± 17.7 ns 23.9± 15.4 29.4± 16.9 0.01
PGWBI score± SD 71± 17 79± 16.7 ns 82.3± 10 75.1± 21.2 0.003

p = 0.0440
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Figure 2: Comparison of plasma leptin levels (µg/l) at the baseline
and after the isocaloric diet in the placebo-treated and selenium-
treated groups.
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Se (200 µg/kg/day) [31]. )is was due to a lipolytic effect in
adipose tissue in parallel with a hepatic storage of free fatty
acids. However, two small interventional studies in healthy
humans generated contradictory findings [23, 32]. In a
population of 54 normal-weight healthy volunteers, Hawkes
and Keim found no effect of high-dose Se supplementation
(297 µg/day) on body weight composition; in particular,
their body fat status changed in the same way as in indi-
viduals treated with a low-Se diet (14 µg/day) [32]. More
recently, a study conducted by Navas-Carretero et al.
showed that the consumption of Se-enriched chickens by 11
individuals did not determine any significant weight loss vis-
à-vis a group of 13 individuals who ate chickens not enriched
with Se [23]. )e authors concluded that this lack of effect of
the Se-enriched diet was due to their population having
sufficient dietary levels of Se at the baseline and to the low
daily dose of Se (36.4 µg/day) added during the trial. In fact,
there was no difference in participants’ plasma Se levels
before and after the supplementation period. )e role of Se
supplementation in lowering oxidative stress is actually only
manifest in populations with endemic Se deficiency, as re-
cently emphasized by several reports [33, 34].

To our knowledge, this is the first placebo-controlled
trial of Se supplementation conducted in individuals with
obesity. Our findings demonstrate that a high daily dose of
Se was able to enhance the effect of a balanced, slightly
hypocaloric diet by modifying body composition (reducing
fat mass and increasing lean mass) in overweight/obese
individuals from an area known to have a moderate Se
deficiency, consistently with other reports [15, 22, 24, 35].

For now, the mechanisms behind the beneficial effect of
dietary Se on body fat remain largely unclear. )ere are
nonetheless some clues pointing to a link between Se and
adipogenesis. Some previous studies applied Se in the dif-
ferentiation of primary pig and rat preadipocytes and
chicken embryonic fibroblasts, suggesting that Se may have a
proadipogenic potential [30, 36, 37]. A recent study by Kim
et al. showed that Se also inhibits adipogenesis by reducing
mRNA expression of peroxisome proliferator-activated re-
ceptor-c and fatty acid synthase. On the other hand, Se is
capable of activating the expression of transforming growth
factor-β [38]. But intraperitoneal injections of sodium sel-
enite were able to reduce abdominal fat accumulation and
adipocyte size in OLETF rats, stressing the antiadipogenic
role of Se in vivo [30,39]. Moreover, Pitts et al. demonstrated
that SelM, an endoplasmic reticulum-resident selenoprotein
with antioxidant properties, was highly expressed in a hy-
pothalamic area involved in energy metabolism and its
deletion resulted in elevated serum leptin levels, increased
adiposity, and hypothalamic leptin resistance [11]. On the
contrary, in humans, rare mutations in the selenocysteine
insertion sequence-binding protein 2, a protein required for
selenocysteine incorporation into selenoproteins, were
found to determine a multisystem selenoprotein deficiency
disorder with paradoxical symptoms with enhanced insulin
sensitivity and increased adiposity [40]. In summary, the
evidence suggests that certain selenoproteins may act to
promote adiposity and insulin resistance, while others may
protect against it [11].

In our study, Se supplementation seemed to have a
favorable impact on body mass remodeling, suggested by the
association between dietary Se intake and a decrease in leptin
levels in our Se-treated patients. It is well known that
physiological leptin signaling is essential in maintaining
body weight. Leptin resistance is a common characteristic of
diet-induced obesity, in which anorectic responses to leptin
are lower, and hyperleptinemia is a typical finding [4]. )e
mechanism that leads to leptin resistance is still unclear.
Multiple factors, including inflammatory processes and
oxidative stress and type of diet, may play a part. Se sup-
plementation could therefore exert beneficial effects not only
in reducing peripheral and central leptin resistance (through
its antioxidant activity, by increasing selenoproteins activity,
and by interacting with inflammatory biomarkers), but also
may be via a direct effect on adipose tissue. However, in our
survey, no assessments were performed to demonstrate
improvement in antioxidant capacity in participants taking
Se; for that reason we could only speculate that Selenium’s
biological activity as an antioxidant could underpin the
effects mentioned above.

)e glutathione antioxidant system might be implicated
in the pathophysiology of mood disorders, too. Support for a
role of the glutathione system in psychopathology comes
from clinical trials involving treatment with N-acetyl cys-
teine (NAC), an antioxidant drug precursor of cysteine and
glutathione: adjunctive NAC appears to be a safe treatment
that has efficacy for schizophrenia [41]. In addition, Se might
have protective role against neurodegenerative disease, like
Parkinson’s disease [42]. An optimal range of serum Se has
been found to be associated with a lower risk of depressive
symptoms too: higher Se levels correlated with lower scores
on a geriatric depression scale and a lower risk of de novo
major depressive disorders [5]. Prenatal Se supplementation
seems to protect against postpartum depression as well [43].
In a double-blind US study involving 11 men confined to a
metabolic unit for 120 days, low baseline dietary Se was
associated with poor mood; nevertheless, intervention with a
high Se diet of 356 μg/day for 99 days did not determine an
improvement in mood; it is possible that the psychological
effects of being confined may have counteracted any ben-
eficial effects of the Se supplementation [44]. In a trial of 50
British participants, Se supplementation with 100 μg/day for
five weeks determined improvement in depression, with a
greater effect in individuals with poorer dietary Se intakes
[45]. On the contrary, a larger randomised-controlled trial of
elderly participants in the UK did not show such effect [46].
Nevertheless, recently Pasco et al. supported the hypothesis
that lower dietary Se intakes increase the risk of de novo
major depressive disorder [42].

In our survey, using a recognized quality of life as-
sessment tool (the PGWBI), our study showed that Se
supplementation might improve the mood of overweight/
obese participants.

Our study suffers from several limitations that need to be
mentioned. First, being a preliminary study, our failure to
demonstrate any significantly greater weight loss in the Se-
treated patients than in the placebo group may be due to the
limited number of patients involved. A further, long-term Se
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trial on a larger sample, with a sample size calculation, will be
needed to confirm our promising preliminary data. In
particular, it is fundamental to show that plasma leptin levels
continue to drop as the body mass composition improves
with Se supplementation. In addition, even if several studies
reported a moderate-low Se deficiency status in our country,
based on blood Se concentration, in our survey neither data
about plasmatic Se levels at the baseline nor food habits, for a
semiquantitative estimate of Se intake, were available to
confirm Se deficiency in our patient cohorts. Lastly, none of
our participants demonstrated any side effects following our
brief course of Se supplementation, but it will be necessary to
demonstrate that long-standing Se use has no adverse effects
in patients with obesity.

In conclusion, our study seems to support the conviction
that appropriate dietary Se supplementation may be useful
in combating obesity. It could prove a simple and cost-ef-
fective intervention for individuals with overweight and
obesity.
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Parathyroid glands contain the vitamin D receptor (VDR) and 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1) and 24-hy-
droxylase (CYP24A1), which catalyze the production and degradation of 1,25-dihydroxyvitamin D [1,25(OH)2D], respectively.
Previous studies have shown that the serum level of intact parathyroid hormone (iPTH) increases with age. We hypothesized that
the expression of CYP27B1 or VDR in parathyroid glands decreases with age, which might account for the increased serum levels
of iPTH due to decreased suppression of parathyroid hormone (PTH) secretion by 1,25(OH)2D in older people. To test this
hypothesis, we examined relative expression levels of VDR, CYP27B1, CYP24A1, and PTH in specimens from parathyroid glands
unintentionally removed during thyroidectomy for 70 patients varying in age from 10 to 70 years. /e results showed that there
was an inverse correlation between age and VDR, CYP27B1, and CYP24A1 expression (p< 0.05). A significant positive cor-
relation between PTH expression levels and age was also observed (p< 0.05). /ese data indicate that older age is associated with
decreased levels of VDR, CYP27B1, and CYP24A1 and increased levels of PTH in human parathyroid glands.

1. Introduction

Vitamin D is hydroxylated by 25-hydroxylase in the liver to
25-hydroxyvitamin D [25(OH)D] that is subsequently
hydroxylated by 25-hydroxyvitamin D-1α-hydroxylase
(CYP27B1) in the kidney to 1,25-dihydroxyvitamin D
[1,25(OH)2D]. /e latter is the active hormone that plays
an important role in maintaining blood calcium and
phosphorus levels and skeletal mineralization. 1,25(OH)2D
is catabolized to 1,24,25(OH)3D by vitamin D-24-hy-
droxylase (CYP24A1) in target cells. It has been shown that
1,25(OH)2D inhibits the synthesis and secretion of para-
thyroid hormone (PTH) and prevents proliferation of
parathyroid glands [1, 2]. Serum levels of intact parathyroid

hormone (iPTH) in the elderly population are reported to
be higher than those in the younger population [3–5].

Parathyroid glands contain the vitamin D receptor
(VDR) [6, 7], CYP27B1, and CYP24A1 [8]. Previous
studies have shown that the expression of VDR decreases
with age in cultured skeletal myocytes [9], human muscle
tissue [10], rat intestine [11, 12], bone [11], and mammary
glands [13]. However, it is unknown whether the expres-
sion of VDR, CYP27B1, or CYP24A1 is altered in para-
thyroid glands in older people. To address this question, we
examined the expression levels, VDR, CYP27B1, CYP24A1,
and PTH in human parathyroid glands in 70 patients
undergoing thyroidectomy varying in age from 10 to 70
years.
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2. Subjects and Methods

2.1. Parathyroid Specimens. Parathyroid specimens were
collected from 70 parathyroid glands stored in the De-
partment of Pathology of the Second Xiangya Hospital of
Central South University. /ese 70 parathyroid glands were
unintentionally removed during 6545 thyroidectomies
performed between 2012 and 2016. Patients who underwent
thyroidectomy had a diagnosis of the nodular goiter as a
primary reason for surgery. All operations were performed
at the Department of General Surgery, the Second Xiangya
Hospital of Central South University. /e study was ap-
proved by the Ethics Committee of the Second Xiangya
Hospital of Central South University. Clinical records for all
patients collected are detailed in Table 1. Sixteen specimens
were frommale patients, and 54 specimens were from female
patients./emean age was 41± 14 years./e serum calcium,
phosphate, hepatorenal function, and intact PTH level were
measured as the routine preoperative examination. All pa-
tients had normal levels of serum-corrected calcium,
phosphate, eGFR, and iPTH, without calcium/phosphate
metabolic diseases or renal dysfunction. Corrected calcium
(cCa) was calculated by the formula: cCa (mmol/L)�

tCa(mmol/L) + 0.025[40− albumin(g/L) [14] where tCa
represents total calcium.

2.2. Immunohistochemical Staining. /e parathyroid speci-
mens were fixed in formalin solution and embedded in
paraffin blocks for routine immunohistochemical and he-
matoxylin-eosin staining. Paraffin-embedded 4-microme-
ter-thick specimens were dewaxed in turpentine and
rehydrated through decreased concentrations of ethanol.
Endogenous peroxidase activity was blocked by using 3%
H2O2 in methanol for 15min. /e sections were incubated
with trisodium citrate dihydrate liquid (0.125%, pH 6.0) for
15min and then soaked with phosphate-buffered saline
(PBS) liquid (pH 7.2–7.4) three times for 5min./e sections
were then preincubated with sheep serum for 10min to
block nonspecific antigen. /e pretreated slides were in-
cubated overnight at 4°C in a humidified chamber with
antibodies to the VDR (1 :100, cat#12550, rabbit monoclonal
antibody from Cell Signaling Technology, Danvers, MA
01923, USA), CYP27B1 (1 :100, cat#ABN182, rabbit poly-
clonal antibody from Upstate Technology, Lake Placid, NY,
USA), CYP24A1 (1 :100, cat#189322, goat polyclonal anti-
body from Abcam Inc., Cambridge, MA, USA), and PTH
(ready to use, cat# MAB-0683, mouse monoclonal antibody
from Maixin Biological Technology Development Co., Ltd.,
Fuzhou, China). After incubation with these antibodies, the
slides were incubated at room temperature for 1 hour. After
rinsing with PBS three times, the sections were incubated
with secondary antibody anti-rabbit-HRP (KIT-9730,
Maixin Biological Technology Development Co., Ltd.) or
anti-goat-HRP (KIT-9719, Maixin Biological Technology
Development Co., Ltd.) for 20min, and the binding of
peroxidase-conjugated secondary antibodies was detected
with a DAB kit (Maixin Biological Technology Development
Co., Ltd.). Hematoxylin was used for counter staining.

Immunohistochemical staining of VDR in the human epi-
dermis, CYP24A1 in the kidney, and CYP27B1 in liver was
used as positive controls, respectively. PBS (pH 7.4) instead
of the primary antibody was used as a negative control.
Negative control slides were obtained in the corresponding
tissue. Tissue for the positive control (epidermis, kidney, and
liver) was preexisting and originally collected not for re-
search purpose at the Department of Pathology of the
Second Xiangya Hospital of Central South University. Use of
the specimen in the present study was on the informed
patient consent and approved by the Ethics Committee of
the Second Xiangya Hospital of Central South University.

2.3. ImageAnalysis. /e immunohistochemical staining was
quantified by digital image procedures using ImageJ soft-
ware (NIH, Bethesda, MD, USA) [15–20]. Tissue sections
were viewed using bright-field illumination under a Leica
DM LB2 upright light microscope (Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany). /e representative
areas of the different sections were captured on a Leica
DFC320 digital camera (Leica Microsystems Digital Imag-
ing, Cambridge, UK). /ese images had a resolution of
2088×1550 pixels with RGB 24 true color format and were
saved in uncompressed tagged-image file format (TIFF)./e
same range of illumination values were used to allow
maximum reproducibility to avoid differences in the illu-
mination. Captured images were converted to gray scale in
ImageJ. Cells were manually marked out with a red pencil
dot in Microsoft Paint, and the dots were then automatically
identified and counted using ImageJ.

2.4. Statistical Analysis. /e statistical analysis was per-
formed using SPSS software (SPSS Inc., Chicago, IL, USA).
Data are presented as mean± standard deviation. For the
levels of VDR and CYP24A1 which comply with normal
distribution, we used Pearson correlation analysis to eval-
uate their relationship with age. For the levels of CYP27A1
and PTHwhich did not comply with normal distribution, we
used Spearman correlation analysis to evaluate their rela-
tionship with age. Results with p values< 0.05 were con-
sidered statistically significant, and all tests were two sided.

3. Results

To determine whether the expression of VDR, CYP27B1,
CYP24A1, and PTH in human parathyroid glands is asso-
ciated with age, we examined expression levels of VDR,
CYP27B1, CYP24A1, or PTH-positive cells in parathyroid
glands obtained from 70 patients with different ages using

Table 1: Clinical features of 70 patients.

Demographic Mean± SD Reference range
Age (year) 41± 14
Calcium (mmol/L) 2.31± 0.12 2.11–2.52
Phosphorus (mmol/L) 1.04± 0.16 0.85–1.51
Creatinine (μmol/L) 53.31± 5.80 44–133
PTH (pmol/L) 4.32± 1.36 1.60–6.90
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immunohistochemistry. Correlation studies between the
expression levels of VDR, CYP27B1, CYP24A1, or PTH and
age were performed. /e results showed that age was in-
versely correlated with VDR (r� −0.89; p< 0.0001),
CYP27B1(r� −0.74; p< 0.0001), or CYP24A1 (r� −0.71;
p< 0.0001) positive cell rates. A significant positively cor-
relation between PTH and age was also seen (r� 0.60;
p< 0.0001). /e results are summarized in Figure 1. /e
expression of VDR was localized in the nucleus. /e ex-
pression of CYP27B1 and CYP24A1 was located in the
cytoplasm, and the expression of PTH was located in the
cytoplasm and plasma membrane (Figure 2).

4. Discussion

In the present study, we used parathyroid tissue from pa-
tients with different ages to investigate the association of
expression levels of VDR, CYP27B1, CYP24A1, and PTH in
parathyroid glands. /ese patients had nodular thyroid
goiters but had no pathological conditions affecting para-
thyroid glands. /e results indicate that a decreased ex-
pression of VDR, CYP27B1, and CYP24A1 in parathyroid

glands is associated with age. /is is the first report to show
an association of VDR, CYP27B1, and CYP24A1 with age in
human parathyroid glands.

Vitamin D has been demonstrated to regulate cell
proliferation, differentiation [21], apoptosis [22], angio-
genesis [23], invasion, and metastasis [24]. Vitamin D exerts
most of its biological activities by binding to VDR, which
belongs to the superfamily of nuclear receptors for steroid
hormones and regulates gene expression by acting as a li-
gand-activated transcription factor [25].

VDR expression has been identified in many tissues and
cell types [26], most notably monocytes and lymphocytes
[27], glia [28], neurons [28], breast [29], and parathyroid
[6, 7]. A number of studies have reported an association of
VDR polymorphisms with Behçet’s disease, diabetes, ar-
thritis, autoimmune diseases, and hypertension [30–34].
Vitamin D levels may be affected by a number of factors
including age, cultural behavior, latitude and season, and
outdoor activity [35]. VDR has been found to be decreased
with age in many tissues such as skeletal myocytes [9],
human muscle tissue [10], rat intestine [11, 12], bone [11],
and mammary glands [13]. /e present data showed that
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Figure 1: /e association of (a) VDR, (b) CYP27B1, (c) CYP24A1, and (d) PTH expression levels in human parathydoid glands with age.
Quantification of VDR, CYP27B1, CYP24A1, or PTH-positive cell rates in parathyroid glands of patients in different ages was performed by
ImageJ software. Scatter plots of expression levels of VDR, CYP27B1, CYP24A1, or PTH versus age were shown.
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VDR expression levels in human parathyroid glands de-
creased with age.

/e synthesis and degradation of 1,25(OH)2D are reg-
ulated by CYP27B1 and CYP24A1, respectively. Immuno-
cytochemical staining showed cytoplasmic staining with a
microgranular pattern with antibodies against CYP27B1 and
CYP24A1, which is consistent with their mitochondrial
localization. We have also found a decreased expression of
VDR, CYP27B1, and CYP24A1 with age in parathyroid
glands. Decreased VDR expression levels in parathyroid
glands in older people may lead to decreased responsiveness
of parathyroid glands to 1,25(OH)2D, and decreased ex-
pression levels of CYP27B1 and CYP24A1 may lead to a
decreased synthesis and degradation of 1,25(OH)2D.

/e present result also showed increased levels of PTH in
parathyroid glands in elderly adults compared with younger
adults. /ese results are consistent with previous results of
studies showed that iPTH levels increase with age in men
and women and are about 30% higher in the elderly than in
young subjects [36–39]. /e increase in iPTH levels in the
elderly has been attributed to declining renal function,
declined calcium absorption efficiency, and declined 25(OH)
D levels [3, 40]. However, other studies has been shown that
iPTH levels significantly increase with age, independent of
25(OH)D levels, phosphate, and ionized calcium in the
serum, and renal function [41].

Results from the present study which showed that VDR in
parathyroid glands decreases with age may provide an ex-
planation at least in part for the increase in iPTH in the
elderly. Previous studies showing a decrease in the number of
intestinal VDRwith age leads to a decreased responsiveness of
intestinal cells to 1,25(OH)2D have demonstrated a similar
pattern for VDR in different tissue from the elderly [42, 43].

/e study has some limitations. Amajor limitation of the
study is the relatively small number of samples included in
the study. Another limitation is that the assessment of VDR,
CYP27B1, and CYP24A1 levels in parathyroid glands were
performed by a semiquantitative method.

In conclusion, a decreased expression of VDR, CYP27B1,
and CYP24A1 and an increased expression of PTH in
parathyroid glands are associated with age.
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Figure 2: Immunohistochemical staining of (a) VDR, (b) CYP27B1, (c) CYP24A1, and (d) PTH in human parathyroid glands. /e
specimens from seventy parathyroid glands were fixed in formalin solution and embedded in paraffin blocks for routine histological and
immunohistochemical analysis using antibodies against VDR, CYP27B1, CYP24A1, or PTH. Immunohistochemical staining of VDR,
CYP27B1, CYP24A1, or PTH is shown in brown, and the counterstaining is shown in blue in the representative section. VDR is located in
the nucleus. CYP27B1 and CYP24A1 are located in the cytoplasm, and PTH is located in the cytoplasm and plasma membrane. PBS instead
of the primary antibody was used as a negative control. Immunohistochemical staining of VDR in the epidermis, CYP24A1 in the kidney,
and CYP27B1 in liver was used as positive controls, respectively (data not shown).
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Bisphenol-A (BPA) is considered an endocrine disruptor with estrogenic activity. It is described as an environment-polluting
industrial chemical whose adverse effects on the male reproductive system depend on the period of exposure (i.e., fetal, pre-
pubertal, or adult life). We exposed male mice to BPA during the fetal-perinatal period (from 10 days post coitum to 31 days post
partum) and investigated the impact of this early-life exposure on gamete health in adulthood animals at 78 days of age. Both in
control and BPA-exposed mice, viability and motility of spermatozoa, as well as sperm motility acquisition and chromatin
condensation of spermatozoa, have been evaluated. Results reveal harmful effect of BPA on viability and motility of sperm cells as
well as on chromatin condensation status during epididymal maturation of spermatozoa. In particular, BPA exposure interferes
with biochemical mechanism useful to stabilize sperm chromatin condensation, as it interferes with oxidation of thiol groups
associated to chromatin.

1. Introduction

During spermiogenesis, round spermatids undertake an
extensive morphological transformation useful to form
elongated mature spermatids (SPT) whose chromatin is
mainly packaged by protamines more than histones (about
5% in mouse). Spermiation promotes detachment of mature
SPT, i.e., spermatozoa (SPZ) from the nursing Sertoli cells.
Simultaneously, a rhythmic contraction of peritubular
myoid cells surrounding seminiferous tubules propels SPZ
until the caput region of epididymis [1]. Sperm maturation
occurs during epididymal transit from caput-to-cauda, as
SPZ acquire their potential motility and further remodel
some cellular compartments and structures [2, 3]. In eu-
therian mammals, including mouse and human, inter-/in-
tra-protamine disulphide bridges formation occurs during

the epididymal transit. (is event further condenses chro-
matin, closing it in a tighter structure [4].

(e neuroendocrine axis hypothalamus-hypophysis-
gonad finely regulates the production of mature and quality
gametes. It is known that androgens and, more recently,
estrogens too have a key role in such modulation [5, 6]. Any
interference with the neuroendocrine axis interferes with
gamete quality.

Endocrine disruptors are environmental contaminants
with anthropogenic origin, able to interfere with the en-
docrine system. Bisphenol-A (BPA) is described as endo-
crine disruptors, used in the manufacture of plastics and
other products, largely present in the environment, with
estrogenic activity [7]. Noteworthy, BPA shows estrogenic,
antiestrogenic, and antiandrogenic activities; it binds es-
trogen receptor (ER) alpha (ERα; with agonistic and
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antagonistic effects) or beta (ERβ; with agonistic effects) and
interferes with thyroid hormone signalling [8–10]. Fur-
thermore BPA may also act via membrane estrogen receptor
by producing effects that are similar in potency to those of
estradiol (E2) [11].

Consistently, clinical, epidemiological, and experimental
studies show that the origins of somemale reproductive tract
disorders (i.e., cryptorchidism, low sperm count and quality,
and infertility) can be traced back to the intrauterine period
and show that fetal-perinatal BPA exposure, during the
critical developmental/differentiation stages, may derange
mechanisms controlling fertility in both animals and
humans [12]. In fact, BPA is able to cross the placenta,
transferring to the fetus [13] and later to the neonate, via
milk [14], significantly increasing the risk of developing
chronic diseases in the adult life [15]. However, BPA may
accumulate in the embryo/fetal compartment after repeat
maternal exposure, most likely as fetus is not able to effi-
ciently metabolize BPA [16]. In this way, BPA differentially
affects the male reproductive tract. (e extent of its effects
depends on the period of exposure (i.e., fetal, prepubertal, or
adult life) [17]. In mouse, prenatal exposure to BPA ad-
versely affects spermatogenesis in adulthood animals, with a
reduction in the number of seminiferous tubules at stage
VIII that predisposes sperm count decrease [18]. Accord-
ingly, gestational exposure to BPA is reported to decrease the
proportion of elongated SPT [19] as well as the number of
SPZ [20]. In addition, men with different degrees of fertility,
classified as slightly, moderately, and severely infertile men,
reveal a negative association between seminal BPA levels
(but not BPA plasma levels) and sperm concentration or
total sperm count and morphology [21]. More recently, it
has been reported that BPA induces breaks in DNA strands
and generate reactive oxygen species in SPZ [22–24]. Other
studies report a detrimental, dose-dependent effect of BPA
on selected fertility-related proteins in SPZ as well as on
function and fertilization ability of sperm cells [25]. Al-
though adverse effect of BPA on semen quality is consistent,
there is insufficient evidence to draw conclusions about how
BPA interferes with sperm health. (erefore, we performed
an in vivo study to evaluate the possible effects of BPA
exposure on SPZ. Specifically, we evaluated the impact of the
fetal-perinatal exposure on gamete health in adulthood
animals.

2. Materials and Methods

2.1. Experimental Design and BPA Exposure. (e experi-
mental design has been structured to avoid undesired en-
vironmental contamination of BPA. Accordingly, standard
polypropylene cages (Tecniplast S.p.A., Varese, Italy),
corncob bedding (Envigo srl, Udine, Italy), and glass bottles
(Zooplus AG, Monaco di Baviera, Germany) were used [26].

Mice strain (CD1, Charles River), diet (Envigo srl,
Udine, Italy), and BPA concentration (10 μg/mL, Sigma-
Aldrich, Milano, Italy), as well as route (drinking water),
time (from 10 days post coitum (dpc) to 31 days post partum
(dpp)) and period (foetal/perinatal) of exposure were chosen
in agreement with effectiveness of the experimental plan

reported by Miyawaki and coworkers [27]. In particular, we
chose 10 μg/mL as in vivo concentration according to “safe”
dose of BPA for human by U.S. European Protection
Agency.

Male mice were exposed to drinking water containing
ethanol alone (0.2% as vehicle; n� 8, unexposed/control
group; CTRL) or containing BPA (10 μg/mL BPA dissolved
in 0.2% ethanol; n� 12, exposed group), via pregnant/
nursing mothers (from 10 dpc to 21 dpp) o via direct access
to water (from 21-to-31 dpp).

After weaning, each male litter (n � 5 litters/CTRL
group; n � 5 litters/BPA-exposed group) was housed in a
single cage, and some physiological parameters (e.g.,
weight, food intake, etc.) were constantly monitored from
21-to-78 dpp, in both experimental groups [28]. (e an-
imals were sacrificed at 78 dpp and subjected to tissue
collection. To note, before sacrifice, food was removed
from the cage at 5:00 pm and animals were killed the day
after, between 9:00 and 11:30 am, under ether anaesthesia
by cervical dislocation. Epididymis were accurately re-
moved, and the caput and cauda region were properly
processed for SPZ collection from caput (caput SPZ) and
cauda (cauda SPZ), separately.

Experiments were approved by the Italian Ministry of
Education and the Italian Ministry of Health, with autho-
rization n° 941/2016-PR issued on 10.10.2016.

Procedures involving animal care were carried out in
accordance with National Research Council’s publication
Guide for Care and Use of Laboratory Animals (National
Institutes of Health Guide).

2.2. SpermatozoaCollection. Caput and cauda SPZ (n� 5 for
CTRL group; n� 5 for BPA group) were collected from the
relative epididymal segment. In particular, caput and cauda
of epididymis were separately immersed in phosphate buffer
saline (PBS, pH 7.6) and cut into few pieces to let the SPZ
flow out from the ducts. SPZ samples were then filtered and
immediately used (n� 5 for the experimental group) to
analyse the number of live, motile, and total cells. Aliquots of
SPZ samples were fixed (n� 3 for experimental group) and
later used to evaluate sperm chromatin parameters such as
condensation and disulfide bound formation.

2.3.Analysis of Live andMotile Spermatozoa. We used CTRL
(n� 4) and BPA-exposed (n� 4) mice to analyze the number
of live and motile SPZ from caput and cauda of epididymis.
(e number of live and motile SPZ was evaluated under a
light microscope (magnification 20X) using a haemocy-
tometer (Burker Chamber). (is procedure was validated
using double-blind test. Live SPZ were evaluated using the
viable dye tripan blue and plotted as percentage of live/total
SPZ. Motile SPZ were count and plotted as percentage of
motile/live SPZ.

2.4. Acridine Orange (AO) Staining Analysis. (e fluoro-
chrome AO intercalates into double strand DNA (native
DNA) as amonomer and fluoresces green. Conversely, when
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it binds to single strand DNA (denatured or single strand
DNA) as an aggregate, a red fluorescence is observed.
Noteworthy, DNA is vulnerable to denaturation under acid
conditions [29, 30]. (is metachromatic shift from green
(FL1-H) to red (FL3-H) has been used to measure chromatin
quality indices of SPZ under acid conditions [31, 32].

Using cytofluorimetry analyses, we evaluated the
percentage of SPZ with high DNA stainability (i.e., HDS)
as well as thiol/disulphide status (i.e., TDS) in sperm
samples collected from caput and cauda region of epi-
didymis. Values were considered as spermatic indices of
uncondensed chromatin (i.e., HDS, calculated as intensely
green (FL1-H > 105) fluorescing DNA/total fluorescing
DNA (FL1-H > 103 + FL3-H > 103)) and thiol groups oxi-
dation (i.e., TDS, calculated as red fluorescing [FL3-
H > 103]/green fluorescing (FL1-H > 103) DNA), respec-
tively [5, 29, 31, 32].

Aliquots of SPZ (1× 106/100 μL) collected from caput or
cauda epididymis were suspended in 1ml of ice-cold PBS
(pH 7.4) buffer and centrifuged at 600g for 5 minutes. (e
pellet was resuspended in ice-cold TNE (0.01M Tris-HCl,
0.15M NaCl and 1mM EDTA, pH 7.4) buffer and again
centrifuged at 600g for 5 minutes. (e pellet was then
resuspended in ice-cold TNE-10% glycerol buffer (200 μL)
and immediately fixed in ethanol (70% v/v) at 4°C for 24 h.
Cytofluorimetry analysis was simultaneously carried out on
caput and cauda SPZ fromCTRL vs. BPA-exposed mice.(e
samples were treated for 30 seconds with 400 μL of a solution
of 0.1% Triton X-100, 0.15M NaCl and 0.08N HCl, pH 1.2.
After 30 seconds 1.2mL of staining buffer (6 μg/mL AO,
37mM citric acid, 126mM Na2HPO4, 1mM disodium
EDTA, 0.15M NaCl, pH 6.0) was admixed to the test tube
and analyzed by flow cytometry. After excitation by a
488 nm wavelength light source, AO bound to a double-
stranded DNA fluoresces green (515–530 nm) and AO
bound to a single-stranded DNA fluoresces red (630 nm or
greater). A minimum of 10,000 cells were analyzed by
fluorescent activated cell sorting (FACSCalibur, BD Bio-
Science, Milan, Italy).

2.5. Incubation of SPZ with BPA by In Vitro Experiment.
Spermatozoa collected from caput epididymis of adult mice
(n� 3) were treated with vehicle or with two different doses
of BPA, 2 ng/mL and 20 ng/mL, corresponding to 0.01 μM
and 0.1 μM, respectively. (ese doses are below the ac-
ceptable human daily exposure levels [33]. Each treatment
lasted 15min and was carried out at room temperature.
Afterward, the number of total, live, and motile SPZ was
evaluated as described above.

To preserve control quality and avoid any effect due to
the vehicle, all experimental groups received ethanol
(0.01%), being BPA dissolved in ethanol.

2.6. Statistical Analysis and Data Presentation.
Student’s t-test and Duncan’s test (for multigroup com-
parison) were carried out to evaluate the significance of
differences. Data are expressed as the mean± S.E.M.

3. Results

3.1. BPA Effects on Viability of Caput Spermatozoa.
Spermatozoa collected from caput epididymis of CTRL and
BPA-exposed mice have been used to evaluate live SPZ. In
particular, the number of live and total cells was analysed,
and data were reported as percentage of live/total SPZ.

(e percentage of live SPZ (Figure 1(a)) from caput
epididymis was significantly higher (p< 0.01) in the CTRL
group as compared with BPA-exposed animals.

3.2. BPA Effects on Sperm Motility Acquisition. To study the
interference of BPA on epididymal sperm maturation and,
in particular, on sperm motility acquisition during the
epididymal transit, from caput-to-cauda, we analyzed the
percentage of motile SPZ from cauda and caput epididymis
of CTRL and BPA-exposed mice (Figure 1(b)). In particular,
the number of live, motile, and total cells was analysed, and
data were reported as percentage of motile/live SPZ.

In CTRL and BPA-exposed mice, the percentage of
motile SPZ significantly increased from caput to cauda
(p< 0.01 or p< 0.05). (e percentage of motile SPZ from
caput epididymis was significantly higher (p< 0.05) in the
CTRL group as compared with the BPA-exposed animals,
while comparable percentage values of motile SPZ were
observed in cauda epididymis of CTRL and BPA-exposed
group.

3.3. BPA Effects on Caput SPZ by In Vitro Incubation. To
investigate the harmful BPA effects on viability and motility
of caput SPZ, we planned in vitro experiments and specif-
ically incubated caput SPZ with vehicle (CTRL) or with two
different doses of BPA (2 and 20 ng/mL).(e number of live,
motile, and total sperm cells was evaluated, and data were
reported as the percentage of live/total SPZ or motile/live
SPZ.

Results show that viability of SPZ was unresponsive to
the direct BPA exposure (Figure 2(a)). Indeed, both doses (2
and 20 ng/mL) were not able to decrease the number of live
SPZ. Interestingly, the higher dose of BPA (20 ng/mL)
significantly decreased the percentage of motile SPZ as
compared to the CTRL group (p< 0.05), while no significant
difference was observed at the lower doses (2 ng/mL)
(Figure 2(b)).

3.4. Effects of BPA on Chromatin Condensation of Caput and
Cauda Spermatozoa. Sperm samples from caput and cauda
epididymis of CTRL and BPA-exposed mice have been
stained with AO dye in acid conditions and analyzed by flow
cytometry. HDS and TDS have been evaluated and used as
spermatic indices of uncondensed chromatin and thiol-
disulphide status, respectively.

Figure 3(a) shows histograms of green-stained (FL1-H)
and red-stained (FL3-H) caput and cauda SPZ from CTRL
and BPA-exposed mice, in the gated areas (M1 and M2,
respctively), while the Figures 3(b) and 3(c) show the relative
HDS and TDS values, respectively.
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In CTRL mice, HDS values showed no significant dif-
ference, CTRL vs. BPA, while, in BPA-exposed mice sig-
nificantly increased from caput to cauda epididymis
(p< 0.05). However, in cauda epididymis, HDS values were
higher in BPA-exposed mice than in the CTRL group
(p< 0.05).

In CTRL mice, TDS values significantly decreased from
caput to cauda epididymis (p< 0.05) while, in BPA-exposed
mice, no significant difference was detected from the caput
to cauda region.

4. Discussion

Male mice exposed to BPA during the fetal-perinatal period
have been sacrificed at 78 dpp. Spermatozoa collected from
caput and cauda epididymis have been morphologically and
biochemically analyzed. (e aim was to evaluate the impact
of the fetal-perinatal exposure on gamete health in adult-
hood animals. Phenotypic parameters and chromatin fea-
tures have been considered to qualitatively study the gamete
as the result of events related to spermatogenesis and

epididymal maturation. Phenotypic parameters of SPZ, such
as viability and motility, have been evaluated by analysis of
caput SPZ, while epididymal sperm maturation processes,
such as motility acquisition and chromatin condensation,
have been evaluated by analysis of caput and cauda SPZ.

Results demonstrate that BPA exposure decreased the
number of live or motile SPZ in caput epididymis revealing
adverse effects of BPA on viability and motility of sperm
cells. Interestingly, BPA disturbed spermatogenesis as
seminiferous tubules of BPA-exposed mice shown exfoliated
germ cells in tubular lumen, particularly elongating SPTand
SPZ (data not shown). However, despite in caput epididymis
BPA decreased the number of motile SPZ, no effect was
observed in the cauda region. Number of motile SPZ in-
creased from caput to cauda, both in CTRL and BPA-ex-
posed mice, with comparable values in cauda, CTRL vs.
BPA, revealing that SPZ efficiently acquired their potential
to move during the epididymal transit. (is occurred in-
dependently by exposure, demonstrating that BPA did not
interfere with spermmotility acquisition mechanism while it
specifically counteracted spermmotility in caput epididymis.
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Figure 1: Viability (a) of spermatozoa (SPZ) collected from caput epididymis of mice exposed to vehicle (control, CTRL) or Bisphenol-A
(BPA). (b) Motility of SPZ collected from caput and cauda epididymis of mice exposed to vehicle (CTRL) or BPA. Data are reported as
percentage of motile/live SPZ± S.E.M. ∗p< 0.05 and ∗∗p< 0.01.
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Figure 2: Viability (a) and motility (b) of spermatozoa (SPZ) collected from caput epididymis of adult mice incubated with vehicle (control,
CTRL) or with two different doses of Bisphenol-A (BPA) (2 and 20 ng/ml). Data are reported as percentage of live/total SPZ (a) and motile/
live SPZ (b) ±S.E.M. ∗p< 0.05.
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To investigate the harmful effect of BPA on viability
and motility of SPZ transiting in caput epididymis, using
an in vitro incubation system, we directly exposed caput
SPZ to vehicle or BPA (2 and 20 ng/ml) and analyzed the
number of live or motile SPZ. No effect was observed on
live sperm number, while a negative dose-dependent BPA-
effect was noticeable on number of motile SPZ. (is
revealed that BPA was able to counteract spermmotility by
direct action on SPZ, while it was not effective on viability.
(is observation, if translated in our in vivo model and, in
particular, in caput epididymis of BPA-exposed mice,
suggests that the higher number of dead SPZ was probably
referable to harmful BPA-effect on germ cells during

spermatogenesis. On the contrary, the lower number of
motile SPZ was realistically ascribable to a local accu-
mulation and action of BPA in the epididymal caput re-
gion. In agreement, the differential accumulation of
endocrine disruptors, including BPA, has been reported in
different animal tissues [34] including the visceral fat mass,
which in our exposure experimental model preferably
accumulates BPA [35]. Interestingly, the gestational BPA
exposure adversely affects spermatogenesis in adulthood
mice. Such exposure interferes with development of
elongated SPT, as BPA likely acts as estrogenic chemical
[19]. Indeed, estrogens lead to degeneration of elongated
SPT in young rats in vivo exposed to high doses [36], while
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Figure 3: Flow cytometry analysis of caput and cauda spermatozoa (SPZ) from mice exposed to vehicle (control, CTRL) or Bisphenol-A
(BPA). (a) Representative histograms of Acridine orange (AO) stained sperm in M1- and M2-gated areas. Intensely green (FL1-H> 105),
green (FL1-H> 103), red (FL3-H> 103), and total (green + red) fluorescencing DNA were used to analyze (b) high DNA stainability (HDS)
and (c) thiol/disulphide status (TDS) values. Graphs were representative of three sperm samples relative to separate animals. Data were
expressed as the mean± S.E.M. ∗p< 0.05 and ∗∗p< 0.01.
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in mouse they modulate chromatin remodeling of SPT
during spermiogenesis [37, 38]. In particular, 17β-Estra-
diol is reported to facilitate histone-protamine exchange in
mouse SPT by promoting histone displacement [5]. Such
event predisposes chromatin condensation extent of caput
SPZ as well as predisposes caput SPZ to preserve chro-
matin condensation status during the epididymal transit
by inter-/intra-protamine disulphide bridge formation [4].

With this in mind using a biochemical approach, based on
AO fluorescent dye under acid conditions, we analyzed the
percentage of SPZwith highDNA stainability (i.e., HDS) as well
as thiol/disulphide status (i.e., TDS) in sperm samples collected
from caput and cauda of epididymis of CTRL andBPA-exposed
mice. Values were considered as spermatic indices of uncon-
densed chromatin (i.e., HDS) and thiol groups oxidation (i.e.,
disulphide bridges formation), respectively.

Results revealed scanty HDS values in caput epididymis,
both in CTRL and BPA-exposed mice, with no significant
difference, CTRL vs. BPA, demonstrating no effective BPA
interference on spermatogenetic mechanisms that predis-
pose chromatin condensation extent in caput SPZ. However,
in cauda epididymis, the percentage of SPZ with uncon-
densed chromatin (i.e., HDS) was higher in BPA-exposed
mice than in the CTRL group, suggestive harmful BPA effect
on cauda SPZ. As expected, no significant differences was
observed in the CTRL group when we analyzed HDS values
in caput and cauda epididymis, confirming that SPZ pre-
serve their chromatin condensation status during the epi-
didymal transit. Conversely, in BPA-exposed mice, the HDS
values increased from caput-to-cauda. (is revealed higher
susceptibility of sperm chromatin to swelling in cauda
compared to caput epididymis. Noteworthy, during the
epididymal transit of mouse sperm, inter-/intra-protamine
thiol group oxidation strongly stabilizes sperm chromatin
condensation status [4, 39, 40]. With this in mind, we hy-
pothesized that BPA exposure interfered with epididymal
sperm chromatin maturation by affecting disulphide bridge
formation. In agreement, the thiol/disulphide ratio (i.e., TDS
value) decreased in CTRL mice from caput-to-cauda SPZ,
while in BPA-exposed mice, it was stably elevated in SPZ
transiting from the caput-to-cauda region of epididymis,
demonstrating that BPA-exposure counteracted the oxida-
tion of the thiol groups associated to sperm chromatin.

In conclusion, our results show that mice exposed to
BPA during the fetal-perinatal period produce poorly
healthy gamete in adulthood. We show harmful effect of
BPA on viability and motility of sperm cells as well as on
sperm chromatin maturation extent. In particular, BPA
interferes with biochemical mechanism useful to stabilize
chromatin condensation of SPZ during the epididymal
transit, by counteracting oxidation of thiol groups associated
to chromatin.

5. Conclusions

(e results of the current study support the hypothesis that
endocrine-disrupting chemicals are important risk factors
for declining male semen quality and suggest that envi-
ronmental exposure to BPA may affect the main semen

quality parameters. In the last few years, sperm quality
parameters take on an important relevance in evaluation of
gamete health. As an example, chromatin condensation and
DNA damage in sperm cells [5, 40] are related each other,
and DNA damage has been closely associated with poorer
outcomes of numerous indicators of reproductive health,
including lower fertilization, embryo quality, and implan-
tation, and also with spontaneous abortion [41].

Of course, a clear understanding of BPA action mech-
anisms, including bioaccumulation, as well as of the pre-
sumed risks deriving from its exposure, is crucial to preserve
male fertility. Moreover, given the complexity of BPA ac-
tivity whose effects in animal models have been demon-
strated at low and high doses [26], it is of critical public
health importance to re-evaluate the current reference dose
considered “safe” in humans [42].
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(is study was designed to investigate the effect of prenatal exposure to synthetic sex steroid on sperm quantity and quality,
relative testicular and epididymal weights, and reproductive hormones level in adult Wistar rats. Forty male Wistar rats were
divided into two groups: a test group (n� 20) that included mature rats that were born to dams exposed to gestational treatment
with hydroxyprogesterone and a control group (n� 20) that included mature rats born to untreated dams. Compared to the
control group, the test group showed a significant reduction in the sperm count, viability and motility, relative testicular and
epididymal weights together with increased abnormal spermatozoa (p< 0.001). (e reproductive hormonal assay revealed
significantly lower serum testosterone and higher levels of FSH and LH among the test groups compared to the control (p< 0.05
for all). Prenatal exposure to synthetic progesterone negatively affected sperm production and function, relative testicular and
epididymal weights, and reproductive hormone levels.

1. Introduction

Recently, and with a significant progressive increase in the
incidence of human infertility and testicular disorders,
considerable concern has been expressed over the possibility
that prenatal exposure to excess synthetic sex hormones and
steroids may adversely affect male reproduction in both
animals and humans [1, 2].

Clinical and experimental reports support the hy-
pothesis that the fetal origin of testicular disorders is as-
sociated with exposure to endocrine disrupters. New data
reported that prenatal exposure to such hormones is likely
to cause testicular developmental disorders and, conse-
quently, induce infertility [3–5]. Nevertheless, prenatal

exposure to progesterone was reported to induce irre-
versible testicular growth alteration, reduced sperm pro-
duction, and suppressed steroidogenesis [5, 6].

Hydroxyprogesterone is synthetic progesterone pre-
scribed traditionally for many obstetric and nonobstetric
conditions. In obstetrics, the hormone is used for the
treatment of abnormal uterine bleeding, threatened
miscarriages during the first trimester, primary infertility
cases, preterm delivery prevention, and to prevent and
treat abnormal endometrial thickening (endometrial
hyperplasia). Nonobstetric uses include treatment of
mammary pain in women with noncancerous breast
disease and as a topical treatment in certain skin diseases
[7–11].
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Experimental studies showed that exposure to such
drugs during the embryonic period of development that is
marked as a critical period might significantly decrease the
epididymal sperm count and sperm motility in rats. (ese
abnormalities may result from alteration of the normal
endocrine system function of the animal and interferences
with synthesis, secretion, transport, metabolism, binding,
and elimination of natural blood hormones that are re-
sponsible for homeostasis, reproduction, and developmental
process [11, 12].

Following exposure to hydroxyprogesterone, recent
evidence revealed abnormal morphometric and histological
changes, including a reduction in sperm count, damaged
seminiferous tubules, and decreased testicular and epidid-
ymal weights [7, 8, 11].

Although many experimental protocols extensively
studied the impacts of prenatal exposure to estrogenic
steroids on male and female reproduction, data are scarce
concerning the male reproductive changes following pre-
natal exposure to progestogens. In this context, the present
study was conducted to further explore the effects of prenatal
exposure to hydroxyprogesterone on sperm quantity, sperm
quality, relative testicular and epididymal weights, and re-
productive hormone level using an experimental approach.

2. Material and Methods

2.1. Chemicals. Synthetic progesterone, hydroxyprogester-
one caproate (Hydroxyprogesterone; Schering AG; Ger-
many. Trade name: Proluton Depo ®), is available in an oily
solution diluted by pure Spanish olive oil (1 : 4ml). It was
obtained from Najran Maternity Hospital.

2.2. Animals. Eight to ten weeks’ old, pregnant females were
divided into two groups and kept separate away from any
stress in sterilized polypropylene cages
(90 cm× 45 cm× 15 cm) lined with woody husk at 12 :12 h
light/dark cycle, (28± 7) °C temperature, fed on a com-
mercial pellet and offered water ad libitum. Group one
(n� 10) served as a control, and group two as a test group
(n� 10). (e females in the test group were subcutaneously
injected with 10mg/kg of hydroxyprogesterone on the 1st,
7th, and 14th day of gestation. (e females in the control
group were injected with a similar dose of a placebo (pure
Spanish olive oil).

Twenty male puppies born to each of the test and control
groups were randomly selected and allowed to grow for 90
days where they reached maturity. (e test group included
male rats that were born to dams treated with synthetic
progesterone during pregnancy, whereas those who born to
untreated dams served as a control (n� 20 in each group).
(e dams’ body weights were taken daily to adjust the dose
[8, 11, 13]. (e dose used in this study was in the range of
regular clinical use and the administrative schedule is similar
to humans during pregnancy [11].

2.3. Tissue Collection and Preparation. Rats were anes-
thetized with chloroform, sacrificed by cervical dislocation,

and blood samples were collected from each animal through
cardiac puncture using a 3ml syringe and placed in 5ml
plain blood collection tube to determine the serum levels of
testosterone, luteinizing, and follicle-stimulating hormones.

(e right testis and epididymis of each rat were quickly
removed and cleaned from surrounding connective tissues
and then weighed. (e mid-to-distal region of the epidid-
ymis was perforated in a Petri dish by 3mL needle. (e
oozed sperms containing fluid was then diluted in 1mL
physiological saline solution (0.9% NaCl). (e apparent
sperm suspension was gently mixed and kept at 37°C for 5
minutes to allow for the dispersion of sperms in the medium
[4, 12]. After thorough mixing, the sperm suspension was
used to assess the sperm count, motility, viability, and
morphology. Later, relative testis and epididymis weights
were calculated per final body weight [11, 14].

2.4. Semen Analysis

2.4.1. Sperm Counts. A drop of the diluted semen (1 : 20),
thoroughly mixed, was transferred to a Neubauer hemo-
cytometer using a micropipette, and a cover glass overlaid.
(e total number of the sperms was then observed and
counted under a Carl Zeiss (Germany) Axio 2 Plus mi-
croscope at ×100 magnification. Sperms were counted in five
small squares of the large central square, each square
consisting of 16 smaller squares. (erefore, sperm con-
centration was expressed in terms of sperm X 106/ml. Two
samples from each epididymis were examined, and the
average counts were scheduled [12, 15–17].

2.4.2. Sperm Motility. (e sperm motility was assayed mi-
croscopically within 5 minutes following their isolation from
cauda epididymis at 37°C. A drop of sperm suspension was
placed on a Neubauer hemocytometer using a micropipette
and then observed under a Carl Zeiss (Germany) Axio 2 Plus
microscope at ×100 magnification. Sperm with any of the
different motility types was recorded as motile sperm. Sperm
motility was expressed as a percentage of motile sperm of the
200 sperm counted in 10 randomly selected fields for each
rat [4, 11].

For each animal, two separate hanging drops were
prepared to obtain the average.

2.4.3. Sperm Viability. (is technique was used to differ-
entiate between live and dead sperms. A drop of the diluted
semen was transferred to an Eppendorf tube (1mL) con-
taining one drop of 1% Eosin stain.(e contents were mixed
gently, left for 5 minutes at 37°C, and about 10 μL of the
sample was then observed under a Carl Zeiss (Germany)
Axio 2 Plus microscope at ×200 magnification. (e head of
dead spermatozoa was stained red while the live sperma-
tozoa were unstained with Eosin. Sperm viability, expressed
as a percentage of live sperms of the 200 sperms, was
evaluated in 10 randomly selected fields for each rat [4, 11].
For each animal, two separate hanging drops were prepared,
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and two independent observers assessed the viability. (e
data from each animal were used to obtain the average.

2.4.4. Sperm Morphology. A gently mixed drop of the sperm
suspension in an Eppendorf tube (1mL) was placed on a
clean slide and gently spread to make a thin film. (e film
was air-dried [18] and then observed under a Carl Zeiss
(Germany) Axio 2 Plus microscope using ×100 magnifica-
tion. (e relative percentages of abnormal sperms were
counted from 10 different optical fields for each rat sample.
Abnormal sperms included headless, tailless, and coiled tail
[11, 13, 19]. For each animal, two separate hanging drops
were prepared, and two independent observers assessed the
abnormalities. (e average results of each animal were
obtained.

2.5. SerumCollection andHormonalAssay. (e blood serum
was separated by centrifugation at 4,000 rpm for 5 minutes
after overnight storage at 4°C and then stored at 20°C
[8, 11, 12]. Specific commercially available ELISA kits,
purchased from Elabscience Biotechnology Co., Ltd
(Elabscience), China, were used to assess rat luteinizing
hormone (LH) Catalog No: E-ELR0026, testosterone (Cat-
alog No: E-EL-R0155) and follicle-stimulating hormone
(FSH) (Catalog No: E-EL-R0391) serum level according to
their manufacturer’s method instructions listed on the
following table (Table 1):

2.6. Statistical Analysis. (e obtained data were analyzed
using SPSS version16 (Chicago, USA) software program.
Data were expressed as mean± SD. One-way analysis of
variance (ANOVA) was used to test the significant difference
between different groups with the level of significance set at
p< 0.05.

2.7. Ethical Approval. (is study was committed to national
and international ethical experimental protocols and was
approved by college of medicine ethical approval commit-
tee—Najran University-KSA.

3. Results

3.1. Sperm Count. (e mean epididymal sperm count per
0.1 g/epididymis of the test group was significantly lower
from that of the control (p< 0.001) (Table 2), which reflects a
clear difference in spermatozoa density between the pro-
gesterone-treated and the control groups.

3.2. Sperm Motility and Sperm Viability. (e mean per-
centage of the sperm motility and viable spermatozoa
showed a significant reduction in the test group compared to
the control (p< 0.001) (Table 2, Figure 1).

3.3. SpermMorphology. A significant increment in the total
number of abnormal spermatozoa in the test group was
observed compared to control. (e mean percentages of the

total and specific (headless, tailless, and coiled tail) abnor-
malities were significantly higher among the test group
(Table 3, Figure 2).

3.4. Relative Testicular and Epididymal Weight.
Compared with the control group, the mean percentage of
relative testicular and epididymal weights of the test group
showed a significant reduction (p< 0.01) (Table 4).

3.5. Hormonal Assay. Serum testosterone levels were sig-
nificantly decreased (p< 0.001) in male rats born to dams
treated with synthetic progesterone during pregnancy.
However, serum FSH and LH levels were both significantly
increased in the test group (Table 5).

4. Discussion

(e present study showed interesting findings that uphold
the previous studies [11, 12] in that prenatal exposure to
synthetic progesterone negatively affected sperm produc-
tion, sperm function, and testicular hormone levels.

(e sperm count, motility, and viability were reduced
significantly among the progesterone-treated (test) group
compared to the control one, an effect that might be due to
hormonal-induced abnormal alteration in the testicular
structure and function during the embryonic period, which
in turn affected sperm development and maturation. (ese
findings were consistent with few previously reported
findings that investigated the effects of prenatal exposure to
progesterone on male mice and rat reproduction, respec-
tively [11, 12]. Nevertheless, the present study boosts the fact
that prenatal exposure to such a hormone induces long-term
abnormalities on testicular histology, and confirmed a sig-
nificant change in weights of the reproductive organs, sperm
quantity and quality, serum reproductive hormone con-
centrations, and fertility at maturity following prenatal and
neonatal rats’ exposure to contraceptive compounds [20].
(e same findings were reported after the gestational and
lactational exposure of male mice to diethylstilbestrol [21].

On the other hand, the significant increment in the
percentages of the total abnormal spermatozoa, headless,
tailless, and coiled tail spermatozoa in the test group
compared to the control suggested that administration of
progesterone during pregnancy might also disrupt sperm
quality and therefore may impair fertility [1, 20].

A significant decrease in the relative testicular and ep-
ididymal weights (p< 0.01) and in the test group compared
to control was documented in the present study. (is result
might be due to germinal and somatic cell loss or hypo-
trophy, shrinkage of seminiferous tubules, decrease in the
sperm count, and increase in the sperm abnormalities
(headless and tailless) due to prenatal progesterone expo-
sure. (ese findings are consistent with similar studies
[5, 22]. (e weight of the testis is mainly dependent on the
mass of differentiated spermatogenic cells, and it has been
used as a measure of spermatogenesis in rats [2]. A positive
correlation between the weight of testis and the number of
germ cells also was observed [8, 23].
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(e present study also included the effect of prenatal
progesterone treatment on the reproductive hormones,
namely testosterone, LH, and FSH serum levels. Compared
to controls, a significant reduction in the serum testosterone
level as well as a significant increase in the serum FSH and
LH level were observed in the test group. Similar findings
were reported in rats following prenatal exposure to
hydroxyprogesterone [11, 12] as well as neonatal exposure to
estrogen [24, 25]. (e reduction in serum testosterone levels
in the test group might be explained by a reduction in the
Leydig cell count, diminished responsiveness of Leydig cells
to LH, or direct inhibition of testicular steroidogenesis

[5, 25]. A significant decrease in the 3b-hydroxysteroid
dehydrogenase (3b-HSD) and 17b-hydroxysteroid dehy-
drogenase (17b-HSD) activities and steroidogenesis in the
testes of mice prenatally exposed to hydroxyprogesterone
was reported [6]. As testosterone is essential for the normal
development of sperms in terms of different stages in the
spermatogenesis process, the low hormone levels in the test
group are expected to contribute to the observed reduction
in the sperm count. (e high serum FSH levels observed in
the test group could be due to germ cell loss in the sper-
matogenic compartment or damage to the Sertoli cells,
which is expected to decrease inhibin hormone, thereby
affecting the negative feedback regulation of FSH secretion.

Similarly, the increased levels of LH, together with de-
creased levels of serum testosterone in the test groups, are
indicative of loss of the negative feedback of testosterone on
LH secretion caused by impairment of Leydig cell structure
or function. Earlier studies reported that neonatal exposure
to diethylstilbestrol resulted in suppression of androgen
action in addition to abnormalities in the male reproductive
tract. Nevertheless, the increased LH serum level delayed the
onset of mesenchymal cell differentiation into Leydig cells
[12, 22, 26, 27].

Table 1

Hormone Sensitivity Intra-assay coefficients of variability Midrange (%) Interassay coefficients of variability Midrange (%)
LH (mIU/mL) 0.94 4.55 5.96
FSH (ng/ml) 1.88 1.88 5.6
Testosterone (ng/ml) 0.17 6.72 6.18

Table 2: Mean percentage of the sperm count, motility, and viability in the control and test groups.

Parameter Control Test group p value
Sperm count (million/ml) (113.55± 10.46) (81.72± 5.61) (p< 0.001)

Motility (%) (82.42± 6.62) (63.65± 6.49) (p< 0.001)

Viability (%) (81.82± 6.54) (62.90± 6.10) (p< 0.001)

100µm

(a)

100µm

(b)

Figure 1: Micrographs illustrating sperm viability: control group (a), and the test group (b). Note the difference in the number of dark-
stained dead sperms (yellow arrows) (×200).

Table 3: Mean percentage of total and specific abnormalities in the
control and test groups.

Parameter Control
group Test group p value

Total sperm
abnormality (%) (15.10± 1.42) (41.16± 3.93) (p< 0.005)

Headless (1.42± .41) (9.78± 1.05) (p< 0.005)

Tailless (1.91± .48) (16.42± 2.78) (p< 0.005)

Coiled tail (2.86± .52) (16.38± 3.89) (p< 0.001)
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In conclusion, the present study showed that prenatal
exposure to synthetic progesterone adversely affected sperm
production and function, relative testicular and epididymal
weights, and reproductive hormone levels. (ese findings
raise a question on the safety profile of progesterone use
during pregnancy, particularly in the presence of any tes-
ticular abnormality.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.
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