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Abstract
Thyroid dysfunctions, such as hypothyroidism and hyperthyroidism, are the second most prevalent endocrinopathies and are
associated to reproductive disorders in men. Several genes are differentially modulated by thyroid hormones in testes and
imbalances in thyroid hormone levels are also associated to alterations on sperm functionality. Imbalances on antioxidant
defense mechanism and stress oxidative have been pointed out as the main factors for the impairments on male reproductive
function. To clarify this issue, we investigated the expression and activity of antioxidant enzymes in testis, followed by their
proteomic profile in attempt to characterize the mechanisms involved in the alterations induced by hypo- or hyperthyroidism
in adult male rats. Hypothyroidism reduced the Gsr transcript expression and the activity of CAT and GSR enzymes, while
the hyperthyroidism reduced the Gpx4 var2 transcript expression. Among 1082 identified proteins, 123 and 37 proteins were
downregulated by hypothyroidism compared to euthyroid and hyperthyroid condition, respectively, being 36 proteins
commonly reduced in both comparisons and one exclusively in hypo-hyperthyroidism comparison. A network containing 29
nodes and 68 edges was obtained in protein–protein interaction analysis and the functional enrichment analysis of
differentially expressed proteins revealed significant alterations for several functions in hypo-euthyroid and hypo-
hyperthyroid comparisons, such as ATP metabolic process, coenzyme binding, sperm part, peroxiredoxin activity,
mitochondrial protein complex, intramolecular oxidoreductase activity, binding of sperm to zona pellucida, glutathione
transferase activity, response to testosterone. Thus, there is a correlation between thyroid disorders and impaired antioxidant
defense mechanism, resulting in reproductive dysfunctions, as infertility, mainly observed in hypothyroidism.
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Introduction

Infertility is characterized by the failure to establish preg-
nancy after 12 months of regular and unprotected sexual
intercourse and affects about 8 and 12% of couples in
reproductive age worldwide, with men accounting for 50%
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of these cases [1]. Although many conditions are related to
the cause of men infertility, about 60% of the cases are still
classified as idiopathic [2].

Thyroid hormones (TH) actions on testicles of adults has
been a controversial issue discussed in the last decades,
even though it is recognized that thyroid dysfunctions, such
as hypothyroidism and hyperthyroidism, have negative
impact on men fertility (recently reviewed by La Vignera,
Vita [3]). Recently, the number of evidence of TH mod-
ulation of the hypothalamic-pituitary-testicular axis is
increasing [4]. The global prevalence of thyroid dysfunction
ranges 1–2% for hypothyroidism and 0.2–1.3% for hyper-
thyroidism in iodine-sufficient countries [5]. In a cross-
sectional analysis of men seeking medical care for couple
infertility, 3.7% and 7.4% presented subclinical hyperthyr-
oidism and hypothyroidism, respectively [6], reinforcing the
need to investigate and understand the TH action on adult
testes.

The expression of thyroid related genes was previously
assessed in adult hypo- or hyperthyroid rats by our group
[7]. Hypothyroidism upregulates the transcript expression
of Thyroid hormone receptor alpha 1 (Thra1), a critical
mediator of TH transcriptional actions in testes [8]. On the
contrary, the expression of deiodinase type III (Dio3),
enzyme that converts thyroxine (T4) and triiodothyronine
(T3) to reverse triiodothyronine (rT3) and diiodothyronine
(T2), respectively, is downregulated in hypothyroidism [7].
Thus, molecular adjustments are triggered in testes
increasing the intracellular response to TH and reducing the
TH degradation, possibly in attempt to compensate the
lower TH levels in hypothyroid condition [7]. In hyper-
thyroidism, the expression of thyroid hormone transporter,
known as monocarboxylate transporter 8 (Slc16a2), is
upregulated, possibly decreasing the intracellular excess of
thyroid hormones in the testis [7].

Regarding the sperm functionality, both hypothyroid-
ism and hyperthyroidism reduced the mitochondrial
activity, while the acrosome integrity was reduced only in
hypothyroid animals [7]. Together, these sperm altera-
tions point out an imbalance between ROS generation and
removal systems to avoid the oxidative stress which
impair the fertilization process [9]. Indeed, previous stu-
dies using different experimental models or even in hypo-
or hyperthyroid men showed that the imbalanced anti-
oxidant defense mechanism in the testis is the major
responsible for impairments on sperm functionality and
quality [10–14]. Moreover, high content of poly-
unsaturated fatty acids (PUFA) in the plasma membrane
makes the spermatozoa highly susceptible to oxidative
damage [15] and the male infertility is associated with
oxidative stress in the seminal plasma [16]. Besides that, it
is known that the TH regulates the metabolism of several

tissues [17]. Thus, alterations in the testicles metabolism
due to thyroid dysfunctions could also affect the sperma-
togenesis and sperm functionality.

In this sense, we first investigate the possible unbalances
in the antioxidant defense mechanism through the evalua-
tion of catalase (CAT), glutathione peroxidase (GPX),
glutathione reductase (GPR) and superoxide dismutase
(SOD) expression and enzymatic activity, followed by a
proteomic profile of testis of rats in attempt to characterize
the mechanisms involved in the alterations induced by
hypo- or hyperthyroidism developed in the adulthood.

Material and methods

Experimental design

In total 36 90-day-old male Wistar rats (Rattus norvegicus)
were randomly split into three groups and subjected to the
following treatments: (a) euthyroid [control animals treated
with saline, intraperitoneally (ip), and drinking water ad
libitum]; (b) hypothyroid [surgical thyroidectomy followed
by 0.03% methimazole (Sigma-Aldrich, USA) and 0.05%
calcium chloride (CaCl2) in drinking water during 21 days];
or (c) hyperthyroid [1,5 µg T3/100 g of body weight (BW),
twice a day, ip, from 105 to 109-day old; T3: 3,3′,5-Triiodo-
L-thyronine, T2877, Sigma-Aldrich, USA, drinking water
ad libitum]. All rats were euthanized at 110-days-old and the
tissues were collected. Surgeries and euthanasia were per-
formed under deep anesthesia with 100mg of ketamine plus
20 mg of xylazine per kg/BW, ip in bolus. The induction of
hypothyroidism and hyperthyroidism was in accordance
with thyroid experimental guidelines [18] and our previous
study [7]. Animals were maintained into subgroups of four
in polypropylene cages (43 × 43 × 20 cm) with a 5 cm layer
of wood shavings, with rat chow (Nuvilab CR-1, Quimtia,
PR, Brazil) under a 12:12 h dark/light cycle in a
temperature-controlled room (22 ± 2 °C). All procedures
were performed in accordance with the National Guidelines
for Animal Experimentation and were approved by the
Universidade Estadual do Centro-Oeste, Ethical Committee
for Animal Research (protocol # CEUA 010/2014).

Tissue collection

Blood was collected via cardiac puncture and centrifuged at
2191 × g (Excelsa II 206 BL, Sao Paulo, SP, Brazil) for
15 min. The serum was separated, frozen and stored at
−70 °C for subsequent hormone evaluation. The hearts
were excised, dehydrated for 24 h at 37 °C and weighed.
Testes were quickly removed, pulverized in liquid nitrogen
and maintained in ultrafreezer at −70 °C until use.
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Evaluation of thyroid status

The thyroid status of animals was assessed by the mea-
surement of TSH and T3 serum concentrations and by the
dehydrated heart weight compared to euthyroid animals, as
previously described [19].

Hormone measurements

The TSH and T3 serum concentrations were determined by
a chemiluminescent immunoassay using Luminex xMAP
technology (Milliplex MAP rat thyroid panel, Billerica,
MA, USA), according to the manufacturer instructions by
the Laboratório Especializado em Análises Científicas Ltda.
(LEAC, Sao Paulo, SP).

Reverse transcriptase followed by real-time
quantitative PCR (RT-qPCR)

The mRNA expression of catalase (Cat), superoxide dis-
mutase 1 (Sod1), glutathione-disulfide reductase (Gsr),
glutathione peroxidase 4 transcripts variants 1 (Gpx4var1)
and 2 (Gpx4var2) relative to ribosomal protein L19 (Rpl19)
was evaluated in testis. For this, total RNA was extracted
with TRIzol® Reagent (Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instructions and its
concentration was measured with a Kasvi nanospec-
trophotometer (Kasvi, Brazil). Total RNA (2.5 µg) was
reverse transcribed for 60 min at 42 °C using oligo (dT)
primer and GoScript Reverse Transcription System (Pro-
mega, Madison, USA), according to the manufacturer’s
instructions. Real-time PCR was carried out in 10 μL
reaction volume with 10 ng of cDNA and a mix containing
2 µM of primers, 0.5 µM of ROX dye and 5 μL of Platinum®
SYBR® Green qPCR SuperMix-UDG (Life Technologies,
Carlsbad, USA). The amplification was performed using
Applied Biosystems StepOnePlus™ Real-Time PCR Sys-
tem (Applied Biosystems, Singapore) following the cycle
conditions: 50 °C (2 min), 95 °C (2 min), and 40 cycles of
95 °C (15 s) and 60 °C (30 s). At the end of the cycles, a
melting curve was generated and analyzed to confirm the
specificity of the amplification. The average cycle threshold
(Ct) was automatically determined using StepOne™ Soft-
ware v2.3 (Applied Biosystems) and quantification was
performed by the 2−ΔΔCt method, as previously described
[20]. The primer sequences are shown in Supplementary
Table 1.

Antioxidant enzyme activity in the testis

Twenty-five milligrams of pulverized testis was homo-
genized in a 250 µL of 0.5 mM Tris–HCl pH 7.4 and cen-
trifuged at 590 × g during 10 min at 4 °C. The supernatant

was collected and the total protein content was estimated by
Bradford method [21]. The supernatant was used in the
enzymatic assays to determine the activities of superoxide
dismutase, glutathione peroxidase, glutathione reductase
and catalase. The superoxide dismutase activity was eval-
uated according to the manufacturer instructions of the
RANSOD kit (Randox Laboratories Limited, Crumlin,
Northern Ireland) and previously described [22]. The results
were expressed as unit of SOD per microgram of protein (U
of SOD × µg of Ptn−1). The gluthatione peroxidase activity
was measured with the RANSEL kit (Randox Laboratories
Limited, Crumlin, Northern Ireland) as previously pub-
lished [23] and the results were expressed as unit of GPX
per liter per microgram of protein (U of GPX × L−1 × µg of
Ptn−1). The gluthatione reductase activity was evaluated
following the manufacturer instructions for the GLUT RED
kit (Randox Laboratories Limited, Crumlin, Northern Ire-
land) as previously described [24, 25]. The results were
expressed as unit of GSR per liter per microgram of protein
(U of GSR × L−1 × µg of Ptn−1). The catalase activity was
assessed by the hydrogen peroxide decay at 30 °C by
spectrophotometry at 240 nm, according to previous studies
[26]. The results were expressed as delta of absorbances
(initial minus final) per second per μg of protein (Δ Abs ×
Sec−1 × μg of Ptn−1).

Statistical analysis

The variables were submitted to Kolmogorov–Smirnov tests
for normality and the Bartlett test for homoscedasticity. The
TSH serum concentration results were compared between
the groups using Kruskal–Wallis nonparametric analysis
followed by the post hoc Dunn test. All other parameters
were analyzed by ANOVA test followed by the post hoc of
Tukey. The analysis were performed with Statistica 7.0
(Statsoft Inc, Tulsa, OK, USA). Statistical differences were
considered significant when P value was lower than 0.05.
The values were expressed as means and the standard error
of the mean (±SEM) for parametric and median and inter-
quartile ranges for nonparametric analysis.

Quantitative proteomic profile of testis by nanoLC-
Orbitrap mass spectrometry analysis

Protein extraction

Hundred milligrams of pulverized testis were homogenized
in 300 µL of RIPA buffer containing 50 mM Tris-HCl pH
8.0, 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-
40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate, with protease inhibitor cocktail (P8340, Sigma-
Aldrich), incubated at 4 °C for 30 min and the samples were
centrifuged at 10,000 × g during 10 min at 4 °C. Afterwards,
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the supernatant was removed and the total protein content
was determined [21].

Trypsin digestion

Fifty micrograms of supernatant were digested with trypsin
(in-solution). Briefly, the protein was dissolved in urea and
the pH was adjusted to 8.0–9.0 with NH4HCO3. The sam-
ples were reduced with 10 mM dithiothreitol (DTT) for
30 min at 37 °C in the thermomixer at 100 rpm. The sam-
ples were alkylated for 30 min in the dark at room tem-
perature in the presence of 50 mM iodoacetamide, followed
by a digestion for 16 h at 37 °C with trypsin (1:50) (Trypsin
Gold, Mass spectrometry grade, Promega, WI, USA) in
digestion buffer (NH4HCO3 and acetonitrile). The digestion
was stopped by addition of formic acid and acetonitrile was
removed by vaccum centrifugation. The digested peptides
were desalted by ziptipping (ZipTip pippete tips C18,
Millipore). Sequentially, the ZipTip was withdrawed with
acetonitrile (wetting solution), and then with water (clean-
ing solution). The samples were aspirated and retained in
the ZipTip, and desalted with formic acid solution following
the eluation with 50% acetonitrile (ACN). Finally, the
samples were dried in vaccum centrifuged and stored in
ultrafreezer until the nano-liquid chromatography (nanoLC)
and mass spectrometry (MS) analysis.

nanoLC-Orbitrap mass spectrometry analysis

The digested samples were loaded onto a nanoflow LC
(Nano-LC Easy II, Thermo Fisher Scientific, Waltham, MA,
USA) connected to a LTQ Orbitrap Velos mass spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). The
following columns were used: pre-column Thermo Scien-
tific EASY-Column, C18-A1, 20 × 0.1 mm, particle size
5.0μm, pore size 120 Å, and analytical column Thermo
Scientific EASY-Column, C18-A2, 100 × 0.075 mm, parti-
cle size 3.0 μm, pore size 120 Å. The peptides were sepa-
rated on a 75 min gradient from 2% phase A (99.9% water,
0.1% formic acid) to 45% phase B (95% acetonitrile, 5%
water, 0.1% formic acid) in 60 min. In the next 5 min the
phase B rises to 95% and remains stables until 10 min in a
constant flow rate of 300 ηL/min. The spectra was acquired
with LTQ-Orbitrap in operation positive ion mode with
data-dependent acquisition with full scan (m/z350 - m/
z1500), an automatic gain control (AGC) target value of
10e6 ions, at maximum fill time of 500 ms at a resolution of
60,000 FWHM followed by 20 MS/MS scans of the most
intense ions ( > 5000 counts) followed by collision-induced
dissociation fragmentation (35% normalized collision
energy) with dynamical exclusion of 30 s. The samples

were analyzed in two technical replicates that were com-
bined subsequently to perform the database search.

Search parameters for NanoLC-Orbitrap

The input data was maximum two missed cleavage sites by
trypsin hydrolysis, with the maximum peptide length of 6
and minimum 144. The scoring options were maximum
delta Cn 0.05 and max number of peptides reported 10. The
mass tolerances were 10 ppm for precursor and 0.05 Da for
fragment. The modifications were methionine oxidation
(dynamic) and cysteine carbamidomethylation (static). The
decoy data base search for target false discovery rate (FDR)
was 0.01 (strict) and 0.05 (relaxed).

Protein identification and Statistic analysis

The proteins were identified by searching in the database
NCBInr (http://www.ncbi.nlm.nih.gov/protein/) and Uniprot
(http://www.uniprot.org/) using the software Proteome Dis-
covery version 1.4 (Thermo Fisher Scientific, Waltham,
MA, USA) with the database searching tool SEQUEST
(http://fields.scripps.edu/sequest/). The identified proteins
were quantified using PIAD (Precursor Ion Area Detector)
which calculates the areas under the chromatographic peak
for those respective identified peptide with resources of the
software platform MaxQuant 1.6 [27]. Differentially
expressed proteins (DEP) among the comparisons hypo-
thyroidism vs euthyroidism, hypothyroidism vs hyperthyr-
oidism and hyperthyroidism vs euthyroidism were identified
with the resources of MSStats R package and significant
differences were considered when adjusted p < 0.05 [28].

Bioinformatics analysis of identified proteins

The bioinformatics analysis were performed with the sig-
nificantly altered proteins when compared between the
groups using the Cytoscape 3.6.1 software [29]. The Venn
diagram and network were constructed using the PINA4MS
plug-in to show the unique or shared proteins between the
groups [30]. DEP were also used for functional enrichment
analysis of Gene Ontology (GO) categories (biological
processes, cellular components and molecular function)
through ClueGO v2.5.1+ CluePedia v1.5.1 plug-ins
[31, 32]. To create the network of biological functions
significantly enriched, the following parameters were
selected: (1) Analysis mode: functions; (2) Load Marker
list: Rattus Norvergicus; (3) Visual Style: Groups; (4)
ClueGO settings: Biological process+Cellular compo-
nents+Molecular function; (5) Network Specificity: med-
ium; (6) Use GO term Fusion (only for networks with high
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number of terms); (7) Show only Pathways with p ≤ 0.05;
and (8): Kappa Score set to 0.4.

Results

Confirmation of thyroid status

The thyroid status was evaluated by the comparison of
dehydrated heart weight, TSH and T3 serum concentrations
(Table 1). Hypothyroidism induction increased the TSH
serum concentration and decreased both T3 serum con-
centration and the dehydrated heart weight compared to
euthyroid animals. In contrast, hyperthyroidism decreased
the TSH serum concentrations and increased the dehydrated
heart weight compared to euthyroid group.

Antioxidant enzyme expression and activity in the
testis

The Sod1 transcript expression and SOD activity were not
altered by hypo- or hyperthyroidism (Fig. 1a, b). The Cat
transcript expression and CAT activity were reduced in
hypothyroid compared to euthyroid and hyperthyroid rats,
while in the hyperthyroid animals these parameters were not
altered in comparison with euthyroid animals (Fig. 1c, d).
The Gsr expression was not altered by hypo- or hyper-
thyroidism (Fig. 1e), however, hypothyroidism reduced the
GSR activity when compared to euthyroidism while no
changes were observed in hyperthyroid condition (Fig. 1f).
The transcript expression of Gpx4 var 1 was not altered by
hypo or hyperthyroidism (Fig. 1g), while the expression of
Gpx4 var 2 was reduced in the testis of hyperthyroid ani-
mals (Fig. 1i). The GPX activity was not different between
the experimental groups (Fig. 1h).

Differentially expressed proteins (DEPs) identified
by quantitative proteomic profile of testis by
nanoLC-Orbitrap mass spectrometry analysis

All 789 identified proteins and their levels of significance
(P values) were detailed shown in Supplementary Table 2.
These proteins are represented in the volcano plot and three
comparisions were evaluated: hypothroidism vs. euthyr-
oidism (Fig. 2a), hyperthyroidism vs. euthyroidism (Fig. 2b)
and hypothroidism vs. hyperthyroidism (Fig. 2c). Compared
to the euthyroid group, the hypothyroid group had 337
proteins commonly expressed, in which 123 were down-
regulated in hypothyroid animals (Fig. 2a and Table 2).
Compared to the euthyroid group, the hyperthyroid group
had 358 proteins commonly expressed, but none of them
was significantly altered (Fig. 2b). Hypo- and hyperthyr-
oidism share 335 proteins commonly expressed, in which

37 were downregulated in hypothyroidism (Fig. 2c and
Table 3).

The correlation between the downregulated proteins in
Hypothyroid vs. Euthyroid and Hypothyroid vs Hyper-
thyroid comparisons is observed in the Venn diagram (Fig.
3a). Thirthy-six proteins were downregulated in both
comparisons (hypothyroidism vs euthyroidism and vs
hyperthyroidism), 87 proteins were only downregulated in
hypothyroidism vs euthyroidism and one protein was
downregulated exclusively in the hypothyroidism vs
hyperthyroidism comparison (Fig. 3a). The protein–protein
interaction resulted in a network with 29 nodes and 68
edges (Fig. 3b), in which a higher number of edges was
observed for Atp5f1a, Calr, Hspa8, Park7 and Uqcrc1
(hypothyroidism vs euthyroidism and hypothyroidism vs
hyperthyroidism), for Canx, Dld, Hsp90b1, Hspa5, Hspd1,
Pgam2, Sod1, Tubb3, Tpi1, Uqcrc2, Vcp and Ywhaz
(hypothyroidism vs euthyroidism) and for Apoa1 (hypo-
thyroidism vs hyperthyroidism).

Functional enrichment analysis of DEPs

The DEPs identified in each comparison were arranged in a
functional network according to the most significant GO
terms such as biological process, cellular components and
molecular function.

The network generated from 123 DEPs from hypothyr-
oidism vs. euthyroidism comparison (Fig. 4 and Supplemen-
tary Table 3) revealed a significant enrichment for the
following functions: ATP metabolic process (29.17%),
coenzyme binding (16.67%), response to temperature stimu-
lus (9.72%), organic hydroxy compound biosynthetic process
(8.33%), sperm part (8.33%), peroxiredoxin activity (6.94%),
mitochondrial protein complex (4.17), intramolecular oxi-
doreductase activity (2.78%), binding of sperm to zona pel-
lucida (2.78%), positive regulation of endocitosis (2.78%),
ATP biosynthetic process (1.39%), glutathione transferase
activity (1.39%), carboxy-lyase activity (1.39%), substantia
nigra development (1.39%), negative regulation of protein
dephosphorylation (1.39%), and melanosome (1.39%).

Table 1 Confirmation of the thyroid status. Data are expressed as
mean and standard error of the mean (DHW and T3) or median and
interquartile range (TSH)

Group DHW (mg) TSH (pg/mL) T3 (pg/mL)

Euthyroid 337 ± 11e 1,116 [904–1,267]a 8,555 ± 513a

Hypothyroid 253 ± 6f,g 12,844 [7,193]b,g 6,562 ± 489b,g

Hyperthyroid 396 ± 8f,h 49.6 [39.5–100]b,h 9,514 ± 352h

Different letters differ in column: a vs b p < 0.05, e vs f p < 0.001 and g
vs h p < 0.001

DHW: dehydrated heart weight
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The network generated from 37 DEPs in the hypothyr-
oidism vs. hyperthyroidism comparison (Fig. 5 and Suppl.
Table 4) revealed a significant enrichment for the following

functions: binding of sperm to zona pellucida (26.67%),
cellular aldehyde metabolic process (26.67%), positive
regulation of phagocytosis (13.33%), response to

Fig. 1 Relative transcript expression and activity of antioxidant
enzymes in the testis of euthyroid, hypothyroid and hyperthyroid male
Wistar rats. a, b: Superoxide dismutase, c, d Catalase, e, f Glutathione
reductase and g–i Glutathione peroxidase. Data are expressed as mean
± S.E.M.; ANOVA followed by Tukey HSD; n= 12/group; a vs. b
P < 0.05, c vs. d P < 0.01, e vs. f P < 0.001. Sod1: Superoxide

dismutase 1; SOD: superoxide dismutase; Cat: Catalase; CAT: Cata-
lase; Gsr: Glutathione reductase; GSR: Glutathione reductase;
Gpx4var1: Glutathione peroxidase 4 transcript variant 1; Gpx4var2:
Glutathione peroxidase 4 transcript variant 2; GPX: Glutathione per-
oxidase; Abs: absorbance; Ptn: protein
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testosterone (6.67%), acute-phase response (6.67%), blood
microparticle (6.67%), unfolded protein binding (6.67%),
and protein export from nucleus (6.67%).

Discussion

Imbalances in the antioxidant defense mechanism in the
testis are considered the major responsible for the sperm
alterations observed in hypo- or hyperthyroid experimental
models and men [10–14]. The sperm functionality in ani-
mals subjected to hypo- and hyperthyroid presents a
reduction in the mitochondrial activity, suggesting an oxi-
dative damage in this organelle [7].

The spermatogenesis process involves intense production
of reactive oxygen species (ROS) [33, 34] which is one of
the main factor for induction of germ cells apoptosis [34].
The predominant ROS is the superoxide radical (O2

−.) [35],
generated mainly from mitochondrial electron transport
chain [36] and catalyzed in O2 and H2O2 by the superoxide
dismutase (SOD) [37]. The resulting H2O2 is then meta-
bolized to H2O and O2 by catalase (CAT) or glutathione
peroxidase (GPX). Glutathione reductase (GSR) is a
NADPH-dependent enzyme responsible for converting the
oxidized glutathione (GSSG) molecule to two molecules of
reduced glutathione (GSH), maintaining the GSH/GSSG
ratio [33, 37, 38]. Taking together the importance of the
balance of ROS production and the alterations observed in
spermatogenesis in different thyroid conditions, we first
investigated the possible alterations induced by hypo- or
hyperthyroidism in the testis of adult rats on the transcript
expression and activity of the enzymatic antioxidant
defense. Hypothyroidism reduced the catalase transcript
expression and activity and glutathione reductase activity,

possibly impairing the removal of H2O2 produced by SOD,
which in turn, may contribute for the reduction of sperm
acrosome integrity and mitochondrial activity [7]. Hyper-
thyroidism reduced the content of Gpx4 var 2 mRNA that
encodes the specific sperm nuclei glutathione peroxidase
(snGPx). The snGPx is involved in the chromatin con-
densation during the final stages of spermatogenesis by
cross-linked protamine thiols [39]. In this sense, the
reduction of Gpx4 var2 transcript expression in hyperthyr-
oidism could impair the DNA integrity in the chromatin.

Although the impairment on mitochondrial activity was
observed in sperm of hypo- and hyperthyroid animals, only
hypothyroidism altered the antioxidant enzyme system. To
better understand the factors involved in the reproductive
dysfunction of hypo- and hyperthyroid animals and to
characterize the actions triggered by TH, we have per-
formed a quantitative proteomic profile analysis of adult
testes subjected to different thyroid conditions.

Hypothyroidism seems to be more prejudical to the adult
testes physiology since the analysis of differentially
expressed proteins revealed that 123 proteins were down-
regulated in thyrodectomized rats compared to euthyroid
animals, while no significant alterations were observed in
testes of animals subjected to T3 challenge during 5 days
(hyperthyroid group) compared to euthyroid rats. This testis
differential sensitivity to low (hypothyroidism) compared to
high (hyperthyroid) levels of thyroid hormones migh be due
to the period of the treatment perfomed in our experiments,
in which the hypothyroidism was induced by 20 days while
the hyperthyroid condition was assessed after 5 days of T3-
treatment.

In order to investigate the physiopatological relationship
between hypo- and hyperthyroidism the comparison
between these two groups was performed. Thirty-six

Fig. 2 Volcano plot of differentially expressed proteins in a Hypo-
thyroidism vs Euthyroid, b Hyperthyroid vs Euthyroid and c Hypo-
thyroid vs Hyperthyroid. In the x-axis is represented the values for
Log2 fold change and in the y-axis is represented the values for –Log10

for adjusted P-value. The dashed line represents the threshold limit
(adjusted P-value= 0.05). The dots represent proteins downregulated
in blue, upregulated in red and no regulated in gray
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Table 2 Down-regulated proteins in hypothyroidism compared to euthyroidism

Gene name Protein name Log2 FC Adj. P value

Aco2 Aconitate hydratase, mitochondrial −0.8280 0.0242

Acrbp Acrosin-binding protein −1.0971 0.0027

Adh1 Alcohol dehydrogenase 1 −0.8256 0.0481

Ahsg Alpha-2-HS-glycoprotein −1.2817 0.0142

Akr1a1 Alcohol dehydrogenase [NADP(+ )] −0.9944 0.0034

Akr1b1 Aldose reductase −0.5694 0.0072

Aldh1a1 Retinal dehydrogenase 1 −1.5041 0.0092

Aldh2 Aldehyde dehydrogenase, mitochondrial −0.9117 0.0044

Aldh9a1 4-trimethylaminobutyraldehyde dehydrogenase −0.7791 0.0063

Ap2b1 AP-2 complex subunit beta −0.6401 0.0450

Asrgl1 Isoaspartyl peptidase/L-asparaginase −0.5174 0.0298

Ass1 Argininosuccinate synthase −1.4451 0.0116

Atp5f1a ATP synthase subunit alpha, mitochondrial −1.1436 0.0046

Basp1 Brain acid soluble protein 1 −1.0101 0.0361

Cabs1 Calcium-binding and spermatid-specific protein 1 −0.5060 0.0234

Calr Calreticulin −0.4425 0.0052

Cand1 Cullin-associated NEDD8-dissociated protein 1 −0.8533 0.0355

Canx Calnexin −0.8670 0.0398

Cap1 Adenylyl cyclase-associated protein 1 −1.5824 0.0004

Cct2 T-complex protein 1 subunit beta −1.3534 0.0074

Cct3 T-complex protein 1 subunit gamma −1.0049 0.0159

Cct6a Chaperonin containing Tcp1, subunit 6 A (Zeta 1) −2.0371 0.0246

Cct7 Chaperonin-containing TCP1 subunit 7 −1.4426 0.0049

Cct8 Chaperonin containing TCP1 subunit 8 −0.8097 0.0082

Ces1d Carboxylesterase 1D −1.3887 0.0091

Cfap36 Cilia- and flagella-associated protein 36 −0.9663 0.0003

Cltc Clathrin heavy chain −0.6823 0.0455

Cnbp Cellular nucleic acid-binding protein −0.6758 0.0075

Creld2 Cysteine-rich with EGF-like domain protein 2 −0.8291 0.0119

Cs Citrate synthase −0.9243 0.0340

Dbil5 Diazepam-binding inhibitor-like 5 −0.5258 0.0298

Ddt D-dopachrome decarboxylase −0.6215 0.0372

Dld Dihydrolipoyl dehydrogenase, mitochondrial −0.5080 0.0360

Dnpep Aspartyl aminopeptidase −1.5282 0.0102

Dync1i2 Cytoplasmic dynein 1 intermediate chain 2 −0.7743 0.0003

Eef1g Elongation factor 1-gamma −0.4752 0.0151

Eef2 Elongation factor 2 −1.1924 0.0062

Eno1-ps1 Enolase 1, (alpha), pseudogene 1 −1.2906 0.0068

Fabp9 Fatty acid-binding protein 9 −0.4945 0.0077

Gapdh Glyceraldehyde-3-phosphate dehydrogenase −0.5000 0.0270

Gdi2 Rab GDP dissociation inhibitor beta −0.6020 0.0154

Gkap1 G kinase-anchoring protein 1 −0.3725 0.0085

Glul Glutamine synthetase −1.1066 0.0003

Gstm2 Glutathione S-transferase Mu 2 −1.5233 0.0109

Gstm5 Glutathione S-transferase Mu 5 −1.0463 0.0049

Gstm6 Glutathione S-transferase −1.8780 0.0270

Hadha Trifunctional enzyme subunit alpha, mitochondrial −1.5612 0.0062

Hadhb Trifunctional enzyme subunit beta, mitochondrial −0.9731 0.0298

Hint1 Histidine triad nucleotide-binding protein 1 −0.5497 0.0114

Hmgcs2 3-hydroxy-3-methylglutaryl coenzyme A synthase −1.7069 0.0068

Hnrnpk Heterogeneous nuclear ribonucleoprotein K −0.8974 0.0027

Hp Haptoglobin −0.7348 0.0400

Hsp90aa1 Heat shock protein HSP 90-alpha −0.5949 0.0068

Hsp90b1 Endoplasmin −0.7104 0.0090

Hspa1l Heat shock 70 kDa protein 1-like −0.5686 0.0180

Hspa2 Heat shock-related 70 kDa protein 2 −0.6364 0.0027
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Table 2 (continued)

Gene name Protein name Log2 FC Adj. P value

Hspa4 Heat shock 70 kDa protein 4 −0.6771 0.0428

Hspa4l Heat shock 70 kDa protein 4-like −0.4870 0.0075

Hspa5 Endoplasmic reticulum chaperone BiP −0.5346 0.0068

Hspa8 Heat shock cognate 71 kDa protein −0.9568 0.0046

Hspd1 60 kDa heat shock protein, mitochondrial −1.1305 0.0069

Hyou1 Hyou1 protein −0.7756 0.0102

Ipo4 Importin 4 −1.3590 0.0061

Ipo5 Importin 5 −0.9556 0.0119

Isyna1 Inositol-3-phosphate synthase 1 −0.8832 0.0139

Kpnb1 Importin subunit beta-1 −0.9466 0.0132

Ldha L-lactate dehydrogenase A chain −1.6315 0.0354

Ldhb L-lactate dehydrogenase B chain −1.3378 0.0309

Ldhc L-lactate dehydrogenase −0.5365 0.0033

Lgals1 Galectin-1 −0.7497 0.0246

LOC100360413 Elongation factor 1-alpha −0.6496 0.0175

LOC102556347 Carbonyl reductase [NADPH] 1-like −0.6903 0.0122

Lrrc46 Leucine rich repeat containing 46 −0.4787 0.0441

Marcksl1 MARCKS-related protein −0.9548 0.0068

Me1 NADP-dependent malic enzyme −1.9207 0.0034

Nasp Nuclear autoantigenic sperm protein −0.7476 0.0052

Nmes1 Normal mucosa of esophagus-specific gene 1 protein −0.7536 0.0068

Nrdc Nardilysin −0.7503 0.0090

Nsfl1c NSFL1 cofactor p47 −0.5347 0.0479

P4hb Protein disulfide-isomerase −0.9994 0.0449

Pabpc1 Polyadenylate-binding protein 1 −0.8465 0.0433

Park7 Protein/nucleic acid deglycase DJ-1 −0.8223 0.0074

Pdia6 Protein disulfide-isomerase A6 −1.0784 0.0079

Pdilt Protein disulfide-isomerase-like protein of the testis −2.2093 0.0016

Pebp1 Phosphatidylethanolamine-binding protein 1 −0.6054 0.0016

Pgam2 Phosphoglycerate mutase 2 −1.3973 0.0074

Pgk1 Phosphoglycerate kinase 1 −0.8729 0.0234

Pgk2 Phosphoglycerate kinase −0.7280 0.0175

Pgp Glycerol-3-phosphate phosphatase −0.6769 0.0298

Pkm Pyruvate kinase −0.5833 0.0068

Ppia Peptidyl-prolyl cis-trans isomerase A −0.9838 0.0198

Ppt1 Palmitoyl-protein thioesterase 1 −0.6955 0.0296

Prdx1 Peroxiredoxin-1 −0.6695 0.0145

Prdx4 Peroxiredoxin-4 −0.9113 0.0034

Ptges3 Prostaglandin E synthase 3 −0.5851 0.0074

Ptpa Serine/threonine-protein phosphatase 2 A activator −0.9611 0.0075

Ran GTP-binding nuclear protein Ran −0.5779 0.0085

Rida 2-iminobutanoate/2-iminopropanoate deaminase −1.0939 0.0079

Rpn2 Dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 2 −0.9178 0.0200

Serpina1 Alpha-1-antiproteinase −1.7836 0.0092

Shcbp1l SHC-binding and spindle-associated 1-like −0.8004 0.0398

Slc25a3 Phosphate carrier protein, mitochondrial −0.8469 0.0016

Smcp Sperm mitochondrial-associated cysteine-rich protein −0.7736 0.0479

Sod1 Superoxide dismutase [Cu-Zn] −0.5345 0.0175

Spa17 Sperm surface protein Sp17 −1.2458 0.0046

Stip1 Stress-induced-phosphoprotein 1 −0.5701 0.0296

Sugt1 Protein SGT1 homolog −1.0085 0.0068

Tcp1 T-complex protein 1 subunit alpha −0.9525 0.0466

Tcp11 T-complex protein 11 homolog −0.9393 0.0085

Tkfc Triokinase/FMN cyclase −1.0256 0.0175

Tmsb4x Thymosin beta-4 −0.7755 0.0175

Tpi1 Triosephosphate isomerase −0.9036 0.0049
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Table 2 (continued)

Gene name Protein name Log2 FC Adj. P value

Tpp2 Tripeptidyl-peptidase 2 −0.9038 0.0139

Tubb3 Tubulin beta-3 chain −1.1597 0.0075

Uba1 Ubiquitin-like modifier-activating enzyme 1 −1.0899 0.0298

Uba52 Ubiquitin-60S ribosomal protein L40 −0.9558 0.0147

Uqcrc1 Cytochrome b-c1 complex subunit 1, mitochondrial −0.4789 0.0209

Uqcrc2 Cytochrome b-c1 complex subunit 2, mitochondrial −0.9665 0.0159

Vcp Transitional endoplasmic reticulum ATPase −1.2351 0.0139

Vim Vimentin −1.5974 0.0005

Ywhae 14–3–3 protein epsilon −0.6471 0.0121

Ywhaq 14–3–3 protein theta −0.7677 0.0298

Ywhaz 14–3–3 protein zeta/delta −0.6691 0.0490

FC fold change, Adj. Adjusted

Table 3 Downregulated proteins
in hypothyroidism compared to
hyperthyroidism

Gene name Protein name Log2 FC Adj. P value

Acrbp Acrosin-binding protein −0.8471 0.0171

Adh1 Alcohol dehydrogenase 1 −1.1809 0.0262

Ahsg Alpha-2-HS-glycoprotein −1.6326 0.0166

Akr1a1 Alcohol dehydrogenase [NADP(+ )] −0.7299 0.0301

Aldh2 Aldehyde dehydrogenase, mitochondrial −0.8063 0.0153

Apoa1 Apolipoprotein A-I −1.2840 0.0191

Atp5f1a ATP synthase subunit alpha, mitochondrial −0.7521 0.0395

Calr Calreticulin −0.3679 0.0207

Cap1 Adenylyl cyclase-associated protein 1 −1.1182 0.0055

Cct2 T-complex protein 1 subunit beta −1.3278 0.0191

Cct7 Chaperonin-containing TCP1 subunit 7 −1.2421 0.0191

Cfap36 Cilia- and flagella-associated protein 36 −0.9239 0.0007

Dync1i2 Cytoplasmic dynein 1 intermediate chain 2 −0.4392 0.0166

Glul Glutamine synthetase −1.1136 0.0004

Gstm5 Glutathione S-transferase Mu 5 −0.7278 0.0338

Hadha Trifunctional enzyme subunit alpha, mitochondrial −1.6306 0.0145

Hmgcs2 3-hydroxy-3-methylglutaryl coenzyme A synthase −1.5480 0.0208

Hnrnpk Heterogeneous nuclear ribonucleoprotein K −0.4802 0.0470

Hp Haptoglobin −1.4264 0.0080

Hspa2 Heat shock-related 70 kDa protein 2 −0.4686 0.0171

Hspa4l Heat shock 70 kDa protein 4-like −0.3976 0.0374

Hspa8 Heat shock cognate 71 kDa protein −0.9012 0.0147

Ldhc L-lactate dehydrogenase −0.5472 0.0057

Nasp Nuclear autoantigenic sperm protein −0.4968 0.0470

Park7 Protein/nucleic acid deglycase DJ-1 −0.7256 0.0265

Pdia6 Protein disulfide-isomerase A6 −1.1415 0.0171

Pdilt Protein disulfide-isomerase-like protein of the testis −1.4681 0.0191

Pebp1 Phosphatidylethanolamine-binding protein 1 −0.3302 0.0301

Ptpa Serine/threonine-protein phosphatase 2 A activator −0.8336 0.0301

Ran GTP-binding nuclear protein Ran −0.5499 0.0247

Serpina1 Alpha-1-antiproteinase −2.1189 0.0153

Slc25a3 Phosphate carrier protein, mitochondrial −0.9179 0.0017

Spa17 Sperm surface protein Sp17 −0.9485 0.0238

Sugt1 Protein SGT1 homolog −0.7767 0.0310

Tcp11 T-complex protein 11 homolog −0.8474 0.0301

Uqcrc1 Cytochrome b-c1 complex subunit 1, mitochondrial −0.4849 0.0470

Vim Vimentin −1.5397 0.0011

FC fold change, Adj. Adjusted
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proteins were downregulated in both hypo-euthyroid and
hypo-hyperthyroid comparisons, 87 proteins were down-
regulated in hypo-euthyroid comparison, while one protein
(APOA1) was reduced only in hypo-hyperthyroid compar-
ison. These data suggest that the regulation at molecular
level, resulting in differential protein expression profile in
adult testes, could explain the distinct clinical features
observed in men reproductive pathological-induced condi-
tion, as hypo- or hyperthyroidism.

The analysis of protein–protein interaction shows that
some protein, such as Atp5f1a, Calr, Hspa8, and Park7 are
reduced in both hypo-euthyroid and hypo-hyperthyroid
comparisons. These proteins are involved in several cellular
processes, evidenced by the greater number of nodes, in
which each node represents a common pathway for parti-
cular cell function [40].

Regarding the functional role of the proteins mentioned
above, the mitochondrial membrane ATP synthase

(Atp5f1a) is an important enzyme that produces ATP from
ADP in the presence of a proton gradient across generated
by the electron transport complexes of the respiratory chain
[41]. The generation of energy is primordial to maintain the
high rates of cell division during spermatogenesis process
[9]. Calr is a calcium-binding chaperone that interact with
newly synthesized glycoproteins, regulating the calcium
homeostasis and the process of protein maturation and
degradation [42]. In the testis, Calr is present in the acro-
some of spermatids [43], interfering with the protein Adam3
during spermatogenesis [44] which will affect the sperm
motility and acrosome reaction [45], with negative effects in
the sperm fertilizing ability. Hspa8 is a chaperone, member
of the hsp70 protein, which plays indispensable roles during
sperm development being associated with acrosome bio-
genesis, chromatin compaction, DNA packaging, sperm
capacitation [42]. Disruption in its function causes reduc-
tion in sperm count and motiliy, abnormal sperm mor-
phology impaired DNA condasation [42]. Park7, also
known as sperm membrane protein 22, was identified in the
proteomic characterization of the human sperm nucleus [46]
and plays a role in both the zona penetration and membrane
fusion steps of fertilization [47]. Besides, Park7 may
cooperate with SOD1 in the oxidative stress response
pathway [48]. Park7 was also addressed to impair mito-
chondrial activity in sperm contributing to asthenozoos-
permia (reduced sperm motility) pathogenesis in men [49].

The functional enrichment analysis of hypo-euthyroid
comparison also pointed out for peroxiredoxin activity and
cellular oxidant detoxification terms, in which the peroxir-
edoxins 1 (Prxd1) and 4 (Prxd4) are involved. Prdxs are
selenium-free enzymes highly reactive with H2O2 and other
peroxides and are involved in the protection of human
spermatozoa against the oxidative stress [50, 51]. The ani-
mals knocked out for Prdx4 present loss of spermatogenic
cells and increase of apoptosis in the testis [50] while
reduction in the Prdx1 is associated to increased levels of
sperm lipid peroxidation, DNA damage and impairment of
sperm motility [51].

The reduction of Apoa1 protein content was observed
exclusively in hypo-hyperthyroid comparison. Apoa1 is
located in the cellular membrane of testis and participates
of cholesterol influx for the steroidogenesis process [52].
It was also identified as an activator of sperm motility
[53].

Some proteins involved in the glycolytic pathway and
energy production, such as Ldhc, Gapdh, Pgk2 and Tpi1
were reduced in the hypo-euthyroid comparison and were
grouped in ATP metabolic process pathways and ATP
biosynthetic process terms. They are important for the
energy production from glycolysis in spermatic cells
[54–57]. Interestingly, during sperm development and
maturation there is a switch regarding the main source of

Fig. 3 a Venn diagram of down-regulated proteins unique or shared
between hypothyroid vs euthyroid and hyperthyroid vs hypothyroid. A
total 36 shared down-regulated proteins in both comparisons, 87
expressed proteins only in the hypothyroid vs euthyroid comparison,
and a single expressed protein in the hyperthyroid vs hypothyroid
comparison. b Visual representation of protein–protein interaction
network of downregulated proteins in the comparisons hypothyroid vs
euthyroid (red nodes) and hyperthyroid vs hypothyroid (green nodes)
groups. The bicolor nodes (green and red) are in common for both
comparisons
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Fig. 4 Visual representation of Gene Ontology enrichment analysis of
123 downregulated proteins in hypothyroid vs. euthyroid comparison.
The identified proteins were grouped into a network of function and
related processes of non-redundant biological terms. The nodes of

similar biological terms were represented with the same color and their
sizes reflect their significance. The most significant pathway of each
group has a highlighted label. All analysis were performed using the
Cytoscape ClueGO plus CluePedia plug-ins, p < 0.05

Fig. 5 Visual representation of Gene Ontology enrichment analysis of
37 downregulated proteins in hypothyroid vs. hyperthyroid compar-
ison. The identified proteins were grouped into a network of function
and related processes of non-redundant biological terms. The nodes of

similar biological terms were represented with the same color and their
sizes reflect their significance. The most significant pathway of each
group has a highlighted label. All analyses were performed using the
Cytoscape ClueGO plus CluePedia plug-ins, p < 0.05
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ATP. In the initial steps the main source of ATP is the
oxidative phosphorylation [58] and during sperm matura-
tion is the glycolysis [59]. In association with the fibrous
sheath, these enzymes form a specialized metabolosome
within the sperm flagellum, which is responsible for gen-
erating ATP in this cell that has scarce cytoplasm [56].
Thus, the reduction in energy production due to decrease in
glycolysis affect the sperm maturation, impairing the sper-
matic motility and fertilizing ability.

It is important to mention that quantitative proteome
identifies differentially expressed proteins based on the
statistical methods developed for large escale experiments
(high throughput method), and consequently, slighlty
alterations in some proteins could failed to be recognized by
this method. Another aspect to consider is that the trypsin
digestion of the sample may generates small peptides
fragments that lack in the protein identity. Therefore, low
throughput methods for protein quantification (based by
antibody detection) may eventually discover another altered
proteins not presented in this study. Thus, further validation
is required to confirm the results and the interactions
between the different thyroid conditions obtained by
quantitative proteome analysis.

In summary, hypothyroidism developed in adulthood
reduces the activity of antioxidant defense mechanism in testis
of rats, probably increasing the ROS production resulting in
reduced sperm functionality, mitochondrial activity and
acrosome integrity. Moreover, the expression of several pro-
teins involved in the metabolism of spermatic cells, binding of
sperm to zona pellucida, among others, is potentially affected
in hypothyroidism. All these alterations point out a complex
correlation between reproductive dysfunctions, as infertility,
and thyroid disorders which may correlate with the signs
obtained from hypothyroid patients in clinical studies.
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