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Abstract Selenium (Se) deficiency induces testicular func-
tional disturbances, but the molecular mechanism remains un-
clear. In the present study, 1-day-old broiler chickens were
maintained for 55 days with a normal diet (0.2 mg/kg) and a
Se-deficient diet (0.033 mg Se/kg). Then, the messenger RNA
(mRNA) levels of selenoproteins, heat shock proteins (HSPs),
and inflammatory factors were examined. Se deficiency led to
decreased selenoproteins (Gpx1, Selk, and Selh) and HSPs
(HSP40, HSP60, and HSP90) (P < 0.05). However, the ex-
pression levels of Gpx2, Sepn1, Seli, Selpb, Sepx1, HSP27,
and inflammatory factors (iNOS, TNF-α, COX-2, and HO-1)
were increased by Se deficiency (P < 0.05). Gpx1, Selk, and
Selh showed positive correlation with HSP40, HSP60, and
HSP90, but negative correlation with HSP27, HSP70, iNOS,
TNF-α, COX-2, and HO-1. However, Gpx2, Spen1, Seli,
Selpb, and Sepx1 showed positive correlation with inflamma-
tory factors and HSP27 and HSP70. Selenoproteins showed
different correlation with HSPs and inflammatory factors and
were classified into different groups in response to Se defi-
ciency. The results suggested that selenoproteins play different
roles in chicken testes, and we think that Gpx1 and Selk may
play a special role in chicken testes.
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Introduction

Selenium (Se) plays important roles in the biological functions
in animals, such as regulating the metabolism, antioxidant
defense, reproduction, and detoxification [1–3]. Se deficiency
can result in types of diseases and structural and functional
disturbances in animals [4]. In chickens, the normal function
of the muscles [5, 6], liver [7], immune system [8], kidneys
[9], intestine [10], erythrocytes [11], pancreas [12], thyroids
[13], and adipose tissue [14] was shown to be influenced by
Se deficiency in previous studies. Se deficiency induced oxi-
dative stress, inflammatory response, and disorder of the
selenoproteins [15–17], but the possible mechanism remains
elusive.

The physiological functions of Se are considered to be
mediated through selenoproteins [18]. There are 25
selenoprotein genes in chickens [19]. Selenoproteins play var-
ious roles such as redox regulation [20–23], Se transport [24],
inflammatory response [25], immune response [26], the con-
version of T4 to T3 [20, 27], calcium homeostasis regulation
[28, 29], and cell cycle regulation [30–32]. In addition, the
disturbance of selenoproteins showed a close correlation with
inflammatory response, cytokines, heat-shock stress, apopto-
sis, and oxidative stress. Thus, the biological roles of
selenoproteins have attracted the attention of many re-
searchers. In previous studies, Se deficiency influenced the
expressions of selenoproteins in different chicken tissues, in-
cluding the muscles [5, 6], liver [7], erythrocytes [11], pancre-
as [12], thyroids [13], and adipose tissue [14]. Selenoproteins
preserved different expression patterns and responses to Se
deficiency, so they may preserve different status in different
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organs. However, which selenoprotein plays the main role in
the specific organ still need to be validated.

Se also plays an important role in the testes tissues. The Se
level in the male gonads is maintained by regulation mecha-
nisms, and the supply of sufficient amounts of Se to the testes
has priority over the supply to other tissues [1]. However, Se
deficiency also gives rise to testicular structural and functional
disturbances [33]. Even though Se plays an important role in
chickens, few studies show the effect of Se deficiency on
chicken testes. There are still some questions that need to be
answered: (1) Is there a similar effect of Se deficiency on the
expression of selenoproteins in chicken testes compared to
other tissues? (2) Which selenoprotein plays the primary roles
in chicken testes in response to Se deficiency? (3) Are levels
of selenoproteins correlated with disturbance of testes func-
tion? In the present study, we used a Se-deficient chicken
model to evaluate these questions.

Materials and Methods

Birds and Diets

All procedures used in this study were approved by the
Institutional Animal Care and Use Committee of Northeast
Agricultural University. A total of 180 male broiler chickens
(1-day old; Weiwei Co. Ltd., Harbin, China) were randomly
divided into two groups (90 chickens per group). The
Se-deficient group (−Se) was fed a Se-deficient corn-soy basal
diet (corn and soy were produced in the Se-deficient region of
Heilongjiang Province, China, and the diet contained
0.033 mg of Se/kg). The Se-adequate group (Con) was fed
the same basal diet supplemented with Se at 0.2 mg/kg (sodi-
um selenite). The feeding experiment lasted for 55 days and
the experimental animals were given free access to feed and
water. On day 55, the chickens were killed with sodium pen-
tobarbital and their testes were removed. The tissues were
blotted, rinsed with ice-cold sterile deionized water, frozen
immediately in liquid nitrogen, and stored at −80 °C until
analysis.

Quantitative Real-Time PCR Analysis of Selenoprotein
messenger RNA Levels

The total RNAwas isolated from chicken testes using TRIzol
reagent according to the manufacturer’s instructions
(Invitrogen, Shanghai, China). The concentration and purity
of the total RNA were determined spectrophotometrically at
260/280 nm. First-strand cDNAwas synthesized from 10 pg
of total RNA using dN12 primers and AccuPower
RocketScript RT PreMix (Bioneer, Alameda, CA, USA) ac-
cording to the manufacturer^s instructions. Synthesized

cDNA was diluted 5 times with sterile water and stored at
−80 °C before use.

Primer Premier Software (Premier Biosoft International,
Palo Alto, CA, USA) was used to design specific primers
based on known chicken sequences (Table 1). General PCRs
were first performed to confirm the specificity of the primers.
The PCR products were electrophoresed on 2% agarose gels,
extracted, cloned into the pMD18-T vector (TaKaRa, China),
and sequenced. Quantitative real-time PCR (qPCR) was per-
formed on a BIO-RAD C1000 Thermal Cycler (Bio-Rad,
Hercules, CA, USA). Reactions were performed in a 20 μL
reaction mixture containing 10 μL of AccuPower 2X
Greenstar qPCR Master Mix (Bioneer), 2 μL of diluted
cDNA, 1 μL of each primer (10 μM), and 6 μL of
PCR-grade water. The PCR procedure consisted of 95 °C for
30 s, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s,
and 60 °C for 30 s. The melting curve analysis showed only
one peak for each PCR product. Electrophoresis was per-
formed with the PCR products to verify primer specificity
and product purity. A dissociation curve was run for each plate
to confirm the production of a single product. The amplifica-
tion efficiency for each gene was determined using the
DART-PCR program [34]. The mRNA relative abundance
was calculated as previously described [35] to account for
gene-specific efficiencies and was normalized to the mean
expression of GAPDH.

Statistical Analysis

Statistical analysis of all data was performed using SPSS for
Windows (version 19, SPSS Inc., USA). Differences between
the Se-deficient group and the control group were considered
to be significant at P < 0.05. The data are expressed as
mean ± SD. In addition, principal component analysis
(PCA) was used to define the most important parameters,
which could be used as key factors for individual variations
using the Statistics 6.0 program (version 19, SPSS Inc.,
Chicago, IL, USA).

Results

The Effect of Se Deficiency on the Expression
of Selenoproteins

Twenty-five selenoproteins were detected by real-time
PCR. As shown in Fig. 1, the expression levels of
selenoproteins were different. Selk, Sepw1, Sep15, and
Selu were highly expressed in chicken testes, but Gpx3,
Txnrd3, Selh, Selt, Sepn1, Selm, Seli, Selpb, and SPS2
were less expressed in chicken testes. Se deficiency de-
creased Gpx1, Selk, and Selh (P < 0.05), but increased
Gpx2, Spen1, Seli, Selpb, and Sepx1 (P < 0.05). Among
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Fig. 1 Effect of Se deficiency on
the mRNA levels of
selenoproteins. *Different from
the control (P < 0.05). The data
are expressed as mean ± SD, n = 6

Table 1 The primers used in the
present study Gene Forward primer Reverse primer

Gpx1 5'-ACGGCGCATCTTCCAAAG-3' 5'-TGTTCCCCCAACCATTTCTC-3'

Gpx2 5'-ACGGCACCAACGAGGAGAT-3' 5'-TTCAGGTAGGCGAAGACGG-3'

Gpx3 5'-CCTGCAGTACCTCGAACTGA-3' 5'-CTTCAGTGCAGGGAG GATCT-3'

Gpx4 5'-CTTCGTCTGCATCATCACCAA-3' 5'-TCGACGAGCTGAGTGTAATTCAC-3'

Txnrd1 5'-TACGCCTCTGGGAAATTCGT-3' 5'-CTTGCAAGGCTTGTCCCAGTA-3'

Txnrd2 5'-GCTCTTAAAGATGCCCAGCACTAC-3' 5'-GAACAGCTTGAGCCATCACAGA-3'

Txnrd3 5'-CCTGGCAAAACGCTAGTTGT G-3' 5'-CGCACCATTACTGTGACATCTAGAC-3'

Dio1 5'-GCGCTATACCACAGGCAGTA-3' 5'-GGTCTTGCAAATGTCACCAC-3'

Dio2 5'-ATTTGCTGATCACGCTTCAG-3' 5'-GCTCAGAAACAGCACCATGT-3'

Dio3 5'-CTGTGCATTCGCAAGAAGAT-3' 5'-GCCGACTTGAAGAAGTCCAG-3'

Sepn1 5'-CAGGATCCATGCTGAGTTCCA-3' 5'-GAGAGGACGATGTAACCCGTAAAC-3'

Selk 5'-GAAGAGGGCCTCCAGGAAAT-3' 5'-CAGCCATTGGTGGTGGACTAG-3'

Sels 5'-GCGTCGCCATCTATCTCATCGT-3' 5'-TCTTCTGCCTTCGCTTCTGTTCTT-3'

Sepw1 5'-TGGTGTGGGTCTGCTTTACG-3' 5'-CCAAAGCTGGAAGGTGCAA-3'

Selt 5'-AGGAG TACAT GCGGG TCATC A-3' 5'-GACAGACAGGAAGGATGCTATGTG-3'

Selh 5'-CATCGAGCACTGCCGTAG-3' 5'-GACACCTCGAAGCTGTTCCT-3'

Selm 5'-AAGAAGGACCACCCAGACCT-3' 5'-GCTGTCCTGTCTCCCTC ATC-3'

Sep15 5'-ACTTGGCTTCTCCAGTAACTTGCT-3' 5'-GCCTACAGAATGGATCCAACTGA-3'

Seli 5'-TGCCAGCCTCTGAACTGGAT-3' 5'-TGCAAACCCAGACATCACCAT-3'

Selu 5'-GATGCTTTCAGGCTTCTTCC-3' 5'-CTGTCTTCCTGCTCCAATCA-3'

Selpb 5'-AGGCCAACAGTACCATGGAG-3' 5'-GTGGTGAGGATGGAGATGGT-3'

Sepp1 5'-CCAAGTGGTCAGCATTCACATC-3' 5'-ATGACGACCACCCTCACGAT-3'

Selo 5'-CCAGCGTTAACCGGAATGAT-3' 5'-ATGCGCCTCCTGGATTTCT-3'

Sepx1 5'-TGGCAAGTGTGGCAATGG-3' 5'-GAATTTGAGCGAGCTGCTGAAT-3'

SPS2 5'-CGTTGGGTATCGGAACTGAC-3' 5'-CGTCCACCAGAGGGTAGAAA-3'

COX-2 5'-TGTCCTTTCACTGCTTTCCAT-3' 5'-TTCCATTGCTGTGTTTGAGGT-3'

iNOS 5'-CCTGGAGGTCCTGGAAGAGT-3' 5'-CCTGGGTTTCAGAAGTGGC-3'

PTGE 5'-GTTCCTGTCATTCGCCTTCTAC-3' 5'-CGCATCCTCTGGGTTAGCA-3'

TNF-α 5'-GCCCTTCCTGTAACCAGATG-3' 5'-ACACGACAGCCAAGTCAACG-3'

NF-κB 5'-TCAACGCAGGACCTAAAGACAT-3' 5'-GCAGATAGCCAAGTTCAGGATG-3'

HO-1 5'-ACTTCTATGGCAGCAACT-3' 5'-AATAGCGGGTGTAGGC-3'

Hsp90 5'-TCCTGTCCTGGCTTTAGTTT-3 5'-AGGTGGCATCTCCTCGGT-3'

Hsp70 5'-CGGGCAAGTTTGACCTAA-3' 5'-TTGGCTCCCACCCTATCTCT-3'

Hsp60 5'-AGCCAAAGGGCAGAAATG-3' 5'-TACAGCAACAACCTGAAGACC-3'

Hsp40 5'-GGGCATTCAACAGCATAGA-3' 5'-TTCACATCCCCAAGTTTAGG-3'

Hsp27 5'-ACACGAGGAGAAACAGGATGAG-3' 5'-ACTGGATGGCTGGCTTGG-3'

GAPDH 5'-AGAACATCATCCCAGCGT-3' 5'-AGCCTTCACTACCCTCTTG-3'
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the affected selenoproteins, the expression of Gpx1, Selk,
and Selh were decreased by Se deficiency by 81.00,
88 .69 , and 99 .41%, respec t ive ly. Thus , these
selenoproteins were significantly decreased by Se
deficiency.

The Effect of Se Deficiency on the Gene Expression Levels
of HSPs

The expression levels of HSPs were examined. The results
(Fig. 2) showed that Se deficiency decreased the expression
of HSP40, HSP60, and HSP90, but increased HSP27
(P < 0.05). Among these affected HSPs, the expression of
HSP40, HSP60, and HSP90 was decreased by Se deficiency
by 88.75, 99.92, and 97.00%, respectively.

The Effect of Se Deficiency on the Gene Expression Levels
of Inflammatory Factors

We also examined the expression of some inflammatory fac-
tors including iNOS, TNF-α, NF-κB, PTGE, COX-2, and
HO-1. The results (Fig. 3) showed that Se deficiency induced
the expression of 4 inflammatory factors, iNOS, TNF-α,
COX-2, and HO-1 (P < 0.05), but had no effect on the ex-
pression of NF-κB and PTGE. Thus, Se deficiency increased
the inflammatory response in chicken testes.

Principal Component Analysis

All the parameters were distinguished on ordination plots (the
first and second principle components 63.73 and 17.77%, re-
spectively) using PCA (Fig. 4). The observed relationships
among the parameters were confirmed and quantified accord-
ing to Spearman’s test. There were complicated correlations

between different selenoproteins, HSPs, and inflammatory
factors. For the affected selenoproteins, Gpx1, Selk, and
Selh showed positive correlation with HSP40, HSP60, and
HSP90 but negative correlation with HSP27, HSP70, iNOS,
TNF-α, COX-2, and HO-1. However, Gpx2, Spen1, Seli,
Selpb, and Sepx1 showed positive correlation with inflamma-
tory factors and HSP27 and HSP70. In addition, Gpx1, Gpx3,
Selh, Sels, Selt, Sepw1, Selk, HSP40, HSP60, and HSP90
were grouped in the same rotating component matrix.
Sep15, SPS2, Txnrd2, HSP70, PTGE, and NF-κB were
grouped in the same matrix, and other genes were grouped
in the other matrix (Fig. 4). Thus, in response to Se deficiency
selenoproteins exhibited significantly different patterns, and
showed different correlations with HSPs and inflammatory
factors.

Fig. 3 Effect of Se deficiency on the mRNA levels of inflammatory
factors. *Different from the control (P < 0.05). The data are expressed
as mean ± SD, n = 6

Fig. 2 Effect of Se deficiency on the mRNA levels of HSPs. *Different
from the control (P < 0.05). The data are expressed as mean ± SD, n = 6

Fig. 4 Ordination diagram of PCA for the parameters that were
measured in the chicken testes
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Discussion

Se plays crucial roles in the biological function of the testes.
Under normal conditions, Se is maintained at stable levels in
the testes due to their priority of using Se over other tissues
[1]. However, a prolonged Se-deficient diet also induces struc-
tural and functional disturbances in the testes [36]. As tissues
show different responses to Se deficiency, it is necessary to
detect the effect of Se deficiency on various tissues and eval-
uate Se’s role in these tissues. In the present study, we exam-
ined the effect of Se deficiency on the expression of
selenoproteins in chicken testes. The results showed that Se
deficiency decreased the expression of only 3 selenoproteins
(Gpx1, Selk, and Selh), which were less influenced than in
other tissues (12 selenoproteins were decreased in the pancre-
as [12], 19 in the muscles [6], 24 in the erythrocytes [11], 24 in
the thyroids [13], 25 in the adipose tissue [14], 14 in the
kidneys [9], and 19 in the liver [7]). Thus, in chicken testes,
the response of selenoproteins to Se deficiency is not as sig-
nificant as that in other tissues.

In chickens, 25 selenoproteins have been identified.
According to their structure and function these selenoproteins
are classified into several functional families, such as the Gpx
family (including Gpx1-Gpx6), the Txnrds family (including
Txnrd1, Txnrd2, and Txnrd3), the Dios family (includingDio1,
Dio2, and Dio3) [19], and the Rdx family (Selm, Sep15, Selt,
Sepw1, Selh and Selv) [21]. These typical selenoproteins play
important roles in antioxidant defense, redox regulation, and
regulation in injuries and disease [20, 24]. By examining the
expression of these selenoproteins in different chicken tissues,
we found that selenoproteins showed different expression pat-
terns and responses to Se deficiency and had different status
and play varying roles in different organs. In chicken muscles,
Gpx3, Gpx4, and Sepw1 were highly expressed and may play
crucial roles. By excessively decreasing the expression of some
selenoproteins such as Dio1, Selu, Selpb, and Sepp1, the
muscles may conserve limited Se and maintain the levels of
some crucial selenoproteins [6]. Similarly, in adipose tissues,
all 25 selenoproteins were significantly decreased in a time-
dependent manner [14], which suggests that adipose tissues
may play special roles in regulating the Se levels by decreasing
its selenoprotein levels and sacrificing itself to contribute to the
limited Se level. In addition, in the erythrocytes, 24
selenoproteins were decreased by Se deficiency, and Gpxs,
Txnrd1, Selp, and SPS2 were highly expressed compared to
the other selenoproteins, which suggested that Gpxs, Txnrd1,
Selp, and SPS2 possibly play more important role than the
other selenoproteins [11]. Tissues such as the kidneys [9], pan-
creas [12], and liver [7] also showed an extensive decrease in
selenoproteins. However, in chicken testes only three
selenoproteins (Gpx1, Selk, and Selh) were significantly de-
creased and five selenoproteins (Gpx2, Sepn1, Seli, Selpb,
and Sepx1) were increased. Thus, the response of the testes to

Se deficiency is significantly different from that of other tis-
sues. Under normal conditions, Selk, Sepw1, and Sep15 were
the most highly expressed selenoproteins; Selk decreased by
about 89%. In addition, Gpx1 is a crucial antioxidant in various
tissues. GPx1 is an important member of the family of closely
related antioxidant enzymes encoded in humans by the GPX1
genes. Gpx1 was discovered in the erythrocytes, where it
removes H2O2 formed by the dissociation of oxyhemoglobin
into O2

− and methemoglobin [37]. During depletion, Se is rap-
idly mobilized from Gpx1 stores, whereas the expression of
other selenoproteins such as Gpx4, Gpx2, Dio2, Dio3, and
Txnrd is hardly affected or may even be increased, as in the
case of Dio1 [24]. Thus, we surmise that Selk and Gpx1 may
play primary roles in chicken testes. The higher expression
levels of Gpx2, Sepn1, Seli, Selpb, and Sepx1 in Se-deficient
testes may show that these selenoproteins also play some spe-
cial roles in chicken testes.

The relationship between selenoproteins and several types of
injuries, molecular response, inflammation, and apoptosis have
been extensively reported in previous studies. Gpx1, Gpx3,
Gpx4, Selk, Selh, Sepp1, and Sepw1 play important roles in
chickenmyoblasts and show a special correlation with oxidative
stress [23]. Gpx1, Gpx2, Gpx3, Dio1, Selk, Seli, Sepx1, and
SPS2 have a strong correlation with NO and iNOS, which indi-
cates that these selenoproteins may play crucial roles in inflam-
matory responses in the chicken pancreas [12]. In chicken eryth-
rocytes, Txnrd1, Sels, Selu, Sepx1, and SPS2 were highly
expressed and may play key roles in regulating the expression
of cytokines, IL-2, IL-4, IL-8, IL-10, IL-12β, IFN-γ, and
TGF-β4 [11]. In the present study, selenoproteins, Gpx1,
Gpx3, Selk, Sepw1, Selh, Sels, and Selt have higher correlation
with HSPs. Sep15, SPS2, and Txnrd2 highly correlated with
HSP70 and inflammatory factors, NF-κB and PTGE, and other
selenoproteins have close relationships with HSP27, COX-2,
andHO-1. Thus, the selenoproteinswere classified into different
groups and may play different roles in the testes in response to
Se deficiency. Among the affected selenoproteins, Gpx1, Selk,
and Selh play important roles in regulating HSPs stress, and
Gpx2, Sepn1, Seli, Selpb, and Sepx1 may be closely related to
regulating inflammatory response. Combining with the highly
expressed levels of Selk and significant change in Gpx1, and
Selh expression levels, we suggested that Gpx1, Selk, and Selh
play crucial roles in chicken testes.

In summary, we assessed 25 selenoproteins in chicken tes-
tes and found that Gpx1, Selk, and Selh were decreased, but
Gpx2, Sepn1, Selpb, Seli, and Sepx1 were increased. These
selenoproteins showed different correlations with HSPs and
inflammatory factors and can be classified into different
groups in response to Se deficiency. The results showed that
the response of selenoproteins to Se deficiency in chicken
testes is significantly different from that in other tissues, and
we surmise that Gpx1, Selk, and Selhmay play crucial roles in
chicken testes.
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