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Abstract Despite the well-established toxicity of cadmium
(Cd) to animals and the ameliorative effects of selenium
(Se), some specific mechanisms in the chicken ovary are not
yet clarified. To explore the mechanism by which the toxicity
effect of Cd is induced and explore the effect of
supranutritional Se on Cd toxicity in female bird reproduction,
forty-eight 50-day-old Isa Brown female chickens were divid-
ed randomly into four groups. Group I (control group) was fed
the basic diet containing 0.2 mg/kg Se. Group II (Se-treated
group) was fed the basic diet supplemented with sodium sel-
enite (Na,SeO3), and the total Se content was 2 mg/kg. Group
III (Se + Cd-treated group) was fed the basic diet supplement-
ed with Na,SeOs; the total Se content was 2 mg/kg, and it was
supplemented with 150 mg/kg cadmium chloride (CdCl,).
Group IV (Cd-treated group) was with the basic diet supple-
mented with 150 mg/kg CdCl,. The Cd, estradiol (E2), and
progestogen (P4) contents changed after subchronic Cd expo-
sure in chicken ovarian tissue; subsequently, oxidative stress
occurred and activated the endoplasmic reticulum (ER) path-
way to induce apoptosis. Further, Se decreased the accumula-
tion of Cd in ovarian tissue, increased the E2 and P4 contents,
alleviated oxidative stress, and reduced apoptosis via the ER
stress pathway. The present results demonstrated that Cd
could induce apoptosis via the ER stress pathway in chicken
ovarian tissue and that Se had a significant antagonistic effect.
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These results are potentially valuable for finding a strategy to
prevent Cd poisoning.
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Introduction

Cd is toxic heavy metal that is widely distributed in the envi-
ronment [1]. It comes mainly from environmental pollution
caused by industrial and agricultural production. Exposure of
humans and animals to Cd arises from air, food, and water.
After Cd enters the body, there is little excretion due to the
lack of an effective Cd elimination pathway in the organism,
and the remaining Cd is accumulated in target organs.
Therefore, Cd can cause long-term toxic effects.

Many researchers have shown that Cd causes severe mor-
phological and biochemical lesions to organs in mammals,
including liver, brain, heart, and lung [2—4]. Other studies
have shown that dietary exposure to Cd increases toxicity to
immune organs, liver, and kidney in poultry [5-7]. Important
here, the reproduction organs are one of the most important
target organs for Cd accumulation and intoxication. Previous
research results indicated that Cd exposure causes a variety of
physiological changes in cock testes and hen ovary [8—10].

A previous study showed that Cd might have an obvious
adverse effect on the secretion or/and release of ovary endo-
crine hormones [11]. The regular cyclic changes of the ovary
are mainly stimulated through the hypothalamic-pituitary-
ovarian axis. The luteinizing hormone of pituitary stimulates
the secretion of E2 and P4 and from the corpus luteum.
Conversely, E2 and P4 occupy key roles in the control of
ovarian function through positive and negative feedback and
the indirect action by the hypothalamic-pituitary-ovarian axis.
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Cd exposure suppressed E2 and P4 synthesis in rat granulosa
and luteal cells [12]. Cd also inhibited E2 and P4 release in
ovaries of rats, which might be an important mechanism of
endocrine disruption [11].

Increasing evidence has suggested that oxidative stress par-
ticipates in the pathological processes induced by Cd in vari-
ous tissues [3, 13, 14]. Many studies have found that the
activity of superoxide dismutase (SOD) and glutathione per-
oxidase (GSH-Px) decreased after Cd exposure, whereas the
methane dicarboxylic aldehyde (MDA) content, nitric oxide
(NO) levels, and inducible nitric oxide synthase (iNOS) activ-
ity increased in chicken kidney, liver, ovaries and serum [5, 6,
10]. Oxidative stress triggers apoptosis through a variety of
signaling pathways, including the ER stress response [15].
Yokouchi M indicated that ER stress locates downstream of
oxidative stress in apoptotic processes triggered by Cd and
that Cd causes ER stress via an increase in reactive oxygen
species (ROS), leading to apoptosis [16, 17].

Se is an essential micronutrient and is considered one of the
most efficient metals that mediate Cd toxicity [18]. Se could
protect the renal and hepatic tissues against the toxicity of Cd
via an antioxidative effect because it reduces lipid peroxida-
tion (LPO) and increases the activities of antioxidant enzymes
in these tissues [19]. A study by Li demonstrated that Se
attenuates the Cd-induced hepatotoxicity by decreasing oxi-
dative stress, NO overproduction, and iNOS activity [6]. In
addition, a previous study showed that Cd-induced ER stress
was inhibited by antioxidants [16]. Several studies reported
ameliorative effects of Se on Cd-induced oxidative stress, ER
stress, and apoptosis in the chicken splenic lymphocytes, kid-
ney, and testis [5, 8, 20]. This finding suggests that Se can be
used to alleviate the ER stress and apoptosis caused by Cd
through its antioxidant effect.

There are many studies on the toxic effects of Cd on many
organs in mammals and on the antagonistic effect of Se. An
epidemiological investigation found that a large amount of Cd
accumulates in poultry in the polluted area [21, 22]. Although
the toxic effects of Cd on birds and Se role in fertility are well
known for the male reproductive system and spermatogenesis
have been studied, whether supranutritional Se can alleviate
the toxic effects of Cd on chicken ovarian tissue has not been
reported. To explore a possible mechanism of Cd-induced
apoptosis in chicken ovary, in the present study, we replicated
amodel that supplements the basic diet with Cd, which causes
ovarian tissue injury and pathological changes. We also ex-
plored the ameliorative effects of supranutritional Se on Cd-
induced apoptosis via the oxidative stress—ER stress—apo-
ptosis pathway. In general, our experiments contributed to the
study of Cd on reproductive toxicology and further elucidated
the mechanism by which supranutritional Se decreases the
activity of iNOS and the harmful effects of ROS, reduces
the accumulation of Cd, and ameliorates Cd-induced oxida-
tive stress, ER stress, and apoptosis.
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Materials and Methods
Chemicals

Na,SeO3 and CdCl,, which were analytical grade (> 99%),
were obtained from the Sigma Aldrich Chemical Co. (St.
Louis, Missouri, USA). Trizol reagent was purchased from
Invitrogen, America. mRNA reverse transcription kit was pro-
vided by Thermo Fisher Scientific Inc., and other chemicals
were provided by Technology Co., Ltd.

Preparation of Animals and Treatment

All procedures used in this experiment were approved by
the Institutional Animal Care and Use Committee of
Northeast Agricultural University. Previous studies report-
ed that the LD50 of Cd for chicken was 218.44 mg/kg [6, 20,
23]. To exacerbate the ovarian toxicity of Cd and reveal the
detoxification effects of Se, the dose levels of Cd and Se
were 150 mg CdCl,y/kg dry weight of feed and 2 mg
Na,SeO3/kg dry weight of feed (supernutritional Se but
not Se toxicity), respectively. The dose and duration of this
study have been described previously [23]. In brief, forty-
eight 50-day-old Isa Brown female chickens were divided
randomly into four groups (n = 12 per group). Birds were
housed in the Laboratory Animal Center, College of
Veterinary Medicine, Northeast Agricultural University,
China. The animal room was maintained at 18-26 °C, and
the birds were kept on 16 h light/8 h dark cycle and given
free access to standard food and water about 12 weeks.
Group I (control group) was fed with the basic diet contain-
ing 0.2 mg/kg Se [24]. Group II (Se-treated group) was fed
with the basic diet supplemented with Na,SeO;, and the
total Se content was 2 mg/kg. Group III (Se + Cd-treated
group) was fed with the basic diet supplemented with
Na,Se0s; the total Se content was 2 mg/kg and supplement-
ed with 150 mg/kg CdCl,. Group IV (Cd-treated group) was
fed with the basic diet supplemented with 150 mg/kg CdCl,.
Following euthanasia, the tissue samples were immediately
excised, blotted, and then rinsed with ice-cold 0.9% NaCl
solution. They were dried with filter paper and weighed. A
slice of tissue fixed in 2.5% glutaraldehyde was used for
transmission electron microscope observation. The blood
collected via cardiac puncture was allowed to clot and the
serum was obtained by centrifugation at 1000 g for 10 min.
1.0 g tissue and serum via digestion were used for determi-
nation of Se and Cd content. Fractions of tissue were ho-
mogenized using glass Teflon homogenizer in cold 0.9%
NaCl solution. The homogenates were centrifuged at
2000 g for 10 min at 4 °C. The supernatant was collected
and used for the various reagent kit. The remaining tissue
was frozen in liquid nitrogen and stored at — 80 °C before
used to RT-PCR and protein assay.
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Estimation of the Ratio of Ovary Weight to Body Weight
and the Content of Cd and Se Assay in Serum and Ovary

After euthanasia, the ovary from experimental chickens were
collected and weighed. The ratio of ovary weight to body
weight was calculated for each chicken. The concentration
of Cd and Se in the ovarian tissue and serum were determined
using inductively coupled plasma mass spectrometry [CP-MS
(Thermo iCAPQ, USA). The instrumental parameters were as
follows: frequency 27.12 MHz, reflect power 1.55 kW, carrier
gas flow 1.05 L/min, sampling depth 5.0 mm, torch-H
0.01 mm, torch-V-0.39 mm, nebuliser pump 40 rpm, S/C tem-
perature 2.7 °C (spray chamber temperature), oxide ions (156/
140) < 2.0%, doubly charged (70/140) < 3.0%, and nebuliser
type is concentric. The mineral element concentrations were
determined in the acid digest of the samples according to the
method of Uluozlu et al. [25]. One gram of each sample was
digested with 5 mL of HNO; (65%) and 2 mL of H,O, (30%)
in a microwave digestion system and diluted to 10 mL with
deionized water. A blank digest was carried out in the same
way. All of the sample solutions were clear. The digestion
conditions for the microwave system were applied at 3 min
for 1800 W at 100 °C, 10 min for 1800 W at 150 °C, and
45 min for 1800 W at 180 °C. The digested samples were
adjusted with ultrapure water to the final volume before anal-
ysis by ICP-MS [26].

Determination of Estradiol and Progestogen Level
in Serum

E2 and P4 were assayed by using Chicken E2 ELISA Kit and
Chicken P4esterone (P4) ELISA Kit (R&D Systems, USA).
E2 and P4 were determined based on according to the
manufacturer’s protocol, use purified chicken P4/E2 antibody
to coat microtiter plate wells, make solid-phase antibody, then
add P4/E2 to wells, combined P4/E2 antibody which with
HRP labeled, become antibody-antigen-enzyme-antibody
complex, after washing completely, add TMB substrate solu-
tion, TMB substrate becomes blue color at HRP enzyme-
catalyzed; reaction is terminated by the addition of a sulphuric
acid solution, and the color change is measured spectrophoto-
metrically at a wavelength of 450 nm. The concentration of
P4/E2 in the samples is then determined by comparing the O.
D. of the samples to the standard curve.

Measurement of Oxidative Stress

The MDA and NO contents (Nanjing Jiancheng
Bioengineering Institute, PR, China) and the SOD, GSH-Px
and iNOS activities were assayed using kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), accord-
ing to the manufacturer’s protocol, and with a spectrophotom-
eter (7230G, Shanghai Jinghua, Shanghai, China). The SOD

activity was measured by the xanthinoxidase method, GSH-
Px activity by DTNB color rendering, iNOS activity by
colorimetry, NO content by the nitric reductase method, and
MDA content by the thiobarbituric acid method.

Quantitative Real-Time PCR Analysis

Total RNA was isolated from ovarian tissue using Trizol
according to the manufacturer’s instructions (Invitrogen,
USA). RNA concentrations were determined using a
GeneQuant 1300. Primers for iNOS, glucose-regulated
protein 78 (GRP78), cysteine-aspartic protease 3 (cas-
pase-3), activating transcription factor 4 (ATF4), activating
transcription factor 6 (ATF6), and inositol requiring en-
zyme (IRE) (Table 1) were designed using the Prime 5
Software (PREMIER Biosoft International, USA) based
on known chicken sequences. Chicken (-actin (GenBank
accession number L08165.1), a housekeeping gene, was
used as an internal reference. The primers were synthe-
sized by Invitrogen Biotechnology Co. Ltd. Reverse tran-
scription reactions were performed as previously described
[20]. RT-PCR was used to detect the expression of genes in
tissue using Fast Universal SYBR Green Master mix
(Roche, Basel, Switzerland), and RT-PCR was done using
the Light Cycler® 480 RT-PCR system (Roche, Basel,
Switzerland). The PCR procedure was performed as previ-
ously described [27]. Relative messenger RNA abundance
was calculated using the AACt method, which accounts
for gene-specific efficiencies, and was normalized to the
mean expression of the abovementioned index.

Table 1  Gene-special primers for iNOS, GRP78, caspase-3, ATF4,
ATF®6, IRE, and (3-actin used in the real-time quantitative reverse tran-
scription PCR

Gene Primer sequence

iNOS Forward 5-CTGAAGGCTCCTGGTTTA-3'
Reverse 5-TGCCACTCTGCGATTTAC-3'

GRP78 Forward 5-GAATCGGCTAACACCAGAGGA-3'
Reverse 5'-CGCATAGCTCTCCAGCTCATT-3’

Caspase-3 Forward 5-CTGAAGGCTCCTGGTTTA-3'
Reverse 5-TGCCACTCTGCGATTTAC-3'

ATF4 Forward 5-GAATCGGCTAACACCAGAGGA-3'
Reverse 5'-CGCATAGCTCTCCAGCTCATT-3'

ATF6 Forward 5-CGTCGTCTGAACCACTTACTGA-3’

Reverse 5-CCTTCTTTCCTAACAGCCACAC-3’
IRE Forward 5-CTACAGGTCGCTCCTCACATC-3’
Reverse 5-ATCAGTCCTTCTGCTCCCATCT-3'
Forward 5-ACCGCAAATGCTTCTAAACC -3’
Reverse 5'- CCAATCTCGTCTTGTTTTATGC-3’

[-actin
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Protein Analysis of iNOS, GRP78, Caspase-3, ATF4,
ATF6, and IRE

The protein concentrations were measured according to
Bradford and using bovine serum albumin (BSA) as stan-
dard. Equal amounts of protein (80 mg) were resolved in
12% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes [28]. The membranes were blocked with 5%
nonfat dry milk in PBST for 2 h at 37 °C. The membranes
were incubated overnight at 4 °C with primary antibodies
specific for iNOS, GRP7S8, caspase-3, ATF4, ATF6, and
IRE that were diluted to their optimum concentrations in
PBST + 5% nonfat dry milk. After three 5-min washes in
PBST, the membranes were incubated for 1 h at 37 °C
with peroxidase-conjugated secondary antibodies against
rabbit IgG (1:1000, Santa Cruz, USA). After three 5-min
washes, bound antibodies were visualized by chemilumi-
nescence using ECL-plus reagent (GE Healthcare,
Buckinghamshire, UK). The GAPDH content was ana-
lyzed as a control using a rabbit anti-chicken polyclonal
antibody (Sigma).

Ultrastructural Observations

The ovarian tissue samples were fixed with 2.5% glutaral-
dehyde and were rinsed twice for 15 min in 0.2 M phosphate
buffer (pH = 7.2). Samples were post-fixed in 1% buffered
osmium tetroxide for 1 h, dehydrated through graded alco-
hols, and embedded in epoxy resin. According to the meth-
od of Xu et al., ultrathin sections were stained with uranyl
acetate before examination under a transmission electron
microscope [29].

Statistical Analysis

Statistical analysis of all data was performed using graph pad
prism (version 5.0, GraphPad Software Inc., San Diego, CA,
USA). All data showed a normal distribution and passed equal
variance testing. Differences between means were assessed
using Tukey’s honestly significant difference test for post
hoc multiple comparisons. Data are presented as the means
+ S.D. and values were considered statistically significant if
P < 0.05. In addition, we use a, b, c... to indicated significant
differences between groups.

Results

Ovary Weight/Body Weight Ratios and the Content of Se
and Cd in Chicken Ovarian Tissue and Serum

After 12 weeks of exposure to Cd in feed, there were no signif-
icant differences in growth rate between groups. However, as
expected, the final body weight was less in the Cd group than in
the control, Se-treated and Se + Cd-treated group. Relative
ovary weight was reduced by subchronic Cd administration
and increased when supplement with Se (Table 2). The contents
of Se and Cd in ovarian tissue and serum for diets with different
Se and Cd concentrations are shown in Table 2. The Se content
was highest in the chicken ovarian tissue and serum for the Se-
treated groups and was the lowest in the Cd-treated groups; the
content in the Se + Cd-treated group was between those of Se-
and Cd-treated groups. In contrast, in the chicken ovarian tis-
sue, the Cd content in the Cd-treated group was nearly 50 times
higher than that of control group. Similarly, in the serum, the Cd
content in the Cd-treated group was almost 500 higher than that

Table 2  Ovary weight/body weight ratios and the content of Se, Cd, estradiol, and progestogen in chicken ovarian tissue and serum

Sample Parameters Control Se Se + Cd Cd

Ovary (ug/g) Se 0.231£0.014 0.274 £ 0.018 0.201 +£0.023 0.176 £0.011
Cd 0.287 £ 0.006a 0.243 £0.015a 8.764 £ 0.034 b 14.607 £ 0.067 ¢

Serum (ng/ml) Se 0.256 £0.014 0.274 £ 0.009 0.234+£0.012 0.207 +0.008
Cd 0.007 £ 0.0001a 0.004 £ 0.0001a 2476 +£0.011c 3.698 £0.021d

Serum E2(pM) 87.946 + 4.081a 94. 713 +4.661a 64.376 + 3.147b 49.847 £ 5.615¢
P4(nM) 214.63 £9.443a 237.0 +10.014a 185.16 + 8.675b 139.407 + 7.082¢

Ovary SOD (nu/mg.pr) 32.408 +£2.014a 31.15+2.438a 24.61 £ 1.483b 19.046 + 3.247¢
GSH-Px (u/mg.pr) 11.907 £ 0.643a 13.04 £0.714a 7.083 £ 0.145b 4.672 £ 0.096¢
MDA (nmol/mg.pr) 2207 £0.016a 2.038 £ 0.024a 3.496 + 0.027b 4.675£0.032¢

Ratio of ovary/body weight (%) 8.688 £0.211a 8.730 £ 0.154a 3.048 +£0.128b 0.576 +0.034b

Se and Cd contents in serum and ovary and the ratios of ovary/body weight of the normal and experimental chicken. The content of estradiol and
progestogen in serum. Effects of oxidation indexes in ovary. Values are expressed as mean + SD, n = 12. Statistically significant differences: means with
different lowercase letters within columns are significantly different (P < 0.05)
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in the control group. However, the Cd content in the ovarian
tissue and serum of the Se + Cd-treated group was 40 and 33%
lower, respectively, than that of the Cd-treated groups.

E2 and P4 Levels in Chicken Serum

The E2 and P4 levels were measured in chicken serum by
ELISA Kit to determine the potential effects of Cd and Se.
As shown in Table 2, supplementation with 2 mg/kg of
Na,SeO; alone had no significant impact on the E2 and P4
contents in serum. Exposure to Cd led to the E2 and P4 con-
tents decreased by 55 and 24%, respectively, compared to the
control group. However, treatment with both Se and Cd re-
sulted in a decrease in E2 and P4 contents of 29 and 33%
compared to the Cd treatment, respectively.

Variation in Antioxidant Activity

To examine whether Cd exposure could cause oxidative stress
in ovarian tissue, we examined the activity of SOD, GSH-Px,

Fig. 1 NO level and iNOS
activity. a Effects of Se
administration on the content of
NO in ovary tissues of Cd-
induced chickens. b Effects of Se
administration on the activity of
iNOS in ovary tissues of Cd-
induced chickens. ¢ Effects of Se
administration on the mRNA
levels of iNOS gene in ovary

>

b

and MDA in ovarian tissue (Table 2). Compared with control
group, SOD activity had a decreasing trend and GSH-Px ac-
tivity had an increasing trend in Se-treated groups, but there
were no significant differences (P> 0.05). However, the SOD
and GSH-Px activity in the Se + Cd- and Cd-treated groups
decreased significantly (P < 0.05). After treatment with Cd
alone, the activity of SOD and GSH-Px decreased by 41 and
61% compared to the control group, respectively. However,
after Se and Cd co-administration, the SOD and GSH-Px ac-
tivities increased by 29.2 and 51.6%, respectively, compared
to the Cd-treated group. Additionally, treatment with both Se
and Cd resulted in a decrease in MDA content of 25.2% com-
pared to the Cd treatment.

NO Content and iNOS Expression

The NO content in the Cd-treated group was significantly
higher than that in the control group by nearly 2.7-fold
(P <0.05) (Fig. 1a). Se supplementation resulted in a decrease
in NO content of 42.8% compared to the Cd-treated group.
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iNOS activity in the Cd-treated group was nearly 1.4-fold
higher than that in the control group (Fig. 1b). However,
iNOS activity in the Se + Cd-treated group was lower than
that in the Cd-treated group by 39.6%. The mRNA levels of
iNOS in the ovary are shown in Fig. 1c; the mRNA levels of
iNOS in the Se + Cd-treated group was significantly lower
than those in the Cd-treated group (P < 0.05). The iNOS
protein levels in the ovary are shown in Fig. 1d, e; the expres-
sion of iNOS protein in the Cd-treated group was significantly
higher than that in the control group in the chicken ovarian
tissue. And the protein expression levels of iNOS in the Se +
Cd-treated group were nearly 38.19% lower than those in
ovarian tissue from the Cd-treated group. In addition, the pro-
tein expression levels of iNOS were not significantly different
between the control and Se-treated groups (P > 0.05).

Expression of the Endoplasmic Reticulum Related Genes
(GRP78, ATF4, ATF6, and IRE)

The mRNA levels of ER stress-related factors were measured
in chicken ovarian tissue by RT-PCR to determine the poten-
tial effects of Cd and Se on ER stress. Our results showed that
the mRNA levels of GRP78, ATF4, ATF6, and IRE in the Cd-
treated group were significant higher than those of the control
group (P < 0.05) (Fig. 2a). However, in the Se + Cd-treated
group, the mRNA levels of GRP78, ATF4, ATF6, and IRE
were significantly lower than in the Cd-treated group. In ad-
dition, the mRNA levels of these genes were not significantly
different between the control and Se-treated groups (P > 0.05).
The expression of GRP78, ATF4, ATF6, and IRE proteins in
Cd-treated groups was significantly higher than in the control
groups in ovarian tissue (4.16-, 5.05-, 3.02- and 2.02-fold,
respectively) (Fig. 2b, c). Exposure to Cd led to a marked
increase for ER stress-related genes (P < 0.05) compared to
the control, Se-treated, and Se + Cd-treated group, respective-
ly. However, after Se and Cd co-administration, the protein
expression levels of GRP78, ATF4, ATF6, and IRE were
16.36, 31.85, 54.38, and 34.13% lower than in the Cd-
treated group, respectively (P < 0.05).

The Results of Ultrastructural Observations in Ovary

The ovary cells in the control group and Se-treated group were
normal and had smooth rounded nuclei and normally distrib-
uted chromatin; further, the inner and outer nuclear mem-
branes were complete, and pathological structures were rarely
observed (Fig. 3a, b). Ovarian cells from the Cd-treated group
had morphological characteristics of apoptosis, including nu-
clear chromatin condensation that appeared as crescent-
shaped bodies with a clear boundary under the nuclear enve-
lope and chromatin margination (red arrows) and nuclear
membrane fusion (green arrows) (Fig. 3d). Se administration
during Cd exposure significantly reduced the ultrastructural
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changes in the ovary induced by Cd (Fig. 3¢). Taken together,
these ultrastructural analyses indicate that Cd exposure in-
duces variations in cell structure that were alleviated by Se
supplementation.

The mRNA and Protein Levels of Caspase-3

As shown in Fig. 4a, the mRNA levels of caspase-3 in the Cd-
treated were 3.24-fold higher than control group. Exposure to
Cd led to a marked increase for the caspase-3 mRNA level
(P < 0.05) compared to the control. However, after Se and Cd
co-administration, the caspase-3 mRNA level was lower com-
pared to the control and Se treatment groups (P < 0.05). In
addition, the protein level of caspase-3 in Cd-treated group
was significant increase; however, after Se and Cd co-admin-
istration, the protein level of caspase-3 in ovarian tissue was
32.59% lower than that of the Cd-treated group. And the pro-
tein expression levels of caspase-3 were not significantly dif-
ferent between the control and Se-treated groups (P > 0.05).

Discussion

Cd is considered a typical environmental estrogen [30]. It
possesses distinct female reproductive toxicity. Vrsanska
et al. found that cigarette Cd markedly inhibited the follicle-
stimulating hormone induction of cumulus cell progesterone
production in porcine follicles [31]. In vivo, the administration
of 10-15 mg/kg of Cd to estrus rats decreased the pituitary
gonadotropin, ovarian progesterone secretion, and ovulation
rates [32]. Zhang found that Cd can inhibit E2 and P4 release
in ovaries and has a direct adverse effect, which might be an
important mechanism of endocrine disruption [11]. In this
study, the chicken showed weight gain is slow, mental depres-
sion, reduced ingestion and drinking water, lethargy, claws
appear pale, and anemia symptoms, feather fluffy and irregu-
lar after Cd exposure. And the results showed that the ratio of
ovary to body weight changed after Cd exposure. Moreover,
we found that the Cd content in the ovary and serum increased
after treatment with Cd. These results indicated that Cd is
absorbed by the blood and is deposited in ovarian tissue,
where it damaged the ovary, and further confirmed that the
ovary is one of the target organs of Cd accumulation.
Moreover, the results of subchronic Cd exposure significantly
decreased the serum E2 and P4 levels in chickens suggested
that Cd induces reproductive endocrine disorder in female
chickens.

The antioxidant enzymes in the body include SOD and
GSH-Px. These enzymes are generally considered sensitive
biomarkers of an organism’s antioxidant response and they
protect cells against ROS toxicity and LPO [33, 34]. NO is a
free radical and can be generated by iNOS; the overproduction
of NO leads to LPO [35]. MDA formation is considered a



Ameliorative Effects of Selenium on Cadmium-Induced Injury in the Chicken Ovary: Mechanisms of Oxidative... 469
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general indicator of LPO [36]. Previous studies found that
oxidative stress participates in the pathological processes
of various tissues induced by Cd [3, 13, 14]. Oxidative
stress occurs when ROS increases, which causes an imbal-
ance between antioxidative defense measures and ROS
[37-39]. Cd causes oxidative damage in two ways: LPO
and changes in intracellular antioxidant function [40]. Cd
increases ROS in numerous cell types and can alter the
antioxidant defense system both in vivo and in vitro [3,
41]. Cd toxicity modifies the antioxidant/prooxidant ratio

in the serum and heart in a time-of-exposure-dependent
way [42]. Cd treatment reduces antioxidants in the renal
tissues of rats, increases LPO, and elevates the activity of
the pro-apoptotic factor caspase-3 [43]. Poultry studies
found that oxidative stress-related factors (SOD, GPx,
MDA, NO, and iNOS) change in the chicken kidney after
Cd exposure [5]. Significant reductions in antioxidant en-
zyme capacity and increases in both LPO and NO produc-
tion were found in chicken livers [6]. In addition, Yang
found that in the ovary and serum, the activity of SOD

@ Springer



470

Wan et al.

Fig. 3 Ultrastructural changes in
ovary. Effects of Se
administration on the
ultrastructural changes in cortex
of ovarian outer of Cd-induced
chickens. a Ovary of the control
group. b Ovary of the Se-treated
group. ¢ Ovary of the Se + Cd-
treated group. d Ovary of the Cd-
treated group. a, b, ¢, d x 15,000

and GPx decreased after Cd exposure, while the MDA
content, NO levels, and iNOS activity increased [10]. In
the current study, our results confirm those of previous
studies, which clearly suggest that Cd exposure leads to
high levels of MDA and NO production and high iNOS
activity in chicken ovarian tissue and that the activity of
antioxidant enzymes (SOD and GSH-Px) are significantly
lower in the Cd-treated group than in controls.

Fig. 4 The mRNA and protein
levels of caspase-3. a Effects of
Se administration on the mRNA
levels of caspase-3 gene in ovary
tissues of Cd-induced chickens.
Each value is the mean + SD of 12
individuals. Statistically
significant differences: means
with different lowercase in

A

expression

A number of studies have shown that GRP78 is a marker
protein of ER stress and that oxidative stress can induce ER
stress, leading to the induction of apoptosis via the ER stress
pathway [15, 16]. GRP78 is a central regulator of ER stress
due to its role as a major ER chaperone that has anti-apoptotic
properties and the ability to control the activation of three
major transmembrane transducers that sense ER stress,
RNA-dependent protein kinase-like ER kinase (PERK),

[=2]
1

b

different groups at the same time
point are significantly different

Caspase-3 mRNA relative

(P < 0.05). b, ¢ Effects of Se
administration on caspase-3
protein expression in the ovary of
Cd-induced chickens
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Fig. 5 Cd-induced apoptosis pathway and ameliorative effects of Se. Cd
exposure leads to the activities of antioxidant enzymes (SOD and GSH-
Px) decrease and MDA productions and the activity of iNOS increase. Cd
causes ER stress via generation of ROS. ER stress triggers activation of
the PERK-ATF4, ATF6-CHOP, and the IREI-TRAF2 pro-apoptotic
pathways. The activation of caspase-12 through an interaction with
IREI and TRAF2. ER stress activates caspase-3 through three pathways,
leading cells to undergo apoptosis. Se decreases the activity of iNOS and
the harmful effects of ROS, and it also reduces the accumulation of Cd,
and then ameliorates Cd-induced oxidative stress and ER stress and
apoptosis

ATF6, and IRE], via a binding-release mechanism [44]. In
general, Cd induces ER stress and then activates IRE1,
PERK, and ATF6 via GRP78 to induce apoptosis [45]. IRE1
pathway-induced apoptosis involves caspase-3 through the
intermediate caspase-12 [15]. Interestingly, Cd enhances the
production of ROS such as superoxide anion (O?"), which
rapidly reacts with NO, yielding the reactive species
peroxynitrite (ONOQO") [46, 47]. In addition, NO depletes
Ca”*, causes ER stress and leads to apoptosis via the activation
of IRE, ATF6, and PERK [48]. A previous study found that
the Cd-induced apoptosis of tubular cells occurs via ER stress-
dependent and ER stress-independent mechanisms; however,
Cd-induced apoptosis was markedly attenuated by antioxi-
dants, which suggests that oxidative stress is a major mecha-
nism in Cd-induced apoptosis. The O*~ and ONOO™ pro-
duced in Cd-exposed cells can trigger the ATF6-CCAAT/en-
hancer-binding protein-homologous protein (CHOP) and
IRE1-X-box-binding protein 1 (XBP1) pro-apoptotic path-
ways [16]. Yan-Li Ji reported that a single exposure to Cd
induced both ER stress and UPR signaling as well as germ
cell apoptosis in the testes of mice and that Cd elevates the
level of GRP78 and changes the levels of the downstream
targets, phosphorylated eukaryotic initiation factor-2a

(elF2a) and spliced mRNA encoding XBP1, which activate
the PERK and IRE1a pathway, respectively [49]. Our results
show that subchronic Cd exposure causes an increase in the
NO levels, oxidative stress, and GRP78 expression and that it
induces ER stress in chicken ovarian tissue, thereby increasing
the expression levels of PERK, IRE1, and ATF6. It confirmed
that ER stress-apoptosis pathway is activated after Cd expo-
sure. Moreover, the transmission electron microscopy results
confirmed that Cd exposure induced apoptosis.

Se, an essential trace element, is an important compo-
nent of several enzymes and selenoproteins such as GSH-
Px, thioredoxin reductases, and selenoprotein P. And pre-
vious study indicated that GSH-Px may be a target protein
for Se deficiency in chicken [33]. Se can antagonize the
toxicity of heavy metals and protect mammals and poultry
both in vitro and in vivo against Cd toxicity [50]. In
addition, Se displays an antioxidant effect, oxygen free
radical scavenging, and transformations involving redox
regulation [51-53]. Liu found that Se reduces Cd accu-
mulation in chicken brain and that Se supplementation
markedly enhanced the antioxidant defense system, which
prevented Cd-caused oxidative damage [7]. Shuang Liu
found that Se supplementation enhanced antioxidant sys-
tems and inhibited Cd-induced apoptosis in chicken
splenic lymphocytes. In addition, Se eliminated the toxic
effects of Cd on the activity of antioxidant enzymes (SOD
and GSH-Px), prevented or decreased the harmful effects
of oxidants and ROS, and significantly decreased the ex-
pression of caspase-3 and caspase-9 [54]. Apoptotic char-
acteristics and an increased rate of apoptosis were obtain-
ed in the chicken liver of Se-deficient animals, and Se
deficiency causes oxidative and ER stress, which can in-
duce oxidative-ER apoptosis pathway [55]. Li et al. dem-
onstrated that dietary exposure to Cd-caused histopatho-
logical changes, oxidative stress, endocrine disorders, and
apoptosis in cock testes, and that Se ameliorated these
effects by enhancing antioxidant systems and decreasing
Cd accumulation in the testis [8]. In addition, Se signifi-
cantly ameliorated oxidative stress and decreased the ex-
pression of the ER stress-related genes GRP78, GRP9Y4,
ATF4, ATF6, and IRE in the chicken kidney as well as the
levels of apoptosis-related genes B cell lymphoma-2 (Bcl-
2) and caspase-3 [5]. In this study, the ratio of ovary to
body weight changed after exposure to Cd; this change
was ameliorated by exposure to selenium. This result sug-
gests that Se reduces Cd-induced ovarian damage. In ad-
dition, exposure to Cd led to SOD and GPx activity de-
creased and the MDA content increased, NO overproduc-
tion, iNOS activity increased, and expression of the ER
stress-related genes GRP78, ATF4, ATF6, and IRE in-
creased in chicken ovarian tissue; however, after Se and
Cd co-administration, these changes were alleviated.
These results indicate that Se plays a key role in reducing
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Cd-induced oxidative stress and ER stress in the chicken
ovaries. Besides, Se also alleviates Cd-induced patholog-
ical injuries and the ultrastructural damage caused by ap-
optosis and modifies the mRNA and protein levels of the
apoptosis-related gene caspase-3 caused by after Cd ex-
posure in chicken ovaries.

In summary (Fig. 5), Cd exposure decreases the activ-
ity of antioxidant enzymes (SOD and GSH-Px) and in-
creases MDA production and iNOS activity. Cd causes
ER stress via the generation of ROS. ER stress triggers
the activation of the PERK-ATF4, ATF6-CHOP, and the
IRE1-TNF receptor associated factor 2 (TRAF2) pro-
apoptotic pathways. Caspase-12 is activated via interac-
tion with IRE1 and TRAF2. ER stress activates caspase-3
through three pathways, leading cells to undergo apopto-
sis. Supranutritional Se decreased the activity of iNOS
and the harmful effects of ROS, reduced the accumulation
of Cd, and relieved Cd-induced oxidative stress and ER
stress and apoptosis. Our experimental results show that
Cd content in the ovary increases when the diet contains
Cd, which results in reduced E2 and P4 as well as oxida-
tive stress, which activates the ER stress pathway, which
can induce apoptosis. However, supranutritional Se can
decrease the accumulation of Cd in ovarian tissue, in-
crease the content of E2 and P4, alleviate oxidative stress,
and reduce the apoptosis induced by the ER stress path-
way. The present results show that Cd could induce apo-
ptosis via the ER stress pathway in chicken ovarian tissue
and that Se has a significant antagonistic effect.
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