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Abstract There were many studies about the effect of excess
manganese (Mn) on nervous system apoptosis; however, Mn-
induced apoptosis in chicken cerebrums and embryonic
neurocytes was unclear. The purpose of this study was to
investigate the effect of excess Mn on chicken cerebrum and
embryonic neurocyte apoptosis. Seven-day-old Hyline male
chickens were fed either a commercial diet or three levels of
manganese chloride (MnCl2)-added commercial diets con-
taining 600-, 900-, and 1800-mg/kg-Mn diet, respectively.
On the 30th, 60th, and 90th days, cerebrums were collected.
Fertilized Hyline chicken eggs were hatched for 6–8 days and
were selected. Embryonic neurocytes with 0, 0.5, 1, 1.5, 2,
2.5, and 3 mM Mn were collected and were cultured for 12,
24, 36, and 48 h, respectively. The following research contents
were performed: superoxide dismutase (SOD) and total anti-
oxidant capacity (T-AOC) activities; tumor protein p53 (p53),
B cell lymphoma-2 (Bcl-2), B cell lymphoma extra large (Bcl-
x), Bcl-2-associated X protein (Bax), Bcl-2 homologous
antagonist/killer (Bak), fas, and caspase-3 messenger RNA
(mRNA) expression; and morphologic observation. The re-
sults indicated that excess Mn inhibited SOD and T-AOC
activities; induced p53, Bax, Bak, fas, and caspase-3 mRNA

expression; and inhibited Bcl-2 and Bcl-x mRNA expression
in chicken cerebrums and embryonic neurocytes. There were
dose-dependent manners on all the above factors at all the time
points and time-dependent manners on SOD activity of 1800-
mg/kg-Mn group, T-AOC activity, and apoptosis-related gene
mRNA expression in all the treatment groups in chicken ce-
rebrums. ExcessMn induced chicken cerebrum and embryon-
ic neurocyte apoptosis.
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Introduction

With the wide application of manganese (Mn), Mn caused
environmental pollution. Mn dust pollution impaired the lung
function of male workers in a ferromanganese refinery in
Guangxi Province, China [1]. High Mn concentrations of tree
sparrow livers and hearts were found in polluted mining areas
in Jixi, Heilongjiang Province, China [2]. Cerebrum is an im-
portant organ of the nervous system and develops from em-
bryonic neurocytes. A study found that excess Mn caused Mn
deposition and neurotoxicity in adult mice brains [3]. Excess
Mn caused chicken brain damage [4] and induced apoptosis in
rat striatal neurocytes [5]. Therefore, the chicken model of Mn
poisoning was established in vivo and in vitro to investigate
toxic effect of excess Mn on chicken cerebrums and embry-
onic neurocytes.

ExcessMn can result in oxidative stress. Liu et al. [6] found
that excess Mn decreased glutathione peroxidase (GSH-Px)
and superoxide dismutase (SOD) activities, increased
malondialdehyde (MDA) content, and caused oxidative stress
in chicken immune organs and serum. Oxidative stress can
induce apoptosis. Oxidative stress increased tumor protein
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p53 (p53) [7], Bcl-2 associated X protein (Bax) [8, 9], Bcl-2
homologous antagonist/killer (Bak) [10], fas [11], and
caspase-3 [8] expressions; decreased B cell lymphoma-2
(Bcl-2) [8, 9] and B cell lymphoma extra large (Bcl-x) [10]
expressions; and induced apoptosis. Some studies found that
excess heavy metals caused oxidative stress and induced ap-
optosis. Lead and cadmium (Cd) caused oxidative stress and
induced apoptosis in rat proximal tubular cells [12].
Molybdenum (Mo) and Cd inhibited SOD and total antioxi-
dant capacity (T-AOC) activities, resulted in oxidative stress,
and induced apoptosis in duck ovaries [13]. Cd decreased
SOD activity, caused oxidative stress, and induced apoptosis
in mouse N2A neuroblastoma cells [14]. Therefore, we detect-
ed SOD and T-AOC activities in chicken cerebrums and em-
bryonic neurocytes.

Studies on the effect of excessMn were carried out, includ-
ing immune system [6, 15–18], circulatory system [19], repro-
ductive system [20], and nervous system [4] in chickens.
However, the effect of excess Mn on apoptosis in chicken
cerebrums and embryonic neurocytes was still unclear.
Therefore, oxidative stress biomarker (SOD and T-AOC) ac-
tivities and messenger RNA (mRNA) expression of
apoptosis-related genes (p53, Bcl-2, Bcl-x, Bax, Bak, fas,
and caspase-3) were detected to investigate the toxicity of
excess Mn on chicken cerebrum and embryonic neurocyte
apoptosis.

Materials and Methods

Animal Model and Tissue Samples

One-day-oldHylinemale chickenswere acclimated for 1week
prior to experiment. One-hundred-and-eighty chickens were
randomly divided into four groups of 45 chickens each group.
The feeding program consisted of a commercial diet (contain-
ing 127.88 mg/kg Mn), and three levels of MnCl2·4H2O (an-
alytical reagent grade, Tianjin, China) added the commercial
diet at the levels of 600-, 900-, and 1800-mg/kg-Mn diet,
respectively, according to median lethal dose (LD50) of Mn
being 1122.35-mg/kg body weight for chickens [19] and the
need of the chicken experiment in toxicology [21]. Feed and
water were offered ad libitum throughout the experiment. All
the chickens were housed in the Laboratory Animal Center,
College of Veterinary Medicine, Northeast Agricultural
University (Harbin, China). All procedures used in this exper-
iment were approved by the Northeast Agricultural
University’s Institutional Animal Care and Use Committee
under the approved protocol number SRM-06.

On the 30th, 60th, and 90th days of the experiment, 15
chickens from each group were randomly selected and eutha-
nized. The cerebrums were immediately excised, washed
using ice-cold sterile deionized water. Each sample was

divided into three portions. First portion was immediately ho-
mogenized using an electric homogenizer (Huarui, China) to
detect SOD and T-AOC activities. Second portion was put in
plastic vials and immediately frozen in liquid nitrogen and
then stored in ultralow-temperature freezer at approximately
−80 °C for quantitative real-time polymerase chain reaction
(PCR). Third portion was kept in glutaraldehyde for ultra-
structural observation.

Chicken Embryonic Neurocyte Model

Fertilized eggs of Hyline chicken were collected and hatched in
the incubator (38 °C, 50% humidity) for 6–8 days. Embryos
were carefully removed from eggs under aseptic condition and
collected in phosphate-buffered saline (PBS; 0.1 M phosphate
buffer with 0.85% sodium chloride (NaCl), pH 7.2). The cells
were transferred into a plate containing PBS and washed two
times using PBS. Then, the cells were cut into small pieces
mechanically and washed two times using PBS. The cells were
digested with trypsin (pH 7.2; Sigma-Aldrich, USA) at 37 °C for
6–8 min. Equal numbers of complete Dulbecco’s modified
Eagle’s medium (DMEM) culture solution (Gibco, USA) con-
taining 50 mM sodium bicarbonate (NaHCO3), supplemented
with 10% fetal bovine serum (FBS; CAMS, China) and 1%
antibiotic-antimycotic solution (Sigma, USA), were added to
the plate to stop the enzymolysis of trypsin. The cells were
washed two times using PBS, were washed one time using
DMEM, and were repeatedly stirred and spread using a pipettor
until without any flocculated precipitation. The cells were
allowed to stand for 2 min at room temperature and were filtered
using a sterile stainless steel mesh with a pore size of 400 μm.
The cells were counted and diluted to 1 × 105–1 × 106 cells/mL
and were put into six-hole plates (three holes per sample) treated
with lysine. MnCl2 at the levels of 0.5, 1, 1.5, 2, 2.5, and 3 mM
Mnwere immediately added in the treatment groups, respective-
ly. After being cultured for 12, 24, 36, and 48 h, respectively,
DMEM was sucked out. The cells were washed using PBS one
time. The cells were harvested to detect cell viability, oxidative
stress, mRNA expression, and morphological changes.

SOD and T-AOC Activities

SOD and T-AOC activities were measured using diagnostic
kits produced by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) according to the manufacturer’s instructions.

Relative mRNA Expression of Apoptosis-Related Genes

Gene-Specific Primers for Quantitative Real-Time PCR

Gene-specific primers for p53 (NM_205264.1), Bcl-2
(NM_205339.1), Bcl-x (Z23110.1), Bax (FJ977571.1), Bak
(NM_001030920.1) , fas (XM421659), caspase-3
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(NM_204725.1), and β-actin (L08165) were designed using
Primer Premier 5.0 (Premier, Canada) software according to
GenBank sequence and synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China), with the following sequences: p53
forward sense GAGATGCTGAAGGAGATCAATGAG, p53
reverse sense GTGGTCAGTCCGAGCCTTTT, Bcl-2 for-
ward sense ATCGTCGCCTTCTTCGGATT, Bcl-2 reverse
sense ATCCCATCCTCCGTTGTCCT, Bcl-x forward sense
CTTTCAGCGACCTCACCTC, Bcl-x reverse sense
ACAATGCGTCCCACCAGT, Bax forward sense
GATGAAGCCACCCAGCAGTA, Bax reverse sense
TGGATTCTCACAGTAGGAGGATG, Bak forward sense
ACCCGGAGATCATGGAGA, Bak reverse sense
GATGCCTTGCTGGTAGACG, fas forward sense
GCACTCGGTTTGGAGGTTGT, fas reverse sense
CGTGGCATTCCTGCTTCTT, caspase-3 forward sense
CATCTGCATCCGTGCCTGA, caspase-3 reverse sense
CTCTCGGCTGTGGTGGTGAA, β-actin forward sense
CCGCTCTATGAAGGCTACGC, and β-actin reverse sense
CTCTCGGCTGTGGTGGTGAA. The β-actin was used as a
reference gene.

Total RNA Isolation and Complementary DNA Synthesis

The cerebrum tissues of 50–100 mg were collected and were
immediately put in a mortar with liquid nitrogen and grinded
to powder; meanwhile, liquid nitrogen was continuously
added. And then, RNAiso Plus (TaKaRa, Japan) was added
into the mortar. The mixture from the mortar was put into
1.5 mL of Eppendorf (EP) tubes, and then, total RNA was
extracted according to the manufacturer’s recommendations.

The cell culture plates were taken out from incubator. One
milliliter of RNAiso Plus was added into each hole. The cells
were stirred and spread using a pipettor. The lysis solution
with cells was put into EP tubes. The EP tubes were repeatedly
stirred and spread until without any precipitation. The cells
were allowed to stand for 5 min at room temperature, and then,
total RNA was extracted according to the manufacturer’s
recommendations.

The purity and content of total RNA were checked using
gel electrophoresis and spectrophotometer, respectively. Total
mRNA was converted into complementary DNA (cDNA)
using reverse transcriptase (RT) (HaiGene, Harbin, China).
The reverse transcription reaction mixture (consisted of
2.5 μL of golden MLV reverse transcriptase, 10 μL of ×10
RT buffer, 5 μL of dNTP mixture (10 mM each), 2.5 μL of
RNase inhibitor (40 U/μL), 5 μL of ×20 oligo-dT (25) and
random primer (Haigene, China), and 75 μL of H2O) was
incubated in a thermostatic water bath. The RT procedure
was at 30 °C for 15 min, at 55 °C for 50 min, and at 85 °C
for 10 min. The synthesized cDNA was stored in −20 °C
freezer for next step.

Quantitative Real-Time PCR

Quantitative real-time PCR was performed using the ABI
PRISM 7500 qPCR system (Applied Biosystems, USA) ac-
cording to the manufacturer’s recommendations. The reaction
system contained 5 μL of TransStart top green qPCR
SuperMix (TransGen, China), 0.2 μL of passive reference
dye II, 1 μL of five times diluted cDNA, 0.4 μL of primer,
and 3.4 μL of H2O. The procedure consisted of 1 cycle at
95 °C for 2 min, 40 cycles at 95 °C for 15 s, and at 60 °C
for 1 min. Every sample was measured three times. Gel elec-
trophoresis was used to check PCR products. Relative mRNA
abundance was calculated using the method of Pfaffl [22].

Tissue Ultrastructure

On the 90th day of the experiment, the cerebrum tissues of the
control group and 1800-mg/kg-Mn group were cut into 1.0-
mm3 blocks with a scalpel. These blocks were immediately
fixed in 2.5% (v/v; pH 7.2) glutaraldehyde phosphate-buffered
saline, then fixed in 1% (v/v) osmium tetroxide, and stained
using uranyl acetate and dehydrated. The samples were
washed in propylene oxide and impregnated with epoxy
resins. Three days later, ultrathin sections were made using a
microtome (Leica, Germany), stained with uranyl acetate and
lead citrate, and then observed using an H-7650 transmission
electron microscope (Hitachi, Japan).

Cell Viability

Cell viability of chicken embryonic neurocytes treated with
Mn for 48 h was measured using Cell Counting Kit-8 pro-
duced by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) according to the manufacturer’s instructions.

Cytomorphology

Morphological observation of chicken embryonic neurocytes
treated with Mn for 48 h was performed using acridine orange
and ethidium bromide (AO/EB) double fluorescent dye stain-
ing (Solarbio, Beijing, China) according to the manufacturer’s
instructions.

Statistical Analysis

Statistical analyses of SOD and T-AOC activities and mRNA
levels of p53, Bcl-2, Bcl-x, Bax, Bak, fas, and caspase-3 were
carried out with one-way and two-way analyses of variance
(ANOVAs), using GraphPad Prism for Windows (version
5.01; GraphPad software, USA). The comparisons for groups
were verified by nonparametric as Kruskal-Wallis ANOVA
and Mann-Whitney U tests. Data were expressed as the
mean ± standard deviation (SD).
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Results

SOD and T-AOC Activities

SOD and T-AOC activities in chicken cerebrums and
embryonic neurocytes were shown in Fig. 1. SOD ac-
tivity decreased significantly (P < 0.05) with the in-
crease of Mn in chicken cerebrums on the 60th and
90th days starting from 600 mg/kg Mn (Fig. 1 (a1))
and in chicken embryonic neurocytes (Fig. 1 (a2)). In
1800-mg/kg-Mn group, SOD activity on the 90th day
was significantly lower (P < 0.05) than that on the
30th day in cerebrums. T-AOC activity of the treatment
groups was significantly lower (P < 0.05) than that of
the control group in chicken cerebrums (Fig. 1 (b1)). In
600- and 900-mg/kg-Mn groups, T-AOC activity on the
90th day was significantly lower (P < 0.05) than that on
the 30th day in cerebrums. T-AOC activity decreased
significantly (P < 0.05) with the increase of treatment
time in 1800-mg/kg-Mn group in cerebrums. T-AOC
activity decreased significantly (P < 0.05) with the in-
crease of Mn from 1 to 2 mM Mn in chicken embry-
onic neurocytes (Fig. 1 (b2)).

Apoptosis-Related Gene mRNA Expression

Relative mRNA expressions of p53, Bcl-2, Bcl-x, Bax, Bak,
fas, and caspase-3 in chicken cerebrums and embryonic

neurocytes were shown in Fig. 2. Relative mRNA expression
of p53 of all the treatment groups was significantly
higher (P < 0.05) than that of the control group in
chicken cerebrums (Fig. 2 (a1)) and embryonic
neurocytes (Fig. 2 (a2)) except that of 600-mg/kg-Mn
group on the 30th day in cerebrums and that of 0.5-
mM group at 24 and 36 h in embryonic neurocytes.
There was an upward trend in p53 mRNA expression
in cerebrums and embryonic neurocytes.

Bcl-2 mRNA expression of the treatment groups was
significantly lower (P < 0.05) than that of the control
group on the 60th and 90th days except that of 600-
mg/kg-Mn group on the 60th day in cerebrums (Fig. 2
(b1)). Bcl-2 mRNA expression of 1800-mg/kg-Mn
group was significantly lower (P < 0.05) than that of
the other groups in cerebrums on the 90th day. Bcl-2
mRNA expression of the treatment groups was signifi-
cantly lower (P < 0.05) than that of the control group
except that of 0.5-mM-Mn group at 36 and 48 h in
embryonic neurocytes (Fig. 2 (b2)). There was a down-
ward trend in Bcl-2 mRNA expression in cerebrums and
embryonic neurocytes.

Bcl-x mRNA expression of the treatment groups was sig-
nificantly lower (P < 0.05) than that of the control group
except that of 600- and 900-mg/kg-Mn groups on the 30th
day in chicken cerebrums (Fig. 2 (c1)). Bcl-x mRNA expres-
sion of 1800-mg/kg-Mn group was significantly lower
(P < 0.05) than that of the other groups on the 90th day in

Fig. 1 SOD and T-AOC activities in chicken cerebrums and embryonic
neurocytes. Statistically significant differences: bars with different upper-
case letterswithin the same group at different time points are significantly

different (P < 0.05), and bars with different lowercase letters in different
groups at the same time point are significantly different (P < 0.05). Bars
represented mean ± SD
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Fig. 2 Relative mRNA
expressions of p53, Bcl-2, Bcl-x,
Bak, Bax, fas, and caspase-3 in
chicken cerebrums and
embryonic neurocytes.
Statistically significant
differences: bars with different
uppercase letters within the same
group at different time points are
significantly different (P < 0.05),
and bars with different lowercase
letters in different groups at the
same time point are significantly
different (P < 0.05). Bars
represented mean ± SD
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cerebrums. Bcl-x mRNA expression of the treatment groups
was significantly lower (P < 0.05) than that of the control
group except that of 0.5-mM-Mn group at 24 and 48 h in
embryonic neurocytes (Fig. 2 (c2)). There was a downward
trend in Bcl-x mRNA expression in cerebrums and embryonic
neurocytes.

Bax mRNA expression of the treatment groups was signif-
icantly higher (P < 0.05) than that of the control group except
in 600- and 900-mg/kg-Mn groups on the 30th day in chicken
cerebrums (Fig. 2 (d1)). Bax mRNA expression of the Mn
treatment groups increased significantly (P < 0.05) with the
increase of time in chicken cerebrums. Bax mRNA expression
of the treatment groups was significantly higher (P < 0.05)
than that of the control group except that of 0.5-mM-Mn
group at all the time points and in 1-mM-Mn group at 12 h
(Fig. 2 (d2)). There was an upward trend in Bax mRNA ex-
pression in cerebrums and embryonic neurocytes.

Bak mRNA expression of the treatment groups was signif-
icantly higher (P < 0.05) than that of the control group except
that of 600- and 900-mg/kg-Mn groups on the 30th day in
cerebrums (Fig. 2 (e1)). Bak mRNA expression increased sig-
nificantly (P < 0.05) with the increase of Mn on the 60th day
in cerebrums. Bak mRNA expression of 1800-mg/kg-Mn
group was significantly higher (P < 0.05) than that of 600-
and 900-mg/kg-Mn groups on the 90th day in cerebrums. Bak
mRNA expression increased significantly (P < 0.05) with the
increase of treatment time in cerebrums. Bak mRNA expres-
sion of the treatment groups was significantly higher
(P < 0.05) than that of the control group except that of 0.5-
mM-Mn group at 12 and 24 h (Fig. 2 (e2)). There was an
upward trend in Bak mRNA expression in cerebrums and
embryonic neurocytes.

Relative mRNA expression of fas in the treatment groups
was significantly higher (P < 0.05) than that in the control
group except that of 600-mg/kg-Mn group on the 30th day
in cerebrums (Fig. 2 (f1)). Relative mRNA expression of fas in
1800-mg/kg-Mn group was significantly higher (P < 0.05)
than that in 600- and 900-mg/kg-Mn groups on the 60th and
90th days in cerebrums. Relative mRNA expression of fas
increased significantly (P < 0.05) with the increase of treat-
ment time in cerebrums. Relative mRNA expression of fas in
the treatment groups was significantly higher (P < 0.05) than
that in the control group except that in 0.5-mM-Mn group at
12 and 24 h and that in 1-mM-Mn group at 24 h (Fig. 2 (f2)).
There was an upward trend in fas mRNA expression in cere-
brums and embryonic neurocytes.

Relative mRNA expression of caspase-3 increased signifi-
cantly (P < 0.05) with the increase of Mn on the 30th day in
cerebrums (Fig. 2 (g1)). Relative mRNA expression of
caspase-3 in 600- and 900-mg/kg-Mn groups was significant-
ly higher than that in the control group in cerebrums. Relative
mRNA expression of caspase-3 in 1800-mg/kg-Mn group was
significantly higher than that in 600- and 900-mg/kg-Mn

groups in cerebrums. In all the treatment groups, relative
mRNA expression of caspase-3 on the 90th day was signifi-
cantly higher than that on the 30th and 60th days in cerebrums.
Relative mRNA expression of caspase-3 in the treatment
groups was significantly higher (P < 0.05) than that in the
control group except that in 0.5-mM-Mn group at 12, 24,
and 36 h and that in 1- and 1.5-mM-Mn groups at 36 h
(Fig. 2 (g2)). There was an upward trend in caspase-3
mRNA expression in cerebrums and embryonic neurocytes.

Tissue Ultrastructure

The present study was also designed to observe the ultrastruc-
ture of chicken cerebrums in the control group and 1800-
mg/kg-Mn group on the 90th day (Fig. 3). In the control group
(Fig. 3a), nuclear membrane was clear. Chromatin and endo-
plasmic reticulum were normal. Mitochondria were full. In
1800-mg/kg-Mn group, chromatin shrinkage occurred.
Chromatin marginated to nuclear membrane (Fig. 3b).
Endoplasmic reticulum expanded (Fig. 3c). Numbers of mito-
chondria decreased compared with the control group. Some
mitochondrial cristae were fractured. Vacuoles appeared in
mitochondria and cytoplasm (Fig. 3d).

Cell Viability

As shown in Fig. 4, cell viabilities of chicken embryonic
neurocytes cultured for 48 h with Mn concentrations of 0.5,
1, 1.5, 2, 2.5, and 3 mMMn were 96.72, 92.44, 88.70, 81.09,
75.91, and 72.25%, respectively. Cell viability (72.25%) in 3-
mM-Mn group could meet the requirement of cellular toxicol-
ogy test.

Cytomorphology

Morphology changes of chicken embryonic neurocytes for
48 h were detected using AO/EB double fluorescent dye stain-
ing and shown in Fig. 5. In the control group (Fig. 5a), nuclei
were round and green. In 0.5-mM-Mn group (Fig. 5b), chro-
matin condensation appeared in some nuclei and some yellow
irregular nuclei occurred. Numbers of irregular yellow nuclei
in 1-mM-Mn group (Fig. 5c) were higher than those in 0.5-
mM-Mn group. Orange fragmented chromatin and apoptotic
bodies were observed in 1.5-mM-Mn group (Fig. 5d).
Numbers of orange fragmented chromatin and apoptotic bod-
ies in 2-mM-Mn group were higher than those in 1.5-mM-Mn
group (Fig. 5e). In 2.5- and 3-mM-Mn groups, more or-
ange fragmented chromatin and apoptotic bodies oc-
curred, and a few orange-yellow oval necrotic cells
were observed (Fig. 5f, g).
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Discussion

Two researches showed that excess Mn decreased GSH-Px
and SOD activities and increasedMDA content in the immune
organs, serum [6], and testis [23] of chickens. We detected
SOD and T-AOC activities in chicken cerebrums and embry-
onic neurocytes. Our results indicated that excess Mn de-
creased SOD and T-AOC activities in a dose-dependent man-
ner and caused oxidative stress in chicken cerebrums and em-
bryonic neurocytes. Our results were consistent with others.

Mo and Cd inhibited SOD and T-AOC activities and caused
oxidative stress in duck ovaries [13]. Mo inhibited SOD and
T-AOC activities and caused oxidative stress in goat livers
[24]. Lead inhibited SOD and T-AOC activities and caused
oxidative stress in chicken bursa of Fabricius [25]. Jin et al.
[26] found that cypermethrin decreased T-AOC activity in a
dose-dependent manner in mice livers. We also found that
excess Mn decreased SOD activity of 1800-mg/kg-Mn group
and T-AOC activity of 600-, 900-, and 1800-mg/kg-Mn
groups in a time-dependent manner in chicken cerebrums.

Oxidative stress increased p53 mRNA expression in hu-
man hepatic cells [27]. p53 initiated apoptosis in mice thymo-
cytes [28]. p53 downregulated Bcl-2 protein expression and
upregulated Bax protein expression in murine leukemia cell
M1 [29], increased Bax/Bcl-2 and Bax/Bcl-x mRNA and pro-
tein expression ratio in human chondrocytes [30], and upreg-
ulated Bak in mouse JB6 cells [31]. Bcl-2, Bcl-x, Bax, and
Bak belonged to Bcl-2 family. Bcl-2 family is a protein family
regulating apoptosis. Bcl-2 and Bcl-x inhibited fas mRNA
expression and inhibited apoptosis in human breast carcinoma
cells [32]. Fas is a receptor on the surface of cells that leads to
programmed cell death [33]. Bak and Bax promoted fas and
induced apoptosis in mice neutrophils [34]. Increased Bax/
Bcl-2 ratio upregulated caspase-3 protein expression and in-
duced apoptosis in human thymus [35]. Caspase-3 is essential

Fig. 3 Ultrastructural changes in
chicken cerebrums for 90 days. a
Control group. b–d The 1800-
mg/kg-Mn group. NM nuclear
membrane, Ch chromatin, ER
endoplasmic reticulum, Mi
mitochondria, Va vacuole

Fig. 4 Cell viability of chicken embryonic neurocytes for 48 h.Different
lowercase letters indicate the significant differences (P < 0.05) among
groups
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for the dismantling of cells and the formation of apoptotic bodies
[36]. Our results consisted with above mechanism. In our study,
we found that excess Mn upregulated mRNA expressions of
p53, Bax, Bak, fas, and caspase-3; downregulated mRNA ex-
pressions of Bcl-2 and Bcl-x in a dose-dependent manner; and
induced apoptosis in chicken cerebrums and embryonic
neurocytes. We also found that the effect of excess Mn on
apoptosis-related gene mRNA expression was in a time-
dependent manner in chicken cerebrums. Similar results were
obtained by other researchers. Excess Mn increased p53, Bax,
and caspase-3 mRNA expressions in a dose-dependent manner
and induced apoptosis in chicken splenic lynphocytes [16].
Arsenic decreased Bcl-2 protein expression in a dose-
dependent manner and induced apoptosis in human umbilical
vein endothelial cells [37]. Cobalt downregulated Bcl-x mRNA
level in a dose-dependent manner and induced apoptosis in rat
PC12 cells [38]. Excess Cd increased mRNA levels of Bak and
caspase-3 and induced apoptosis in human peripheral blood lym-
phocytes [39]. Excess cobalt upregulated protein expression of
fas and induced apoptosis in rat PC12 cells [40]. Moreover, our
morphological observation indicated that excess Mn caused
chicken cerebrum and embryonic neurocyte apoptosis in a
dose-dependent manner.

Conclusions

In summary, our results indicated that excess Mn inhibited the
activities of SOD and T-AOC; induced mRNA expressions of
p53, Bax, Bak, fas, and caspase-3; and inhibited mRNA ex-
pressions of Bcl-2 and Bcl-x in chicken cerebrums and em-
bryonic neurocytes. There were dose-dependent manners on
all the above factors at all the time points and time-dependent
manners on SOD activity of 1800-mg/kg-Mn group, T-AOC
activity, and apoptosis-related gene mRNA expression in all
the treatment groups in chicken cerebrums. Excess Mn in-
duced chicken cerebrum and embryonic neurocyte apoptosis.
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