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Abstract Manganese (Mn) is an essential trace element re-
quired for normal development and bodily function. However,
little is known about the effect of excessive amounts of Mn in
immune organs of poultry. The aim of this study was to
investigate the effect of dietary Mn on the content of trace
elements, such as copper (Cu), iron (Fe), zinc (Zn), calcium
(Ca), and selenium (Se), and the mRNA level of IL-1f3 and IL-
2 in immune organs (spleen, thymus, and bursa of Fabricius)
and the content of IL-13 and IL-2 in serum of poultry. Fifty-
day-old male Hyline cocks were fed either a commercial diet or
a Mn-supplemented diet containing 600, 900, and 1,800 mg/kg.
The immune organs were collected at 30, 60, and 90 days,
respectively, and the content of trace elements and the mRNA
level of IL-13 and IL-2 were examined; the serum were col-
lected and the IL-13 and IL-2 contents detected. The results
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showed that Mn content in immune organs increased and Fe,
Zn, and Ca contents decreased; however, Cu and Se contents
showed no difference. IL-1(3 and IL-2 mRNA levels and IL-1(3
and IL-2 contents decreased. The present study demonstrates
that excess exposure to Mn results in metal accumulations in
immune organs. Manganism can disturb the balance of trace
elements in immune organs and induce immune suppression in
the molecular level; therefore, the immune function of cocks
are also suppressed after manganism.

Keywords Manganese - Cocks - Immune organ - Trace
elements - IL-1f3 - IL-2

Introduction

As an essential nutrient, manganese (Mn) is necessary for
normal homeostatic processes controlling reproduction, for-
mation of connective tissue and bone, carbohydrate, lipid
metabolism, and brain function [1].

Increased Mn has been reported in association with maneb-
adulterated food, potassium permanganate, which is used to
purify drinking water [2], and, in particular, methylcyclopen-
tadienyl manganese tricarbonyl, an automobile fuel octane
enhancer [3]. However, exposures to high levels of Mn are
associated with severe damage to the liver [4], lung [5], and
the reproductive [6], nervous [7], and immune systems [8, 9].
Yin et al. [10] reported that Mn exposure triggered apoptosis
and cell death via the ERK signaling pathway and reduced
electron transport chain activity [11, 12], leading to decreased
ATP. Mn exposure can influence the subcellular distribution
and expression of molecules associated with Fe transport in
the choroid plexus [13].

In recent years, researches on manganism are increased,
but most of the research activity mainly focused on human
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and rats; researches on the toxicity of Mn focus on nervous
and genital systems, while reports on the immune system
were seldom, even of poultry. In light of the potential for the
increased exposure of the general population to Mn, it
is imperative that we gain a better understanding of the
fundamental causes of Mn neurotoxicity. Therefore, we
designed experiments to evaluate the effects of manganism
on the immune system of cocks. First, Mn is an important
cofactor for a variety of enzymes, and Mn impacts on
energetic metabolism [14]. Due to a variety of enzymes
linking to some metal elements in the immune system, metal
elements impact on energetic metabolism [15]. To investi-
gate whether manganism affects immune system function
through metal elements, the contents of Mn, Cu, Fe, Zn, Ca,
and Se in immune organs (spleen, thymus, and bursa of
Fabricius) were detected. Second, IL-1f3 and IL-2 are impor-
tant cytokines in the immune system. However, little is known
about the effect of manganism on IL-1{3 and IL-2 in the
immune system. Thus, the mRNA level of IL-1§3 and IL-2
in the serum and the content of IL-13 and IL-2 in immune
organs were determined along with the increase of Mn-
supplemented diets and days on cocks. In the present study,
our work was completed with the aim of better understanding
the mechanisms of Mn-induced immunotoxicity in poultry
using male Hyline cocks as a model.

Materials and Method
Poultry and Experimental Design

All procedures used in this experiment were approved by the
Institutional Animal Care and Use Committee of Northeast
Agricultural University. Four hundred 50-day-old male Hyline
cocks were divided randomly into four groups. The control
group was fed a basal diet, the low-dosed group (L group) fed
with the basic diet supplemented with 600 mg/kg MnCl,, the
middle-dosed group (M group) fed with the basic diet supple-
mented with 900 mg/kg MnCl,, and the high-dosed group
(H group) was fed the basal diet supplemented with
1,800 mg/kg MnCl, according to one fifteenth, one tenth,
and one fifth of the median lethal dose (LDs) for cocks. Poultry
were maintained in the Laboratory Animal Center, College of
Veterinary Medicine, Northeast Agricultural University, China.
Food and water were provided ad libitum. On the 30th, 60th,
and 90th days of the experiment, respectively, 30 cocks in each
group were selected randomly. The blood was collected via
cardiac puncture and the serum obtained by centrifugation at
1,000xg for 10 min at 4°C for the next experiment. Following
euthanasia with sodium pentobarbital, the immune tissues of
the cocks were quickly removed, blotted, and then rinsed with
ice-cold, sterile deionized water, frozen immediately in liquid
nitrogen, and stored at —80°C until required.

Determination of the Concentrations of Mn, Cu, Fe, Zn, Ca,
and Se in Immune Tissues

The contents of Mn, Cu, Fe, Zn, and Ca in immune organs
were detected using flame atomic absorption spectrometry
(FAAS) [16-18]. The device working parameters (air, acety-
lene, optics, and electronics) were adjusted for maximum
absorption for each element. Acetylene was of 99.99% purity.
All analyses were made in triplicate and the mean values
reported. Under the optimum established parameters, standard
calibration curves for metals were constructed by plotting
absorbency against concentration. The optimal operating con-
ditions of Mn, Cu, Fe, Zn, and Ca were shown in Table 1.

The samples of frozen immune tissues were cut into small
pieces with a stainless steel knife and were baked at 110°C f
12 h in a baking oven; then, 0.5 g samples were transferred into
beakers. For digestion, 25 mL of concentrated HNO5/HCI
(4:1) was added to each beaker and warmed on a low-
temperature electric hot plate to solution transparence. The
samples were adjusted to 10 mL using a volumetric flask by
0.5% HNOs, except for Ca determination. The samples for Ca
content were metered volume by LaNOj solution; the final
concentration of La>" was 2.0 g/L. All samples were measured
by FAAS. The contents of Mn, Cu, Fe, Zn, and Ca were
calculated from a standard curve, respectively.

The Se content in immune tissues was estimated by the
method described by Hasunuma et al. [19, 20]. The assay is
based on the principle that the Se contained in samples is
converted to selenous acid in response to acid digestion. The
Se content was calculated by reference to a standard curve.

Determination of IL-13 and IL-2 Concentrations in Serum

The blood was collected via cardiac puncture, and then the
serum was obtained by centrifugation at 1,000xg for 10 min at
4°C. The contents of IL-1f3 and IL-2 were detected using
IL-1B3-'%I and IL-2-'%I RIA Kit (Beijing North Institute of
Biological Technology, PR China), respectively, by radioim-
munoassay and following the protocol of the manufacturer.
Radioactivity was determined using an automatic gamma
counter [21].

Determination of IL-13 and IL-2 mRNA Levels by gPCR

Total RNA was extracted from the tissue samples using the
RNAfast200 Kit (Fastagen, China). The concentration of the
extracted total RNA was quantified with a spectrophotometer.
RNA integrity was evaluated by observing the 18S and 28S
ribosomal bands after electrophoresis on a 1% agarose gel in
the presence of ethidium bromide. cDNA was synthesized from
5 uL of RNA using the Reverse Transcriptase M-MLV system
(TaKaRa, China). Synthesized cDNA was diluted five times
with sterile water and stored at —80°C before use.
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Table 1 Optimal operating

conditions of Mn, Cu, Elements Wavelength, A (nm) Light Slit (nm) Acetylene Air discharge
Fe, Zn, and Ca current (mA) discharge (L/min) (L/min)

Mn 278.24 2 0.2 1.5 6.5

Cu 323.46 2 0.3 1.5 6.5

Fe 248.30 3 0.2 2.0 8.0

Zn 213.90 3 0.3 1.2 6.8

Ca 422.70 3 0.2 2.0 8.0

Specific primers for IL-1(3, IL-2, and [3-actin were  Results

designed by Primer Premier Software 5.0 (PREMIER Bio-
soft International, USA; Table 2). The specificity of the
primers was firstly confirmed by general PCRs [22, 23].
Quantitative RT-PCR (qPCR) was used to detect the expres-
sion of IL-13 and IL-2 and the (3-actin gene in immune
tissues. Reaction mixtures were performed in the ABI
PRISM 7500 real-time PCR system (Applied Biosystems,
USA). Reactions consisted of the following: 10 pL of 2x
SYBR Green I PCR Master Mix (TaKaRa), 2 uL of either
diluted ¢cDNA, 0.4 uL of each primer (10 uM), 0.4 uL of
50% ROX reference Dye I, and 6.8 puL of PCR grade water.
PCR was performed under the following conditions: 1 cycle
at 95°C for 30 s, 40 cycles at 95°C for 15 s, and at 56°C for
30 s. The melting curve analysis showed only one peak for
each PCR product. Electrophoresis was performed with the
PCR products to verify primer specificity and product puri-
ty. The mRNA relative abundance was calculated according
to the method of Pfaffl [24], accounting for gene-specific
efficiencies, and was normalized to the mean expression
of f3-actin.

Statistical Analysis

Statistical analysis of all data was performed using SPSS
procedures (SPSS Inc., Chicago, IL, USA). A significant value
(p<0.05) was obtained by one-way ANOVA. Differences be-
tween means were assessed using Tukey’s honestly significant
difference test for post hoc multiple comparisons. Data are
expressed as the mean+SD.

Table 2 Primers used for quantitative real-time PCR

Effects of Concentrations of Cu, Fe, Zn, Ca, and Se in
Immune Tissues

The effects of the different concentrations of dietary Mn on
Cu, Fe, Zn, Ca, and Se contents in the spleen are shown in
Fig. 1. Mn content in the spleen appeared in a dose- and time-
dependent fashion. On the 30th day, the Mn level showed no
statistically significant differences. On the 60th day, the Mn
level in the H group increased significantly compared with the
control (p<0.01). On the 90th day, the Mn level in the M
group increased more notably than the L group (p<0.05;
Fig. 1a). Besides the 60th day where the Cu level in the L
and M groups elevated significantly more than the control (p<
0.05), there were no significant differences in the different
groups on other days (Fig. 1b). On the 60th day, the Fe level in
the H group showed significant differences compared with the
control (»<0.05); on the 90th day, the Fe level in the H group
decreased extremely than the control (»<0.01; Fig. 1c). On the
60th and 90th days, the Zn level in the M and H groups showed
significant differences compared with the control and L groups,
respectively (p<0.05; Fig. 1d). The Ca level presented no
obvious regularity in different groups, besides the Ca level in
the H group which showed a time-dependent fashion (Fig. 1e).
The Se level had no obvious regularity in different groups and
in different times (Fig. 1f).

The effects of the different concentrations of dietary Mn on
Cu, Fe, Zn, Ca, and Se contents in the thymus are shown in
Fig. 2. The Mn content in the thymus had a dose- and time-
dependent fashion. On the 30th day, there was no significant

Target gene (cocks) GeneBank accession no Prime Sequence (5'-3") PCR fragment length (bp)
IL-1B NM204524 Forward 5'-GGTCAACATCGCCACCTACA-3' 86
Reverse 5'-CATACGAGATGCAAACCAGCAA-3’
IL-2 NM204153 Forward 5'-TGGAGCATCTCTATCATCAG-3' 167
Reverse 5'-TAACCACTTCTCCCAGGTAACAC-3’
B-actin L08165 Forward 5'-CCCGCAAATGCTCTAAACC-3' 93
Reverse 5'-CCAATCCTGTCTTGTTTTATGC-3’
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Fig. 1 Contents of Mn, Cu, Fe,
Zn, Ca, and Se in the spleen
after manganism
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increase of the Mn level compared with the control. On the
60th day, the Mn level in the H group increased higher than the
control (p<0.05). On the 90th day, the Mn level in the M and H
groups increased significantly more than the L group (p<0.01;
Fig. 2a). Besides the 90th day where the Cu levels in the M
group elevated significantly more than the control (p<0.05;
Fig. 2b), on the 30th and 60th days, there were no statistically
significant differences; on the 90th day, the Fe level in the M
and H groups had a tendency to decrease along with increasing
days (Fig. 2c). On the 60th day, the Zn level in the H group
decreased significantly more than the control (p<0.05); on the
90th day, the Zn level in the H group showed extreme changes
compared with the other groups (p<0.01; Fig. 2d). The Ca
level presented no obvious regularity in different groups, but
the Ca level showed a time-dependent fashion in the control
and H groups (Fig. 2¢e). The Se level had no obvious regularity
in different groups and in different times (Fig. 2f).

The effects of the different concentrations of dietary Mn on
Cu, Fe, Zn, Ca, and Se contents in the bursa of Fabricius are
shown in Fig. 3. The Mn content in the bursa of Fabricius had a
dose- and time-dependent fashion. On the 30th and 60th days,
the Mn level in the H group were higher than the control (p<
0.05). On the 90th day, the Mn level in the H group increased
significantly more than the L group (»p<0.01; Fig. 3a). On the

031 mControl BL group @M group OH group
Aa

A A ; Aa

Se concent in the wpleenfug/mg
o=

30th, 60™, and 90th days, the Cu level in the M group elevated
significantly more than the control, respectively (p<0.05;
Fig. 3b). The Fe level in different groups had no obvious
regularity along with the increase of days (Fig. 3c). The Zn
level in the M and H groups had a tendency to decrease along
with the increase of days. On the 60th day, the Zn level in the H
group showed extreme differences more than the control (p<
0.01; Fig. 3d). The Ca level in different groups had no obvious
regularity, but it showed a time-dependent fashion (Fig. 3e).
The Se level had no obvious regularity in different groups and
in different times (Fig. 3f).

The contents of Fe, Cu, Zn, Ca, and Se were changed by
excess Mn in immune organs of cocks. It was illustrated that
the balance of trace elements was disturbed and that the
function of absorption in trace elements was disbalanced.

Effects of IL-13 and IL-2 Concentrations in Serum

As shown in Fig. 4, the IL-13 and IL-2 levels in the serum
were changed significantly on the 30th, 60th, and 90th days
along with the increase of Mn-supplemented diets. On the
30th day, the IL-1f3 content increased firstly, then decreased.
On the 60th day, the IL-1{3 content decreased slightly; in the
M group, the IL-13 content decreased slightly compared with
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the control (p<0.05); the IL-13 content in the H group de-
creased significantly (p<0.01). On the 90th day, the IL-1f3
content decreased significantly; in different groups, the
IL-1f3 content showed statistically significant differences
(»<0.01; Fig. 4a).

On the 30th day, the IL-2 content increased firstly, then
decreased along with the increase of Mn-supplemented diets.
The IL-2 content in the L group increased significantly more
than the control (p<0.05). In the M and H groups, the IL-2
content decreased remarkably more than the control (»p<0.05).
On the 60th day, the IL-2 content reduced compared with the
control (p<0.05). In the H group, it decreased significantly
more than the control (p<0.01). On the 90th day, in all groups,
the IL-2 content showed statistically significant differences (p<
0.01; Fig. 4b).

Effects of IL-13 and IL-2 on the mRNA
Level of Immune Organs

The distribution of the IL-13 and IL-2 mRNA expression
measured by qPCR is shown in Figs. 5 and 6. In this exper-
iment, the control group was used as rating (1) on different
days. The mRNA expression of IL-13 in immune organs in

@ Springer

different days and in different dosed groups decreased along
with the increase of Mn-supplemented diets; the dosage effect
of Mn was shown obviously, and the time-dependent fashion
of Mn was shown (Fig. 5a—c).

On the 30th day, the IL-2 mRNA level in the spleen and
thymus increased firstly, then decreased (Fig. 6a, b); however,
in the bursa of Fabricius, it decreased firstly, then increased
slightly (Fig. 6¢). On the 60th and 90th days, the IL-2 mRNA
level fell off gradually following increased Mn-supplemented
diets in immune organs; the time-dependent fashion of Mn
was shown. The results showed that the IL-2 mRNA expres-
sion in the spleen and thymus was higher than normal in the
low-dosed manganese and in the short-term group, but the
expression decreased significantly in the high-dosed and in
the long-term group.

Discussion

Mn is an essential element for humans, animals, and plants,
which is required for growth, development, and maintenance
of health. In animals, eating too little manganese can interfere
with normal growth, bone formation, and reproduction [25].
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Fig. 3 Contents of Mn, Cu, Fe,
Zn, Ca, and Se in the bursa of
Fabricius after manganism
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Mn content. b Cu content. ¢ Fe
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The conditions were reversible to some extent by supplying the
affected animals with Mn. Mn exposure suppressed fundamen-
tal immune mechanisms of Norway lobsters [26]. Both excess
and deficiency of Mn supply led to impaired growth. In previ-
ous studies, it was reported that the presence of Mn was
detected in various organs of rats [27-30], bovine [6], hen
[31], and humans [32]. Among them, the predominant research
was on nervous tissues. However, research of Mn in avian
immune organs remains unknown, until now. In this study, a
manganism model was established and the results revealed that
Mn content in immune organs increased gradually along with
the increase of Mn-supplemented diets and days.
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The concentration of nutrients required to maintain health
and the productivity of chicken is challenged due to the
reduction in feed intake under high Mn exposure [33]. Trace
element status as better nutrition can affect the immune func-
tion not only in a direct way but also indirectly by modulating
the plasma levels of hormones that regulate the development
and function of host defense cells. In the present study, trace
elements such as Cu, Fe, Zn, Ca, and Se were detected after
increased Mn-supplemented diets.

Cu is an essential element for all known living organisms
[34]. Cu content has a positive relationship with Mn and Mn
advanced in activity. For example, high Mn exposure inhibited
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Fig. 5 Determination of the
IL-13mRNA level by qPCR. a
Spleen. b Thymus. ¢ Bursa of
Fabricius. Bars represent the
mean=standard deviation
(n=30/group). Bars with
different capital letters are
statistically significantly
different in the same group.
Bars with different small letters
are statistically significant

at the same concentrations

of dietary Mn
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Cu intake and influenced immune globulin content. In their
study, Khandelwal et al. [35] demonstrated that Cu could help
reduce Mn accumulation to weaken Mn toxicity. The Cu level
showed no significant difference among four groups after
mother rats were administrated Mn in the experiment of Zhang
et al. [36]. Our study showed that Cu content in the spleen,
thymus, and bursa of Fabricius increased at first and then
decreased with Mn addition. There was no significant effect
of manganism on the Cu content in immune organs. The result
was consistent with this report. Manganism regulation in the
organism is very close to that of Fe [37, 38]. Chronic Mn
exposure alters iron homeostasis possibly by expediting the
unidirectional influx of iron from the systemic circulation to

Fig. 6 Determination of the
IL-2 mRNA level by qPCR. a
Spleen. b Thymus. ¢ Bursa of
Fabricius. Bars represent the
mean=standard deviation
(n=30/group). Bars with
different capital letters are
statistically significantly
different in the same group.

nspleen by gitcl

0 Control &1L group @M group BH group A

cerebral compartment. The action appears likely to be mediated
by manganese-facilitated iron transport through the blood—
brain barrier [39]. Mn exposure facilitates Fe deficiency. In an
experiment conducted in developing rats treated with a high-
Mn diet through breast milk, decreased Fe in plasma was
detected [40]. In this study, the Fe content decreased along
with the increase of Mn-supplemented diets in immune organs.
It was obvious that iron metabolism was disturbed. This evi-
dence strongly supports the hypothesis of Mn and Fe compe-
tition for transport mechanisms. A diet deficient in Zn leads to
atrophy of the thymus [41], a reduction in spleen weight of rats
[42], and the loss of T helper cell function [43]. Zn has a unique
role in thymus-dependent “T”-cell-mediated immune response.
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Zhang et al. [36] reported that the Zn levels in newborn rats’
livers were lower than the control group after mother rats were
exposed to Mn. In this study, the Zn content decreased along
with Mn accumulating in immune organs. The result was
consistent with this report. Our study showed that the Ca
content had no significant differences in low-dosed groups,
but it decreased gradually along with the increase of using
days. Mn can, however, act as a toxicant to organisms when
the concentrations are elevated and start affecting neuromus-
cular transmission by interacting with mitochondrial Ca** and
disturbing the ion balance in muscle membranes [44]. When
Mn is inside the cell, it preferentially accumulates into the
mitochondria, mainly as Mn?" via the Ca*" uniporter [45]. Se
can improve the immune status and anti-inflammatory action
[46]. Se compounds have been reported to regulate the func-
tion of neutrophils, NK cells, B lymphocytes, and T cells [47]
and affect the incorporation of Se into immune-important
organs, such as the spleen and lymph nodes [48]. In this study,
the Se level had no obvious regularity in different groups and
in different times.

Chronic exposure to high levels of Mn in diets leads to its
accumulation in immune organs, resulting in the balance of
trace elements such as Cu, Fe, Zn, Ca, and Se being disturbed
in immune organs, as shown. It is uncertain whether Mn
cumulated in immune organs to increase Fe, Zn, and Ca con-
tents decreased; however, Cu and Se contents showed no
difference. Therefore, the reason needs further study.

Cytokines play a crucial role in regulating the immune
response in that they help determine whether a response to an
immunogenic stimulus leads to a potent effector response or
the induction of immune tolerance [49]. IL-1(3 and IL-2 fulfill
their role mainly in the inflammatory and in the immune
response. Inflammatory mediators engaged in blood and dia-
lyzer membrane interactions include the activation of mono-
cytes, leading to the increased release of IL-1[3, which in turn
leads to the release of IL-2 by monocytes [50, 51]. Oweson
et al. [52] demonstrated that an accumulation of Mn in different
species had effects on the immune system. Hernroth et al. [26]
revealed that a surplus of Mn affected several immunological
processes of Nephrops norvegicus because Mn suppressed the
number of hemocytes by inducing apoptosis. In our experi-
ment, emphasis was placed on IL-13 and IL-2 solely because
of the importance of their function in the immune system, not
excluding the importance of the other interleukins. IL-13 and
IL-2 mRNA levels in immune organs decreased along with the
increase of Mn-supplemented diets, which presented obvious
regularity in a dose- and time-dependent fashion. The same
regularity was shown in serum of IL-1{3 and IL-2 contents. The
IL-13 and IL-2 mRNA levels and content increased in the low-
dose and short-term groups. The results revealed that the
immune system of cocks was stimulated by Mn of low dosage;
the function of the immune system enhanced. However, the
IL-1$3 and IL-2 mRNA levels and content decreased along in

the high-dosed and long-term groups. The function of immune
organs may be destroyed; therefore, the secretion ability of IL-
13 and IL-2 was limited. It was proved that high Mn exposure
induced immune suppression in the molecular level. In addi-
tion, Cu deficiency resulted in a decreased secretion of IL-2.
This is perhaps related to the decrease of IL-2 because IL-2 is
required for T lymphocyte proliferation and is the principal
cytokine responsible for the progression of T lymphocytes
from the G1 phase to the S phase of the cell cycle [53].

In conclusion, the present study demonstrates that excessive
Mn accumulated largely in immune organs exposed to manga-
nese and disturbed the unbalance of the microelement metab-
olisms and induced immune suppression in the molecular
level; therefore, the immune system of cocks is injured and
the immune functions are also suppressed. The mechanism of
this effect in the developmental toxicity of Mn remains to be
further studied.
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