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semen quality by affecting inflammation,
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Abstract

Background Boars fed a mixed form of inorganic and organic iron in excess of the NRC recommended levels still
develop anemia, which suggested that the current level and form of iron supplementation in boar diets may be inap-
propriate. Therefore, 56 healthy Topeka E line boars aged 15-21 months were randomly divided into 5 groups: basal
diet supplemented with 96 mg/kg ferrous sulfate (FeSO,) and 54 mg/kg glycine chelated iron (Gly-Fe, control); 80 mg/
kg or 115 mg/kg Gly-Fe; 80 mg/kg or 115 mg/kg methionine hydroxyl analogue chelated iron (MHA-Fe, from Calimet-
Fe) for 16 weeks. The effects of dietary iron supplementation with different sources and levels on semen quality

in boars were investigated.

Results 1) Serum Fe and hemoglobin concentrations were not affected by reduced dietary iron levels in the 80 mg/
kg or 115 mg/kg Gly-Fe and MHA-Fe groups compared with the control group (P>0.05). 2) Serum interleukin-6 (IL-

6) and sperm malondialdehyde (MDA) levels in the 80 mg/kg or 115 mg/kg MHA-Fe groups were lower than those

in the control group (P<0.05), and higher serum superoxide dismutase levels and lower MDA levels in the 115 mg/kg
MHA-Fe group (P<0.05). 3) Boars in the 80 mg/kg or 115 mg/kg Gly-Fe and MHA-Fe groups had lower serum hepcidin
(P<0.01), ferritin (P<0.05), and transferrin receptor (P<0.01) concentrations, and boars in the 115 mg/kg MHA-Fe group
had higher seminal plasma Fe concentrations compared with the control group. 4) Boars in the 80 mg/kg and 115 mg/
kg MHA-Fe groups had lower abnormal sperm rate and in situ oscillating sperm ratio compared to the control group

at weeks 12 and/or 16 of the trial. However, the effect of Gly-Fe on improving semen quality in boars was not evident. 5)
Serum IL-6 level was positively correlated with hepcidin concentration (P<0.05), which in turn was significantly positively
correlated with abnormal sperm rate (P<0.05). Furthermore, significant correlations were also found between indicators
of iron status and oxidative stress and semen quality parameters.

Conclusions Dietary supplementation with 80 mg/kg or 115 mg/kg MHA-Fe did not induce iron deficiency,
but rather reduced serum inflammatory levels and hepcidin concentration, alleviated oxidative stress, increased body
iron utilization, and improved semen quality in adult boars.
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Introduction

The popularization of artificial insemination technology
has made the importance of boar semen quality more
and more prominent. However, the proportion of boars
culled annually due to poor semen quality is as high as
23.7%-45.1% [1-3], which seriously reduces the return
on investment of boars [1]. Iron (Fe) is one of the most
abundant essential trace elements in the animal body. It
plays a crucial role in spermatogenesis and semen quality
by participating in physiological processes such as oxy-
gen transportation, cellular metabolism, and DNA syn-
thesis in the body [4]. In the previous study, we observed
that the serum Fe level of Duroc boars (1.11 mg/L vs.
1.24 mg/L) and Yorkshire boars (1.11 mg/L vs. 1.34 mg/L)
with poor semen quality was lower than that of boars
with excellent semen quality, and the serum Fe level
was positively correlated with the sperm motility and/
or negatively correlated with the abnormal sperm rate [5,
6]. This suggests that an adequate level of Fe in the body
is a guarantee of excellent semen quality in boars. The
United States National Research Council (NRC) [7] and
the Chinese Nutritional Requirements for Swine [8] rec-
ommend a dietary iron level of 80 mg/kg for boars. How-
ever, in practice, the dietary iron supplementation for
boars typically ranges from 1.29 to 2.96 times the NRC
recommendation, usually in the form of ferrous sulfate
(FeSO,) and/or glycine-chelated iron (Gly-Fe), among
others [9, 10]. Notably, our investigation of the body iron
status of boars at artificial insemination stations showed
that when 160 mg/kg mixed iron sources (80 mg/kg
FeSO, and 80 mg/kg Gly-Fe) were added to the basal diet
(containing 111.63 mg/kg Fe) as a source of dietary iron
for boars, 4.40% of the boars still were anaemic (hemo-
globin level less than 90 g/L) and 46.88% of the boars
were clinically anaemic (hemoglobin level 90-110 g/L).
More importantly, anemic and clinically anaemic boars
had significantly lower serum iron levels and impaired
semen quality (unpublished data). Therefore, it is worth
investigating whether the source and level of dietary iron
should be adjusted to increase total body iron levels or
iron levels used for spermatogenic functions to improve
boar semen quality.

Since DMT1, a divalent metal ion transporter respon-
sible for intestinal Fe absorption, can also be used to
transport divalent metal ions such as Cu and Mn [11],
pig producers usually choose to add high levels of Fe
to the diet to ensure adequate Fe uptake, taking into
account that Fe and Cu and Mn are antagonistic in the
body’s absorption and that the cost of adding minerals
to the diet is low compared to the total cost of the feed
[9]. However, DMT1 has been shown to specifically
transport Fe more efficiently than other elements (Fe? >
Co**, Mn?* >> Zn**") [11]. In addition, Fe ions can also
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be transported by Ctrl, a Cu ion transporter channel
[12, 13]. This suggests that the organism may not require
excessive Fe intake. More importantly, it has been known
that FeSO, has lower absorption rate and is structurally
unstable, which tends to produce a large amount of free
Fe?* [14]. An increased level of Fe>™ promotes the pro-
duction of reactive oxygen species (ROS) and induces
elevated levels of inflammatory cytokines, such as inter-
leukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) [15].
These cytokines stimulate the secretion of hepcidin and
inhibit iron absorption [16], which may result in boars
having insufficient iron levels despite the inclusion of Fe
beyond their nutritional requirements. Based on this, the
selection of structurally stable amino acid chelated iron
as a dietary source of iron may be an important measure
to reduce the inflammatory response and hepcidin levels
and improve semen quality in boars. Unfortunately, the
effects of dietary iron sources and levels on reproductive
performance in boars are poorly understood. A review of
the PIC Nutrition and Feeding Guideline [17] and other
recommended standards for the addition of iron to boar
diets showed that the recommended amount of iron is
between 80 and 100 mg/kg, which suggested that iron
from appropriate sources may meet the boar’s needs at a
lower level than 160 mg/kg used in production.

Therefore, in this study, the minimum dietary require-
ment of 80 mg/kg of iron in boar diets and the median
of 115 mg/kg of iron supplementation in related swine
diet studies were selected as the experimental iron lev-
els, and the effects of Gly-Fe and methionine hydroxyl
analogue chelate iron (MHA-Fe) on the body iron status
and semen quality were investigated. The objectives of
this study were to determine the appropriate source and
level of iron to improve semen quality in adult boars, to
provide a reference for iron supplementation in actual
production.

Methods

Animals and experimental design

All animal research procedures were conducted in
accordance with animal research guidelines issued
by the Institutional Animal Care and Use Commit-
tee of Huazhong Agricultural University. A total of 56
healthy adult Topeka E line boars aged 15-21 months
were selected and serum samples were collected prior
to the start of the test and rapidly returned to the labo-
ratory for determination of serum Fe content. In addi-
tion, semen quality information was collected from the
boars in the 2 months prior to the test, and the average
semen quality and serum Fe content of each boar was
counted, and the boars were divided into five test groups
with no difference in serum Fe content and semen qual-
ity according to the principle of consistency between
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serum Fe content and semen quality. The treatments
consisted of (1) control (54 mg/kg Gly-Fe and 96 mg/
kg FeSO,), (2) 80 mg/kg Gly-Fe, (3) 115 mg/kg Gly-Fe,
(4) 80 mg/kg MHA-Fe, (5) 115 mg/kg MHA-Fe. The Fe
content of Gly-Fe (Gly-Fe, Xingjia Biological Engineer-
ing Co., Ltd., Changsha, China) and MHA-Fe (Calimet-
Fe, Xingjia Biological Engineering Co., Ltd., Changsha,
China) was 18% and 12%, respectively, and dietary Fe
supplementation was measured by Fe content and not by
total ferrous sulphate or amino acid chelated iron con-
tent. Each group consisted of 10-12 boars, with each
boar considered as a replicate, and the test period lasted
for 16 weeks. Blood and semen samples were collected
from boars at weeks 0, 4, 8, 12, and 16 of the test period.
Blood samples were used for analyzing serum Fe and
hemoglobin levels at all time points, while serum iron
metabolism indices, inflammatory factor levels, and oxi-
dative stress levels were analyzed only at week 16. Semen
samples were analyzed for routine semen quality at all
time points, and additional analysis of sperm motility
and morphological parameters was conducted at weeks
8, 12, and 16. Boar semen was collected at a frequency
of 3 times every 2 weeks. Boars were housed individually
on slatted flooring (2.4 m X 0.8 m) and fed 2.5 kg of feed
per day, divided into 2 feeding periods (07:00 and 14:00),
with free access to water. The boar house was equipped
with a positive pressure ventilation system, an automatic
feeding system and a thermostatic control system (Auto-
mated Production Systems, AGCO Corporation, Illinois,
USA). The room temperature during the experiment was
18.8-26.9 °C. All other feeding management and immu-
nization protocols of boars were according to the same
regulations of the farm. The boar test ration composition
and nutrient levels are shown in Table 1, and the content
of Fe in base diet was 116.85 mg/kg.

Serum, seminal plasma and sperm Fe concentration

Venous blood samples were collected from either the
left or right hind leg of each boar into 10-mL tubes with-
out anticoagulant. The samples were then centrifuged
at 1,800 x g for 10 min at 4 °C to obtain serum, which
was subsequently divided and stored at —20 °C. At the
time of sampling, the test boars were caught up to the
dummy sow station and the boar semen was collected
using the freehand semen collection method and placed
in the semen collection bag. The fresh semen was then
transported to the semen quality testing laboratory. In
the laboratory, 5 mL of semen was aspirated from each
boar into a 10-mL centrifuge tube and the semen was
centrifuged at 800 X g for 10 min to separate the seminal
plasma, which was stored at —20 °C. Subsequently, the
bottom sperm precipitate was washed three times with
phosphate buffer saline, the sperm samples were divided
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Table 1 Composition and nutrient levels of basal diets (air-dry

basis)

Items Content

Ingredients, %
Wheat 40.00
Corn 17.00
Flour 15.00
Soybean meal 5.10
Bran 15.90
Limestone 1.08
CaHPO, 1.78
Nacl 0.50
Other components 1.64
Vitamin and mineral premix? 2.00
Total 100

Nutrient levels®
DE, Mcal/kg 3.05
Crude protein, % 14.00
Calcium, % 0.90
Total phosphorus, % 0.87
Available phosphorus, % 045
Lysine, % 0.83
Methionine, % 034
Threonine, % 0.65
Tryptophan, % 0.17

@The premix provided the following per kg of diets: 5 mg Cu, 50 mg Zn, 20 mg
Mn, 0.14 mg |, 0.30 mg Se, 15,000 IU vitamin A, 2,400 IU vitamin D3, 50 ug 25(0OH)
D, 0.48 mg menadione, 2 mg thiamin, 7.2 mg riboflavin, 3.6 mg pyridoxine,

25 pg vitamin B, 0.48 mg biotin, 25 mg pantothenic acid, 4 mg folic acid,

400 mg niacin

b DE Digestible energy; Digestible energy and available phosphorus were
calculated values, others were measured values

into 1 mL per tube and stored at -20°C. The samples were
transferred to —80 °C for storage as soon as possible. For
the determination of Fe concentration in serum, semi-
nal plasma and sperm, the serum, seminal plasma and
sperm samples were pre-treated by water bath digestion,
and then detected by inductively coupled plasma mass
spectrometer (Agilent 7900, Agilent Technologies, Inc.,
California, USA). Among them, the results of Fe elemen-
tal determination in sperm were corrected by the sperm
density of the current semen, and the Fe elemental con-
tent in the boar’s sperm sample was expressed in terms of
the content per 10° cell samples.

Hemoglobin concentration

Blood was collected from either the left or right hind leg
of the boar while it remained calm, without feeding or
insemination. Hemoglobin levels were measured using a
portable hemoglobin analyser (HemoCue® Hb 201%, Dana-
her company, Washington, USA), and the average of three
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hemoglobin readings for each boar was calculated as its
hemoglobin level.

Serum iron metabolism indices

Total iron binding capacity was determined using the cor-
responding assay kits (A040-1-1, Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China); serum hepcidin
(CQ100993), ferritin (CQ101626) and transferrin recep-
tor (ml025371) were determined using ELISA assay kits
(Shanghai Qifa Experimental Reagent Co., Ltd., Shanghai,
China).

Semen quality parameters

Conventional semen quality parameters

Ejaculate volume: semen weight was measured using
an electronic balance and converted to semen volume
(approximately 1 g=1 mL).

Sperm density: measured by sperm densitometer (SDM1,
Minitube International, Diefenbach, Germany).

Sperm motility: fresh semen was diluted 1:9 with semen
diluent and 10 pL of the mixed diluted semen sample was
applied to a pre-warmed slide at 37 °C. The prepared slide
was then placed under a light microscope with a magnifi-
cation set to 200X, and the sperm within the field of view
were observed for spontaneous motility with the naked
eye. Viable sperm typically exhibit rapid, linear movement,
while inactive sperm remain stationary. The total num-
ber of sperm in the field of view and the number of viable
sperm were counted to determine the sperm motility in
that particular field. To ensure statistical reliability, five ran-
domly selected fields of view were observed for each boar’s
semen sample, ensuring a minimum count of 200 sperm.
The mean value of sperm motility across these fields of
view was then calculated and recorded as the sperm motil-
ity data for that boar.

Abnormal sperm rate: a slide containing 10 uL of diluted
semen sample was placed under a 400X light microscope,
and the sperm within the field of view were observed for
normal morphology with the naked eye. The total num-
ber of sperm in the field of view and the number of sperm
with abnormal morphology were counted, and the abnor-
mal sperm rate was calculated accordingly. Five fields of
view were randomly selected for observation of each boar’s
semen, and information on at least 200 sperm was counted
to calculate the mean value of the abnormal sperm rate.

Page 4 of 15

Sperm motility parameters

A total of 10 pL of the diluted semen sample was auto-
matically detected by a computer-assisted sperm testing
system (CASA, AndroVision®, Minitube International,
Diefenbach, Germany) to determine the spermatozoa
ratio of forward-moving sperm, fast-moving sperm,
slow-moving sperm, rotating sperm and in situ swinging
sperm.

Sperm morphology parameters

The CASA system was used to detect abnormal sperm
morphology, including the three main types of folded
tails, distal protoplasmic droplets and proximal proto-
plasmic droplets.

Inflammatory factor indicator assay

Serum levels of IL-6 (KMLJ941958p), interleukin-1f
(IL-1B, KMLJ941941p), TNF-a (KMLJ942147p) and
interleukin-10 (IL-10, KML]941944p) were determined
by using kits (Nanjing Camillo Bioengineering Co.,
Ltd., Nanjing, China), and all test operations were per-
formed strictly according to the kits.

Detection of oxidative stress indicators

Superoxide dismutase (SOD), catalase (CAT), total
antioxidant capacity (T-AOC), and malondialdehyde
(MDA) levels in serum, seminal plasma, and sperm
samples were determined using SOD (A001-3-2), CAT
(A007-1-1), T-AOC (A015-2-1), and MDA (A003-1)
kits (Nanjing Jiancheng Bioengineering Research Insti-
tute, Nangjing, China). All experimental procedures
were strictly performed according to the requirements
of the respective kits.

Statistical analysis

Parametric statistical analyses were first performed
using the Shapiro-Wilk test for the normal distribu-
tion characteristics of the data, for normally distrib-
uted data, the results are presented as mean + standard
deviation (standard error) in the presentation of the
results, whereas the non-normally distributed data
are presented as median [25% quartile, 75" quartile].

Total sperm count: ejaculate volume of the current ejaculation x sperm density.

Effective sperm count: total sperm count of the current ejaculation x sperm motility x (1 —abnormal sperm rate).
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Between-group comparisons of trial data were con-
ducted using the ANOVA process for normally dis-
tributed data and the Kruskal-Wallis process for
non-normally distributed data. Correlation analysis
between indicators was carried out statistically using
the Pearson method for normally distributed data and
the Spearman rank method for non-normally distrib-
uted data. Statistical analysis of all experimental data
was performed using SAS 9.2 software. P<0.05 for
intergroup comparison indicated significant differences
between groups, and P<0.01 was considered highly sig-
nificant; P<0.05 for correlation coefficient of indicators
in correlation analysis indicated significant correlation
between two indicators, and P<0.01 was considered
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highly significant correlation. Graphs in the results
were plotted using Origin 8.0.

Results

No reduction in serum iron and hemoglobin levels in boars
fed 80 mg/kg or 115 mg/kg Gly-Fe and MHA-Fe

Serum Fe concentration, which corresponds to the level
of iron in the bloodstream, and hemoglobin concentra-
tion, which responds to iron deficiency anemia, were
used to determine the effects of different sources and
levels of iron supplementation on iron levels in boars.
The results showed that supplementation with 80 mg/
kg or 115 mg/kg Gly-Fe and 80 mg/kg or 115 mg/kg
MHA-Fe, respectively, reduced the amount of iron in
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Fig. 1 Effects of different iron sources and iron levels on iron levels in boars. a Serum Fe concentration; b Hemoglobin concentration. Data are
presented as mean + standard error. ¢ Proportion of clinically anaemic boars. Hemoglobin levels below 110 g/L were considered to be clinically
anaemic boars. ~"Different letters indicate the highly significant difference between groups (P < 0.01)



Wu et al. Journal of Animal Science and Biotechnology (2024) 15:93

the diet but did not affect the serum iron concentra-
tion and hemoglobin concentration of the boars com-
pared with the control group (P>0.05; Fig. 1a and b).
Hemoglobin levels below 90 g/L were considered ane-
mic boars and below 110 g/L were considered clinically
anemic boars. As all test pigs had hemoglobin levels
above 90 g/L. Therefore, the proportion of clinically
anemic boars in each treatment group was counted.
It’'s noteworthy that the percentage of clinical anemia
was significantly lower among boars in the 115 mg/kg
Gly-Fe group and those in the 80 mg/kg and 115 mg/
kg MHA-Fe groups compared to the control group. The
lowest percentage of clinical anemia was observed in
boars from the 115 mg/kg Gly-Fe and 80 mg/kg MHA-
Fe groups. This indicates that feeding low levels of Gly-
Fe or MHA-Fe not only does not decrease the serum
Fe and hemoglobin levels of boars but also reduces the
proportion of clinically anemic boars.

Lower levels of pro-inflammatory cytokine in boars fed

80 mg/kg or 115 mg/kg MHA-Fe

Serum levels of inflammatory factors are shown in
Fig. 2a—d. At week 16 of the experiment, multiple group
comparisons showed a trend towards a difference in
serum levels of the pro-inflammatory cytokine IL-6
(P=0.08). Serum IL-6 levels were significantly lower in
boars in the 80 mg/kg or 115 mg/kg MHA-Fe groups
compared with the control group (P<0.05). The results
of the analyses between groups of different iron sources
also showed that serum levels of IL-6 were lower in boars
in the MHA-Fe group than in the Gly-Fe group (P<0.05)
and the control group (P=0.08). However, the dietary
treatments had no significant effect on the levels of pro-
inflammatory factors IL-1B, TNF-a and anti-inflamma-
tory factor IL-10 (P> 0.05).

Decreased oxidative stress levels in boars fed Gly-Fe

or MHA-Fe

As shown in Table 2, the serum SOD content of boars in
the 115 mg/kg MHA-Fe group was significantly higher
than that of the control group (P<0.05), and the serum
MDA content of boars in the 115 mg/kg MHA-Fe group
was the lowest among the five groups (P<0.05). In addi-
tion, the MDA content in the sperm of boars in the
80 mg/kg Gly-Fe group, the 80 mg/kg and the 115 mg/kg
MHA-Fe groups were also significantly lower (P<0.01)
than that of the control group. Unexpectedly, T-AOC lev-
els in boar seminal plasma were lower in the 115 mg/kg
Gly-Fe and 80 mg/kg MHA-Fe groups than in the control
group (P<0.01).
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Reduced body iron storage and increased iron utilization

in boars fed Gly-Fe or MHA-Fe

The results of hepcidin, an indicator of body iron homeo-
stasis regulated by inhibition of intestinal iron absorption,
showed that the serum hepcidin concentration of boars
in the 80 mg/kg or the 115 mg/kg Gly-Fe and MHA-Fe
groups was significantly lower than that of boars in the
control group (P<0.01; Fig. 3a). Analysis of the indica-
tor of iron storage showed that ferritin concentration
was significantly lower in boars of the 80 mg/kg or the
115 mg/kg Gly-Fe and MHA-Fe groups compared with
the control group (P<0.05; Fig. 3b). The results of total
iron binding capacity and transferrin receptor concentra-
tion, indicators of iron utilization in serum, showed that
the transferrin receptor concentration in serum of boars
in the 80 mg/kg or the 115 mg/kg Gly-Fe and MHA-Fe
groups was lower than that of boars in the control group
(P<0.01). In addition, the differences in total iron bind-
ing capacity of boars between the different treatment
groups were not significant (P>0.05; Fig. 3c and d). It is
also worth noting that there were no significant differ-
ences in serum hepcidin, ferritin and transferrin receptor
levels in boars between the four groups: 80 mg/kg Gly-
Fe, 115 mg/kg Gly-Fe, 80 mg/kg MHA-Fe and 115 mg/kg
MHA-Fe. These results indicate that Gly-Fe or MHA-Fe
fed boars had lower body iron stores, higher iron utiliza-
tion and less inhibition of intestinal iron absorption by
hepcidin.

Detection of Fe in seminal plasma and sperm revealed
significantly higher concentrations of Fe in the seminal
plasma of boars in the 115 mg/kg MHA-Fe group com-
pared with the control group (P<0.05; Fig. 3e). However,
there was no significant difference in sperm Fe concen-
tration between treatment groups (P> 0.05; Fig. 3f).

Improved semen quality in boars fed 80 mg/kg or 115 mg/
kg MHA-Fe

The effects of different treatments on conventional semen
quality parameters of boars are presented in Table 3. The
results showed that the abnormal sperm rate and func-
tional sperm count were significantly affected by dietary
iron source and level. Abnormal sperm rate of boars in
the 80 mg/kg or 115 mg/kg MHA-Fe groups was signif-
icantly lower than that of boars in the control group at
weeks 12 and 16 of the trial (P<0.01). Functional sperm
count was significantly increased in boars in the 115 mg/
kg MHA-Fe group at week 16 of the trial compared to
boars in the control group (P<0.05). However, the dif-
ference in abnormal sperm rate and functional sperm
count between boars in the Gly-Fe group and boars in
the MHA-Fe and control groups were not significant.
In addition, the effects of dietary treatments on semen
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Fig. 2 Serum inflammatory factor levels in boars. a IL-1( level; b IL-6 level; ¢ TNF-a level; d IL-10 level. Data are presented as mean +standard error. *

indicates a significant difference compared with the control group (P <0.05)

volume, sperm concentration, sperm motility and total
sperm count were not significant (P>0.05).

As shown in Table 4, the in situ oscillating sperm ratio
was significantly influenced by the source and level of die-
tary iron. At week 12, the in situ oscillating sperm ratio
of boars in the 80 mg/kg or 115 mg/kg MHA-Fe groups
was significantly lower than that of the control group.
At week 16, there was a trend for the 115 mg/kg MHA-
Fe group to have a lower in situ oscillating sperm ratio

than the control group (P=0.07). Comparison between
groups of iron sources indicated that at weeks 12 and 16
of the study, in situ oscillating sperm ratio was signifi-
cantly lower in the MHA-Fe group compared to the con-
trol group (P<0.05). However, there was no significant
difference in the in situ oscillating sperm ratio between
the Gly-Fe group and both the MHA-Fe group and the
control group. Comparison of iron levels between groups
showed that the in situ oscillating sperm ratio of boars
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Table 2 Effects of different iron sources and levels on oxidative stress levels of boars®

Item Control Gly-Fe MHA-Fe Poource®  Prevel’  Prreatment’
80 mg/kg 115 mg/kg 80 mg/kg 115 mg/kg
Serum
CAT, U/mL 3.94+188 367+1.19 3.75+085 3724104 545+294 030 025 011
SOD, U/mL 50.82[42.84,53.191°  52.45[47.36,56.741"®  51.1643.50,59.371"%  53.34[48.19,59.31]*®  6050[55.77,63.23]" <005 007 <005
T-AOC, mmol/L  0.87[0.83,0.95] 0.86[0.82,0.95] 0.80[0.75, 0.87] 0.80[0.76, 0.84] 0.89[0.87, 0.96] 0.25 025 028
MDA, nmol/mL  3.02[2.30, 3.81]"8 3.79[3.44, 4161 3.17[2.71,441)%8 2.77[1.68,3.93]"8 2.32[1.95, 3.06)° <005 055 <005
Seminal plasma
CAT, U/mL 1434095 1254077 1.05+048 1.55+0.79 215+1.14 <005 077 012
SOD, U/mL 48.84[4331,61.90] 54.46[46.95,62.15] 4832[39.56,59.00]  4561[42.49,61.33] 49.47[4307,56.17] 064 079 082
T-AOC, mmol/L 1.00[0.86, 1.101* 0.83[0.69, 0.96]" 0.54[0.36, 0.791® 0.59[0.38, 0.79]° 1.20[0.81,1.65]* <005 <005 <001
MDA, nmol/mL ~ 1.14[1.06, 2.22] 146[0.93,1.82] 1.22[1.09, 2.31] 2.04[1.62,2.44] 1.38[1.35,1.52] 0.5 078 047
Sperm
CAT, U/mg 343+231 297+158 3.28+167 3014224 4434186 063 035 060
SOD, U/mg 20.78[17.56, 25.23] 19.86[15.42, 24.08] 1849[15.96,30.11] 18.50[12.23, 28.42) 21.68[20.56,30.35] 081 071 071
MDA, nmol/mg  2.32[1.55, 440" 0.74[0.36, 1.111° 1.34[0.00, 2.76]"® 0.67[0.00, 1.82]° 0.77[0.00, 1.521% <005 <005 <005

2 CAT Catalase, SOD Superoxide dismutase, T-AOC Total antioxidant capacity, MDA Malondialdehyde. serum, seminal plasma and sperm CAT concentrations were
presented as mean + standard deviation, whereas other data were presented as median [25™" quartile, 75" quartile]

b Comparison between the control group, Gly-Fe groups and MHA-Fe groups
€ Comparison between the control group, 80 mg/kg groups and 115 mg/kg groups

4 Comparison between the control, 80 mg/kg Gly-Fe, 115 mg/kg Gly-Fe, 80 mg/kg MHA-Fe and 115 mg/kg MHA-Fe groups

AB Different letters in the same row indicate significant differences in the indicators between the treatment groups (P < 0.05)

in the 115 mg/kg Fe group was significantly lower than
that of the control group at weeks 12 and 16 of the study
(P<0.05). In addition, at week 16 of the study, the rota-
tional motile sperm ratio was significantly lower in boars
in the 115 mg/kg Fe group than in the control and 80 mg/
kg Fe groups.

The effects of different sources and levels of iron sup-
plementation on the morphological parameters of boar
sperm were shown in Table 5. At week 12 of the study,
the comparison of iron levels between groups showed
that the distal protoplasmic droplet ratio of boar sperm in
the 115 mg/kg Fe group was lower than that of the con-
trol group (P<0.05), but the difference from that of the
80 mg/kg Fe group was not significant. At week 16 of the
study, the distal protoplasmic droplet ratio of boar sperm
in the 115 mg/kg MHA-Fe group was significantly lower
than that of the control group (P<0.05), and the distal
protoplasmic droplet ratio of boar sperm in the MHA-Fe
group was also significantly lower than that of the con-
trol group (P<0.01). In addition, at week 12 of the study,
the proximal protoplasmic droplet ratio of boar sperm in
the 80 mg/kg MHA-Fe group was significantly lower than
that of the control group, and the proximal protoplasmic
droplet ratio of boar sperm in the MHA-Fe group was sig-
nificantly lower than that of the control group (P<0.05).
Unexpectedly, at week 8, the folding tail sperm ratio was
lower in the 80 mg/kg Fe group than in the 115 mg/kg Fe
group, but at week 16, there was no significant difference

in the folding tail ratio between boars in the 80 mg/kg Fe
group and the 115 mg/kg Fe group, instead, there was a
tendency for the folding tail ratio of boars in the 80 mg/
kg Fe group to be lower than that of the control group
(P=0.06). These results indicated that boars in the 80 mg/
kg and 115 mg/kg MHA-Fe groups had lower abnormal
sperm rate and in situ oscillating sperm ratio, and better
sperm quality compared to the control group. In addition,
boars in the 80 mg/kg MHA-Fe group and the 115 mg/
kg MHA-Fe group showed different benefits in reducing
the rotational motile sperm ratio, folding tail, proximal
and distal protoplasmic droplet sperm ratio. However, the
effect of Gly-Fe on improving semen quality in boars was
not evident.

Pro-inflammatory cytokine levels affect oxidative stress
and body iron status, modulating boar semen quality

As shown in Fig. 4, correlation between serum inflam-
matory factor levels, iron status indicators, oxidative
stress levels, and semen quality parameters in boars
revealed that a positive correlation between serum
IL-6 levels and hepcidin concentration (P<0.05), with
an increase in hepcidin concentration associated with
elevated abnormal sperm rate (P<0.05). In addition,
serum IL-6 level was significantly negatively correlated
with seminal plasma Fe concentration (P<0.05). Serum
IL-1P level was significantly negatively correlated with
sperm Fe concentration (P<0.05), while there was a



Wu et al. Journal of Animal Science and Biotechnology (2024) 15:93 Page 9 of 15

(a) Pyource <0.01 (b) Pyource =0.05
yomy Pieva <0.01 1o Pieva <001
= Ptreatment <0.01 s Pireatment <0.05
u =~
. 2
£ 154 BTA U
: = = == b b b
5 10568 10.70B B 1026B % 150 124.28° 127.65 b 135.76
2 -—  96B =2 5 - 11641
g 10+ - = T
g £ 100
. s
=
I S 50-
2 =
> S
- =
0 1 T T T T 0 T T T™ T T
0\ ) Q\Z QQ. Q@ °\ 0 Q@ Q@ <
& % & w 4 & 2 2 Py
QOQ C,\" C?\' & &Y' CPQ c’\"‘ C’\ &7’ 8’?
& N\ i ) ) s NG
& & A s & & &
Al LY NG (d) N » \\6
(C) Pyource = 0.12 = Pyource = 0.01
2 5 Pieve = 0.57 By e Peve < 0.01
°E'J Ptreatment = 0.28 g Pireatment = 0.01
z 14.53 =
g 15 1325 | & 30 28074
S 15+ ok = =] -T-
2 12.17 I = 5
3 -— un - : 20298 22088
o0 S T 2B 18298
= 10= = 20 . —_
= a = =
2
S 5= = 10
£ £
ﬁ 0 1 ] 1 1 L] g 0 1 1 1 I 1
> o3 03 03 03 = > 03 Qv Q@ <
&S S S b s = & 3 2
s & ¢ §¥ & s & & & &
R & R R O ) R 8
> 0 o & ) W W
& & ¥ & S & S 9
S > & g&o e \\" & &
» R D W
(e) ()
= Pyource=0.53 g P oiice=0.33
gb 12 Pieve = 0.36 o 25 = Pieve = 0.89
g Ptreatment = 0.12 »c% ) Preatment = 0.63
3 1.0+ 0.82 % = 18.24
5 % 207 ses 16.83
E 0.63 T = T T 1501 1543
g "7 £ 15 i
g 0.6 0.46 ps g
< = B
: & 0.43 S
= T T -T- E 10 =
g 0.4 = 2
% S 5
= 0.2+ 2 S
g £
"E 0.0 T T T T T g 0 T T T T T
2 > < 0] < e 7)) ‘e\ < Q¥ e <
“ G A S R,
¢ A & 9 & ¢ G o & N
) ) o o ) ) & D
Q&% ‘9\% QS’ Q}\. Q“‘ g’& o},v s“y
S RS @s \«? ® R %Qé‘ &

Fig. 3 Effects of different iron sources and iron levels on iron status in boars. a Serum hepcidin concentration; b Ferritin concentration; ¢ Total iron
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Table 3 Effects of different iron sources and levels on conventional semen quality parameters of boars?

Item Control Gly-Fe MHA-Fe Piource®  Plevel  Pureatment”
80 mg/kg 115 mg/kg 80 mg/kg 115 mg/kg
Ejaculate volume, mL
Week 0 278.83+63.13 283.08+46.57 313.40+85.89 275.08+80.70 307.90+46.63 0.75 023 056
Week4  311.42+97.89 32233+89.79 292.70+124.11 31367+93.36 289.00+66.72 0.96 063 091
Week 8 308.08+7230 291.08+76.81 382,67 +74.79 3473348291 308.50+63.07 0.70 042 006
Week 12 274.00+64.34 291.92+67.92 300.50+107.75 304.45+8847 2533344514 0.72 056 060
Week 16 270.00+51.86 277.67+7545 317.10+13452 267.55+73.50 280.40+79.22 061 053 069
Sperm concentration, X1 0%/mL
Week 0 3.14+1.09 2.74+087 2.98+0.64 2984101 290+0.55 0.64 066 086
Week4 333104 2.96+065 339+0.96 2.83+0.80 3314055 0.66 014 039
Week 8  3.30+092 3214099 267+063 2.84+0.82 3134062 047 042 035
Week 12 3.50+1.12 3314083 3.08+1.09 3394160 397+1.20 046 085 056
Week 16 3.39+1.18 3.56+091 331+1.13 3474125 3.80+0.60 0.78 092 086
Sperm motility, %
Week 0 82.00[81.00,83.00]  83.50[82.00,8400]  83.00[80.00,84.25]  84.50[83.25,8500]  81.00[80.00,84.00]  0.32 013 007
Week 4  8800[81.2590.00]  86.50[81.00,90.00]  83.50[81.50,88.00]  85.00[84.00,87.75]  87.00[84.5090.00] ~ 0.65 070 061
Week 8  86.00[81.00,90.75]  88.00[84.2592.00]  83.50[81.50,84.75]  85.50[84.25,87.75]  83.50[80.75,87.25]  0.89 007 018
Week 12 86.00[80.75,90.00]  88.50[85.00,93.75]  85.00[83.50,88.00]  88.00[86.00,91.00]  89.50[85.00,91.25]  0.12 008 008
Week 16 90.00[81.00,90.00]  86.50[85.00,90.75]  88.50[86.7590.75]  89.00[85.00,94.00]  90.50[86.25,93.25]  0.33 053 059
Abnormal sperm rate, %
Week 0 1868[14.0021.16]  1261[11.93,1649]  1882[158022.17]  1427[1290,1962]  16.18[11.73,19.05] 041 013 017
Week4  1486[12.14,21.58]  12.54[10.33,17.06]  14.91[11.81,2568]  13.68[12.55,1899]  16.48[12.172143]  0.71 046 072
Week 8  1564[1242,1856]  13.25[1088,1639]  14.77[13.03,19.55]  12.22[10.26,16.37] 1243[8821536] 0.05 017 015
Week 12 21.79[17.16,37.011"  1472[12.23,22261"% 14.36[11.11,17.901*® 1381[11.74,17.35]° 20[10.13,1636]° <001 <001 <001
Week 16 23.96[16.23,35.86]" 16.31[11.61,2403]"® 1461[12.89,17.911"® 14.61[10.55,15.92])° 56[10.02,1544®8 <001 <001 <001
Total sperm count, x10%/ejaculate
Week 0 8435+2383 76.55+22.83 99.99+29.92 78.84+2580 89.12+21.37 0.92 010 024
Week4  9852+30.85 9285+22.77 9483+4183 8594+268 951242442 085 080 097
Week8  107.65+2327 90.26+27.88 99.63+29.78 9421+19.04 95.10+19.46 0.27 021 050
Week 12 101.80+16.61 941042147 81.46+3536 88.42+5091 104.10+22.36 0.55 079 079
Week 16 96.01+28.89 109.66+37.82 93302177 874141958 119.96+22.29 0.79 055 006
Functional sperm count, X1 Og/ejaculate
Week 0 5585+16.67 5443+1851 701742353 5462+1493 60.61+16.86 063 012 024
Week4 706142475 68.44+18.07 65.35+2832 61.80+1633 67.00+1598 081 082 096
Week 8  69.57 +20.84 69.83+23.34 60.41+30.34 7158+16.37 69.42+13.02 0.95 092 099
Week 12 61.38+21.05 62.13+1643 70.78 £16.00 742243639 76.02+20.52 0.23 038 046
Week 16 61.19+21.148 77.57+2211"8 7049+17.90"8 67.31+15.69" 9360+ 14.54" <005 <005 <001

2 Ejaculate volume, sperm concentration, total sperm count and functional sperm count were presented as mean + standard deviation, whereas sperm motility and

abnormal sperm rate were presented as median [25™ quartile, 75™ quartile]
b Comparison between the control group, Gly-Fe groups and MHA-Fe groups
€ Comparison between the control group, 80 mg/kg groups and 115 mg/kg groups

4 Comparison between the control, 80 mg/kg Gly-Fe, 115 mg/kg Gly-Fe, 80 mg/kg MHA-Fe and 115 mg/kg MHA-Fe groups

AB Different letters in the same row indicate significant differences in the indicators between the treatment groups (P < 0.05)

correlation between decreased sperm Fe concentration
and increased rotational motile sperm ratio (P<0.05).
The results of correlation between indicators of iron sta-
tus and semen quality parameters showed that serum Fe
level was positively correlated with sperm motility and

progressive motile sperm ratio, and negatively correlated
with in situ oscillating sperm ratio (P<0.05). Hemo-
globin concentration was significantly negatively corre-
lated with abnormal sperm rate, folding tail and proximal
protoplasmic droplet content (P<0.05). However, serum
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Item Control Gly-Fe MHA-Fe Pource Pievel>  Pireatment
80 mg/kg 115 mg/kg 80 mg/kg 115 mg/kg
Progressive motile sperm ratio, %
Week 8  87.55[79.85,92.37] 87.39[83.90,92.00] 81.69[73.18,83.44] 85.50[84.13,88.14] 83.70[80.90,87.20] 0.51 0.07 0.08
Week 12 88.97[76.62,92.74]  89.98[88.58,91.51] 92.08[90.17,93.33] = 92.29[89.81,9523]  92.17[90.04,93.59]  0.06 0.1 0.10
Week 16 89.74[80.60,90.26]  86.52[85.29,90.98] 88.79[86.66,91.07]  88.52[85.19,94.10]  90.68[86.46,93.54]  0.31 049 0.55
Fast motile sperm ratio, %
Week 8  50.10[24.38,59.40]  39.42[29.55,51.88] 40.59[24.00,61.60]  45.79[38.2354.19]  45.63[33.17,56.63]  0.52 0.99 0.83
Week 12 40.89[29.78,54.46]  41.06[31.09,61.57] 40.67[35.68,64.63] 45.81[36.59,63.13] 48.06[42.39,58.04] 0.49 0.59 0.78
Week 16 30.87[23.13,53.51]  38.77[29.13,5048] 32.72[2861,57.87]  39.72[30455246]  41.84[26.13/47.16]  0.66 0.61 087
Slow motile sperm ratio, %
Week 8  38.26[22.16,57.10]  49.60[33.05,68.50] 44.77[20.35,53.53] 35.76[29.38,43.30] 39.55[21.55,48.37] 0.19 0.93 030
Week 12 43.13[34.69,4849] 43.27[22.01,56.87] 44.30[22.50,51.64]  43.44[23.61,54.10]  40.97(33.68,44.85]  0.99 0.94 0.99
Week 16 50.72[35.84,60.75] 45.41[38.73,56.35] 53.44[24.80,65.60] 53.68[35.82,58.02] 46.69[38.31,55.60] 0.98 097 0.98
Rotational motile sperm ratio, %
Week 8  1.28[0.46,2.43] 1.24[0.25,2.69] 4.29[1.45,5.15] 3.23[1.17,4.26] 1.28[0.73,4.41] 043 0.26 0.12
Week 12 1.65[0.94,2.84] 2.35[1.90,4.98] 4.17[2.21,6.33] 2.34[1.54,3.70] 2.13[1.52,4.87] 013 017 0.24
Week 16 2.98[2.25,4.02] 333[2.62,4.68] 2.05[0.90,3.27] 3.70[2.07,4.36] 1.93[1.50,3.80] 0.92 <005 0.6
In situ oscillating sperm ratio, %
Week 8  2.58[0.83,7.27] 1.12[0.38,5.76] 2.83[1.204.16] 2.87[2.424.25] 1.55[0.40,2.70] 0.82 062 0.22
Week 12 244[1.47,6171* 203[0923.961"%  1.18[0.36,2.13]"® 0.80[0.29,1.721® 1.20[0.13,1.821° <001 <001 <005
Week 16 2.93[1.30,5.06] 2.37[1.96,3.34] 2.27[0.27,2.92] 1.65[0.33,4.10] 1.07[0.37,2.76] <0.05 <005 007
2 Data was presented as median [25™ quartile, 75T quartile]
b Comparison between the control group, Gly-Fe groups and MHA-Fe groups
€ Comparison between the control group, 80 mg/kg groups and 115 mg/kg groups
4 Comparison between the control, 80 mg/kg Gly-Fe, 115 mg/kg Gly-Fe, 80 mg/kg MHA-Fe and 115 mg/kg MHA-Fe groups
AB Different letters in the same row indicate significant differences in the indicators between the treatment groups (P < 0.05)
Table 5 Effects of different iron sources and levels on sperm morphological parameters of boars®
Item Control Gly-Fe MHA-Fe Poourc®  Pievel  Pueatment®
80 mg/kg 115 mg/kg 80 mg/kg 115 mg/kg
Folding tail, %
Week 8 343(0.884.84] 2.18[0.983.08]  4.46[2.92,5.69] 2.25[1.59,3.88] 3.52[2.56,8.84] 0.72 <0.05 0.07
Week 12 6.62[1.70,8.60] 252[1.16,544]  242[1.22,6.18] 2.45[0.78,3.64] 2.02[1.71,4.13] 0.16 0.15 0.37
Week 16 6.69[1.23,8.01] 1.52[0.70,3.03] 1.82[0.93,3.07] 1.21[0.68,1.85] 2.82[1.05,5.13] 0.14 0.06 0.17
Distal protoplasmic droplet, %
Week 8 5.10[3.84,6.78] 3.83[1.60,4.79] 541[3.01,9.32] 3.22[2.84,4.88] 2.86[2.40,6.99] 0.22 0.12 0.14
Week 12 6.69[2.45,9.59] 2.86[1.19,6.54] 1.96[1.34,4.27] 2.84[2.53,401] 2.44[1.30,4.79] 0.08 <0.05 0.18
Week 16 431[3.43,1026]*  348[241,645*° 3410273506)*°  264[2094.031"°  1.95[1.10,3.64)° <001 0.06 <0.05
Proximal protoplasmic droplet, %
Week 8 3.38[2.42,4.56] 281[1.91,542]  352[2.754.41] 3.00[1.90,3.95] 3.78[2.43,4.34] 0.88 0.31 0.65
Week 12 3.80[2.29,6221* 296[2.014.171"  323[1.994.111"®  1.55[0.81,2.35]° 17501624571 <005 0.17 <005
Week 16 3.25[1.99,5.16] 2.89[1.23,346]  3.66[2.17,5.52] 2.33[1.98,3.36] 2.15[1.34,3.05] 0.22 0.76 0.29

2 Data was presented as median [25™ quartile, 75T quartile]

b Comparison between the control group, Gly-Fe groups and MHA-Fe groups

€ Comparison between the control group, 80 mg/kg groups and 115 mg/kg groups

4 Comparison between the control, 80 mg/kg Gly-Fe, 115 mg/kg Gly-Fe, 80 mg/kg MHA-Fe and 115 mg/kg MHA-Fe groups
AB Different letters in the same row indicate significant differences in the indicators between the treatment groups (P < 0.05)
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Fig. 4 Correlation between serum inflammatory factor levels, iron status indicators, oxidative stress levels, and semen quality parameters in boars.
Hb: hemoglobin; sTfR: serum transferrin receptor; Vol: ejaculate volume; Con: sperm concentration; Ab: abnormal sperm rate; Pro: progressive
motile sperm ratio; Rot: rotational motile sperm ratio; In situ: in situ oscillating sperm ratio; Dis drop: distal protoplasmic droplet; Pro drop: proximal
protoplasmic droplet. The dotted line represents the relationship between iron status indicators and boar inflammatory factor levels, as well

as semen quality, while the solid line illustrates the relationship between oxidative stress indicators, inflammatory factor levels, and semen quality.
A significant negative correlation was denoted by the blue line, and a significant positive correlation was indicated by the red line (P<0.05)

transferrin receptor level was significantly positively cor-
related with abnormal sperm rate and distal protoplasmic
droplet content (P<0.05). In addition, IL-6 and IL-1f
were negatively correlated with serum CAT content, and
TNF-a was negatively correlated with serum SOD con-
tent (P<0.05). Further, serum CAT and SOD contents
were negatively correlated with abnormal sperm rate,
proportion of distal protoplasmic droplet and/or proxi-
mal protoplasmic droplet (2<0.05). Sperm MDA content
was positively correlated with abnormal sperm rate, fold-
ing tail, proportion of distal and proximal protoplasmic
droplets (P<0.05), although the correlation with inflam-
matory cytokines was not significant.

Discussions

Iron is an essential trace element for maintaining nor-
mal spermatogenesis and excellent semen quality [18].
Therefore, different sources and levels of dietary iron
may modulate boar semen quality by influencing boar
body iron levels and iron status. In this study, we found
that dietary supplementation with either 80 mg/kg or
115 mg/kg of MHA-Fe did not lead to reduced serum
Fe and hemoglobin levels. On the contrary, it resulted
in decreased levels of serum IL-6 and hepcidin, further
ameliorated oxidative stress, increased body iron utili-
zation, and improved semen quality in adult boars.

No reduction in serum iron and hemoglobin levels in boars
fed 80 mg/kg or 115 mg/kg Gly-Fe and MHA-Fe

Iron in the serum consists mainly of iron released by
macrophages phagocytosing senescent or damaged

erythrocytes and dietary iron absorbed in the duo-
denum, which is subsequently transported with the
circulation to various tissues and organs for utili-
zation [19]. Studies have shown that the order of
priority of iron delivery to tissues and organs is eryth-
rocytes > brain > heart > liver > skeletal muscle [20], sug-
gesting that use for hemoglobin synthesis in erythrocytes
is the most principal function of iron and is extremely
important for the vital activities of the organism. In
the present study, we observed that dietary iron treat-
ments from different sources and levels did not affect
boar serum iron and hemoglobin concentrations, which
means that reducing the total iron levels to 80 mg/kg or
115 mg/kg when feeding organic iron to boar diets does
not lead to iron deficiency and affect hemoglobin synthe-
sis in boar, and that it is feasible and can be practically
applied in production.

Hepcidin, a hormone secreted by hepatocytes to regu-
late iron homeostasis [21], is essentially an antimicrobial
peptide elevated in high serum iron or inflammatory
states [22], which is able to reduce serum iron levels by
degrading ferroportin on the membranes of intestinal
epithelial cells and macrophages, thereby inhibiting iron
absorption in the intestine and recycling iron from the
macrophages into the blood [23]. Compared with the
control group fed 150 mg/kg of mixed iron sources, boars
in the other four treatment groups had reduced serum
hepcidin levels, indicating increased intestinal iron
absorption and macrophage iron influx, and stabilization
of body iron levels after dietary iron levels were reduced.
In addition, hepcidin may have been further reduced and
body iron levels increased when the inflammatory state
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of boars in the 80 mg/kg or 115 mg/kg MHA-Fe group
was alleviated. In short, when organic iron is the dietary
source, reducing iron levels does not cause boar iron defi-
ciency, and selecting an appropriate organic source may
further increase iron concentrations by reducing inflam-
mation and hepcidin levels.

Reduced inflammatory response alleviates oxidative stress
and improves body iron utilization in boars fed 80 mg/kg
or 115 mg/kg MHA-Fe
Compared to the control group fed 150 mg/kg of mixed
iron sources, the inflammatory response and oxidative
stress state of boars in the 80 mg/kg or 115 mg/kg MHA-
Fe groups were alleviated. The reason may be mainly due
to the differences in the amount of free Fe** released
from different iron sources and its induced Fenton reac-
tion, which caused varying amounts of ROS [24]. The
absorption of FeSO, in the duodenum is only 5%—15%,
the unabsorbed FeSO, in the gastrointestinal tract may
generate a large amount of ROS due to the susceptibility
of Fe?* to oxidation in the presence of oxygen, leading to
oxidative stress and causing intestinal inflammation [25].
Furthermore, the inflammatory response as an immune
process further promotes the production of ROS and
increases the level of oxidative stress [26]. Hence,
boars fed 80 mg/kg or 115 mg/kg MHA-Fe may experi-
ence a reduction in the amount of free Fe’*, leading to
decreased levels of ROS and IL-6, thereby alleviating oxi-
dative stress. This effect could be attributed to the high
stability and absorption of MHA-Fe in the gastrointes-
tinal tract. In particular, the pro-inflammatory cytokine
IL-6 may alter the body iron status by regulating hepci-
din levels. Ferritin, an indicator of the body iron stores
[27], is an acute temporal reactant that is also elevated
in inflammatory states [15, 28]. Serum transferrin recep-
tor is the cleaved monomer of tissue transferrin receptor,
and its concentration is proportional to the total amount
of transferrin receptor in tissues. It mainly reflects the
amount of iron available to the organism as well as the
amount of iron required. Therefore, its content in serum
increases when the available iron is reduced or the
amount of iron required is increased [29]. Our research
findings indicate that the levels of ferritin and transferrin
receptor in boars fed 80 mg/kg or 115 mg/kg MHA-Fe
decreased, along with decreased serum IL-6 and hepci-
din levels. This reflects the possibility that dietary sup-
plementation with an appropriate iron source, even at
low levels, may reduce body iron stores and increase the
amount of available iron.

Studies on the effects of different dietary Fe levels
on spermatogenesis and sperm quality in male ani-
mals have been reported [18, 30]. However, in these
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studies, researchers have rarely examined the levels of
Fe in serum, seminal plasma, and sperm. In our study,
we observed a significant increase in seminal plasma Fe
content in boars fed with 115 mg/kg MHA-Fe compared
to the control group, despite no significant difference in
serum Fe content and sperm Fe content. This suggests an
increase in the Fe content in the secretions of the pros-
tate, seminal vesicles, and bulbourethral glands. How-
ever, accurately measuring the Fe content reaching the
testes and accessory glands of boars using existing blood
and semen samples poses challenges. Accurately assess-
ing the effects of dietary Fe treatment on body iron levels,
iron status, Fe content in tissues and organs, and Fe con-
tent in germ cells is crucial for understanding the regu-
lation of spermatogenesis and semen quality by Fe. This
also provides direction for our future research endeavors.
In summary, these data suggest that feeding boars with
80 mg/kg or 115 mg/kg MHA-Fe resulted in reduced
serum inflammatory response and hepcidin levels. This,
in turn, alleviated oxidative stress and improved body
iron utilization, potentially leading to increased iron
transfer to the male reproductive organs.

Dietary supplementation with 80 mg/kg or 115 mg/kg
MHA-Fe improved boar semen quality

Dietary supplementation with iron, copper and other
complex organic micronutrients has been reported to
increase fertility [31], improve semen quality and slow
testicular degeneration in bulls compared to inorganic
micronutrients [32]. In the present study, it was found
that the addition of 80 mg/kg or 115 mg/kg MHA-Fe
to the diet significantly improved sperm motility and
reduced abnormal sperm rate in boars as compared to
the control group fed 150 mg/kg of mixed iron sources.
However, the addition of 80 mg/kg or 115 mg/kg Gly-
Fe to the diets did not significantly improve boar semen
quality, which may be related to the form of Gly-Fe
absorbed in the intestinal epithelium. Gly-Fe enters
the gastrointestinal tract bound to amino acids, which
reduces the chances of Fe>™ being bound by antagonists
and forming insoluble compounds in the gastrointesti-
nal tract, thus increasing the quantity of Fe*" reaching
the intestinal epithelial cells [33, 34]. However, similar to
FeSO,, Gly-Fe is primarily absorbed by intestinal epithe-
lial cells in the form of Fe?", resulting in a high concen-
tration of free Fe?* still present at the intestinal epithelial
cells [35, 36]. This elevated level of Fe’™ may lead to an
increase in the production of ROS [24]. The intestinal
absorption form of MHA-Fe is mainly an amino acid
complex, which may have reduced free Fe?*. Accord-
ingly, we found that the levels of serum IL-6 and serum,
seminal plasma and sperm MDA were higher in boars in
the Gly-Fe and mixed iron groups than in the MHA-Fe
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group. In addition, serum IL-6 level was positively corre-
lated with hepcidin concentration, which correlated with
the increased abnormal sperm rate. The concentration of
MDA, a product of oxidative stress, was negatively cor-
related with sperm viability, sperm density and sperm
morphology [37]. Adding 80 mg/kg or 115 mg/kg of
MHA-Fe to the diet effectively improved the semen qual-
ity of boars. This suggests that, when the iron addition
meets the basic requirements, the appropriate source of
iron is a key factor affecting the semen quality of boars.
Inappropriate mixed iron supplementation patterns, even
as high as 150 mg/kg, may adversely affect boar semen
quality.

Conclusions

Compared to the conventional nutritional regimen of
mixing iron sources at 150 mg/kg, adding 80 mg/kg
or 115 mg/kg of MHA-Fe to the diet did not decrease
serum iron and hemoglobin levels in boars; instead, it
significantly improved semen quality. This improvement
may be associated with reduced inflammation and oxi-
dative stress levels, as well as increased iron utilization.
However, a key question remains unanswered in current
research: whether dietary iron from different sources or
levels alters the distribution of iron in various tissues and
organs, including the testes, by affecting body iron status,
thereby influencing the level and function of germ cell
iron and ultimately regulating boar semen quality. Clari-
fying the pathway of iron from diet to the bloodstream,
to germ cells in the testes, and to accessory glands is cru-
cial for understanding the regulation of spermatogen-
esis and semen quality by iron elements. It also provides
theoretical support for developing nutritional regulation
techniques to enhance boar semen quality.
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