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Iron deficiency in sows has been demonstrated to have a detrimental effect on
porcine fetal growth and development, as well as on the reproductive
performance of sows. The placental barrier of sows restricts the transportation
of inorganic iron to the fetus, resulting in iron deficiency anemia in neonatal
piglets and consequently leading to slow growth. The purpose of this study is to
explore the effect of heme Fe on iron metabolism in pregnant sows. Ninety-six
multiparous Landrace X Yorkshire (LY) sows (weight 235 + 15kg) with similar litter
size and feeding management were randomly divided into four treatment
groups: control group (supplemented with 400 mg/kg), iron deficiency group
(with no added FeSQj,), heme Fe group (supplemented with 140 mg/kg), and
glycine Fe group (supplemented with 470 mg/kg). Iron supplementation lasted
from the second trimester (day 30) to day 114 before delivery. In this study, the
production performance of sows, the iron content in sow placentas, and in the
livers, spleens, placenta and colostrum of newborn piglets, as well as the
hemoglobin(HGB) level, the iron regulation parameters in the serum of
newborn piglets and the iron regulation genes in the livers and placentas were
measured. The results showed that: (1) The number of live births and the average
birth weight of piglets in the heme Fe group were 14.8% and 6.33% higher than
those in the control group, respectively(P < 0.01). Compared with FeSO,4 and
glycine Fe, heme Fe improved the production performance of sows. (2) In the
heme Fe group, the iron content in colostrum was significantly higher than in the
control group (1.27-fold) and glycine Fe group (0.45-fold), while the iron content
in the livers of newborn piglets increased by 30.38% and 14.61% compared to the
control and glycine Fe groups, respectively (P < 0.01). These results suggest that
heme Fe significantly facilitates iron transport in sows, particularly enhancing its
deposition in colostrum and neonatal livers. This effect may be attributed to the
upregulated expression of heme oxygenase 1(HO-1) gene in the placenta, which
enhances the uptake and transport of heme Fe, thereby increasing fetal iron
acquisition.(3) In the liver and placentas of sows in the deficiency group, the
expression of hepcidin was decreased, while the expressions of transferrin
receptor 1 (tfrl), feline leukemia virus subgroup C receptor 1(Flvcrl) and
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transferrin were increased (P < 0.01). In addition, the gene expression level of
HO-1 in the heme Fe group of liver was significantly higher compared to that in
the control group (1.85-fold), the iron deficiency group (2.99-fold), and the iron
glycinate group (1.67-fold). In conclusion, maternal heme Fe supplements have a
significant impact on iron storage in neonatal piglets and are helpful for
preventing iron deficiency in newborn piglets.
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1 Introduction

The source and level of dietary iron in pregnant sows are of
significance for the development of the embryo and the growth of
the fetus. Nutrients necessary for fetal growth, including trace
elements, are exclusively derived from the mother (Hostetler
et al,, 2003). As the iron demands of late pregnant sows and
lactating sows increase, the iron demands of sows in these stages
of pregnancy and lactation also increase rapidly (Mahan and
Shields, 1998; Mahan et al.,, 2009). At present, ferrous sulfate is
the most common dietary iron supplement used (Wu et al., 2024).
However, it has been demonstrated that supplementation with
organic iron is more effective than supplementation with iron
salts and can improve iron absorption and the nutritional status
of animals (Pineda and Ashmead, 2001). The provision of organic
iron to pregnant sows has been demonstrated to enhance birth and
weaning weights of piglets, reduce stillbirth and early neonatal
mortality, and improve the iron nutritional status of piglets (Liu
et al., 2024). Layrisse et al. (2000) reported that glycine Fe could
increase the utilization rate of iron in rats and humans (Layrisse
et al., 2000). Furthermore, ferrous fumarate has been incorporated
into infant foods with the aim of preventing and treating iron
deficiency (Hurrell, 2010).

The manifestation of iron deficiency anemia (IDA) in piglets is
characterized by a decrease in hemoglobin (HGB) levels below 70 g/
L (Rydal et al., 2021), while subclinical anemia is evident when HGB
levels range between 70 and 80 g/L. The treatment of iron deficiency
symptoms in piglets typically involves the administration of iron
injections (Szudzik et al., 2018). However, there are several reports
that suggested intramuscular iron injection could have negative
effects on piglets, including increasing acute poisoning rate,
reducing macrophage activity and phagocytosis, stimulating
bacterial growth, and increasing risk of polymyositis (Knight
et al., 1983).

In animals, the metabolism of iron is of significance in order to
prevent a depletion or an excess of iron. The regulation of iron
metabolism is a complex process that is orchestrated by a variety of
proteins, including divalent metal transporter and hepcidin
(Nemeth and Ganz, 2021). Hepcidin modulates iron metabolism
in pregnant animals, thereby directly impacting fetal iron storage
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(Chibanda et al., 2023). In the uteroplacental syncytiotrophoblasts,
hepcidin plays a critical role in regulating the release of iron to the
fetus (O'Brien, 2022). HGB synthesis in the body is associated with
elevated heme requirements. The Feline Leukemia Virus subgroup
C receptor-related protein 1 (Flverl) functions as a regulatory
mechanism, modulating the body’s response to heme toxicity
(Tahara et al., 2004).

The National Research Council (NRC, 2012) (National
Research Council (NRC), 2012) recommendations stipulate that
the dietary requirement for iron in sows is 80 mg/kg. However, due
to the placental barrier effect in sows, piglets primarily acquire iron
from colostrum post-partum. However, the low levels of iron in
colostrum, in conjunction with insufficient additional iron
supplementation, frequently results in neonatal piglets
experiencing iron deficiency. In order to explore whether
supplementation with heme Fe in sow diets could improve the
reproductive performance of sows and the iron nutritional status of
their offspring, a study was conducted which the effects of control,
iron deficiency, heme Fe, and glycine Fe on the reproductive
performance of sows and iron nutrition status of piglets
were compared.

2 Materials and methods

2.1 Animal ethics

The experiment was conducted at the Jiangchuan Pig Farm in
Yunnan Province, China. All animal procedures strictly adhered to
the Guide for the Care and Use of Laboratory Animals (National
Research Council, US) and were approved by the Institutional
Animal Care and Use Committee (IACUC) of Kunming
University (Protocol No. 2023058).

2.2 Animals and experimental treatments
The control group was fed a diet consisting of corn and

soybeans, with FeSO, supplementation, while the iron deficiency
group was fed the same food, but without FeSO, supplementation.
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One week after artificial insemination (Duroc (D) x LY (Landrace x
Yorkshire)), 96 cross-bred sows (LY) were randomly allocated to
the iron deficiency group (without FeSO,), the control group
(supplemented with 400 mg/kg of FeSO,4), the heme Fe group
(supplemented with 140 mg/kg of Heme Fe), and the glycine Fe
group (supplemented with 470 mg/kg of glycine Fe). All sows were
multiparous (having farrowed twice) with a body weight of 235 +
15kg. Iron supplementation lasted from the second trimester (day
30) to day 114 before delivery. The experiment consisted of 24
replicates per group. From each group, 8 sows were selected for
subsequent experiments, and one piglet was chosen from each
selected sow. This process ultimately led to the selection of eight
piglets from the initial pool of 24 replicates for subsequent blood
collection and sample procurement via slaughter. All sows were
housed in individual gestation stalls (2.1 x 0.60 x 0.97 m) with half-
slatted concrete floors. Individual feeders and drinkers made of
stainless steel were used. Sows were transferred to farrowing pens
(2.1 x 3.0 m, stainless steel stall and plastic floor) one week before
the predicted farrowing date. Maintenance of optimal thermal
conditions (17-25°C) and humidity (70%-80%) during gestation
and lactation was facilitated by the implementation of warm-air
blowers, wetted-pads, and air-exhaust fans. Sows were provided
with a restricted amount of feed, which was entirely consumed,
thereby ensuring consistent intake per sow. During the early (0-30
d, 2 kg/time), middle (31-84 d, 2.5 kg/time) and late gestation
periods (85-114 d, 3 kg/time), sows were fed twice daily at 09:00
and 16:00 hours.

The basal diet was formulated based on the nutritional
requirements recommended by the NRC (2012) (National
Research Council (NRC), 2012) and the actual production
characteristics of LY pregnant sows. In accordance with the
objectives and requirements of the experimental design, the
experimental diets were supplemented as follows: a control group
(FeSO,4), a Heme Fe group, a glycine Fe group, and an iron-
deficiency group. The composition and nutritional levels of the
basal diet are presented in Table 1.

2.3 Sample collection

The selection of the pigs was conducted at random to ensure the
inclusion of a single newborn piglet of average weight. Immediately
following parturition, the piglets were weighed individually.
Subsequently, blood samples were collected from sows and piglets
immediately following parturition. One male and one female piglet
per litter were euthanized for sampling at birth. The blood samples
were subjected to a centrifugation process at 4°C at 1000 g for 10
min, after which the serum was collected and stored at —20°C until
further analysis. The liver, spleen, placenta and colostrum samples
were collected within 20 minutes of the animals’ demise, snap-
frozen in liquid nitrogen and stored at -80°C until further analysis.
The selected piglets (n = 8 per treatment group) were not provided
with colostrum. During slaughter, 5 ml of whole blood was collected
for the detection of HGB content. An additional 10 ml of
whole blood was taken from the anterior vena cava to prepare
serum samples.
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TABLE 1 Composition and nutrient levels of the basal diet (air-dry basic) %.

Corn 62.0
Soybean meal 18.0
Wheat bran 15.0
Soya bean oil 1.0
Premix " 4.0
Total 100.0

Nutrient index

DE(MJ/kg)®

Nutrient levels

11.9

Cp 15.00
Lys 0.760
Met 0.23
Thr 0.59
Trp 0.17
Ca 0.74
P 0.4
Salt 0.37
Fe(mg/kg) 80.69

(Gestation period: The mineral premix provided the following per kilogram of diet: Cu (as
copper sulfate) 10 mg, Zn (as zinc sulfate) 100 mg, Mn (as manganese sulfate) 25 mg, Se (as
sodium selenite) 0.15 mg, and I (as potassium iodide) 0.14 mg. The vitamin premix provided
the following per kilogram of diet: Vitamin A 4000 IU, Vitamin D 800 IU, Vitamin E 44 IU,
Vitamin K 0.5 mg, biotin 0.2 mg, choline 1.25 mg, folate 1.30 mg, available niacin 10 mg,
pantothenic acid 12 mg, riboflavin 3.75 mg, Vitamin B1-1 mg, Vitamin B6-1 mg, Vitamin
B12 15 g, and linoleic acid 0.10%. The dietary iron content during gestation was 80.69 mg/kg.
@It should be noted that the digestible energy values were calculated, whereas all other
nutrient contents were measured.

2.4 Determination of HGB and serum
hepcidin, transferrin, total iron-binding
capacity, serum iron and serum hemopexin
concentrations

HGB was measured using a BC-1800 automated blood cell
analyzer (Shenzhen Meili Biomedical Electronics Co., Ltd.). Serum
hepcidin concentrations and total iron binding capacity (TIBC)
were determined using an ELISA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Serum iron and
transferrin were determined by the colorimetric method (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Serum
hemopexin was determined using an ELISA kit (Abcam, USA).

2.5 Determination of iron content in
neonatal piglets

Neonatal piglets not fed colostrum were weighed and slaughtered
within 2 h of birth. Their livers, spleens and placentas were collected and
quickly sectioned after removal of adipose tissue. The pieces of tissue
were frozen in liquid nitrogen and stored at -20°C. Placentas were
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collected from the sows, as were colostrum samples. Colostrum was
collected within 2 h after farrowing. Colostrum was collected from the
nipples of the sows by squeezing directly into 5 ml cryogenic vials and
stored at -20°C.Tissue samples (0.5 mg each of liver, spleen and placenta
and 3 ml of colostrum) were weighed on an analytical balance. The non-
heme Fe content of liver, spleen and placenta was determined as
described by Brain et al (Brain et al, 2006). Frozen lung, liver and
brain samples were thawed and aliquots weighed. Samples (50-100 LLg)
were acid hydrolyzed in 2 ml of a mixture of equal volumes of 6-N-
hydrochloric acid and 20% trichloroacetic acid at 65°C for 20 h. After
cooling to room temperature, the clear yellow solution was transferred to
a test tube and a color reagent (0.1% sulphonated bathophenanthroline
mixed with 1% thioglycolic acid and distilled water in a 1:25:25 ratio)
was added. After incubation for 10 minutes, the optical density was
measured at 540 nm. A standard curve was generated using an iron
standard solution (VWR). Non-heme Fe in tissue was calculated from
the standard curve and expressed as Lig/g wet tissue.

2.6 Real-time PCR for mRNA quantification

Total RNA was isolated from placenta and liver samples using
TRIzol reagent (Invitrogen). RNA samples (2 ug) were treated with
DNase and reverse transcribed into complementary DNA (cDNA)
using random hexamer primers (Promega). An amount of 2 ul of
diluted ¢cDNA (1:25) was used for real-time PCR performed on
Mx3000P (Stratagene). B-Actin was chosen as a reference gene for
normalization of mRNA expression levels, as its expression was not
affected by maternal dietary treatment. Real-time PCR data were
analyzed using the 2-AACt method. mRNA levels are expressed as

TABLE 2 Information on primers used for RT-PCR.

10.3389/fanim.2025.1569306

fold change relative to the mean of the control group. Primers for
real-time PCR were synthesized by Generay Biotech Co., Ltd.

Primer information is shown in Table 2.

2.7 Statistical analysis

Data from independent experiments are presented as mean + SD.
All statistical analyses were two-tailed with 95% confidence intervals
(CI). Results were analyzed by Mann-Whitney U, one-way ANOVA
and Tukey’s test using Prism 6 (Graphpad Software) and SPSS (SPSS
Inc, USA). Differences were considered significant at p < 0.05.

3 Results

3.1 Effect of different sources of maternal
dietary iron on reproductive performance
of sows

The number of live births in sows from the heme Fe group
was significantly higher than that in sows from the iron deficiency
group (P < 0.05). Although not statistically significant, the
number of live births in sows from the glycine Fe group was
also higher than that in sows from the iron deficiency group. The
mean birth weight of piglets in the heme Fe group was
significantly greater than that in both the control and iron
deficiency groups (P < 0.05). Additionally, the mean birth
weight in the glycine Fe group was significantly higher than
that in the iron deficiency group (P < 0.05) (Table 3).

Primer sequence (5'-3’) Primer length/bp = Ampilification length /bp GenBank accession no.

Hepcidin FTGTCGCAAAGCAATCTGT 18 86 NM_214117.1
R:.CGGAATAAATAAGGGGTGA 19

Flverl F:CCAAAACATACAAACACACTACTC 24 134 NM_001142846.2
R:ICATAAAGAAACCAAGCAACC 20

Flver2 F:ATCTTCCTGTGTGTGTTCCT 20 91 NM_001142840.1
R.GTGTTTCTTTGTTGCCTTC 19

Tfrl F:CAGTTGAACAGAATGGCACG 20 174 NM_214001.1
R:CAGACTCAGACCCATCTCCCT 21

HO-1 F: CCCTCCTCTCTTGCCTCTCT 20 518 NM_001004027.1 1
R: CTCCGGAGTCCATCACGATG 20

Transferrin F: TAGAACTGCTGGCTGGAACA 20 170 NM_001244653.1
RTGGCTAAGCATTCCCTTCCA 20

B-actin F: CAAGACTCCACTCCCGTGAC 20 505 DQ_452569.1
R: TCAAGGCACGTCAAAAGGGA 20

Feline leukemia virus subgroup C receptor 1(Flvcrl); feline leukemia virus subgroup C receptor 2(Flver2); Transferrin Receptor 1(Tfrl); Heme Oxygenase-1(OH-1).
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TABLE 3 The impact of various iron sources on the performance of sows.

Control

Deficiency

10.3389/fanim.2025.1569306

Glycine Fe

Live births 11.00 + 0.9258%°

Weak births 0.500 + 0.5245"

9.500 + 0.25345°

1.125 + 0.9910"

12.63 £ 0.5175% 11.50 + 0.5345*

0.3750 + 0.5175% 0.7500 + 0.7071*

Number of stillbirth 0.500 + 0.5345%

Birth weight (kg) 1.420 + 0.01309°

1.000 + 0.7559"

1.370 + 0.03207 ©

0.3750 + 0.5175% 0.5000 + 0.7559"

1.510 + 0.05043" 1.470 + 0.05372%

1 Control: supplemented with 400 mg/kg of FeSO4 in the basal diet. 2 Deficiency: (with no added FeSO4 in the basal diet). 3 Heme Fe: supplemented with 140 mg/kg of Heme Fe in the basal diet.
4 Glycine Fe: supplemented with 470 mg/kg of Glycine Fe in the basal diet. 5 Results are presented as mean + SEM. ab Within a row, values with different letter superscripts.

3.2 Effect of maternal heme Fe diet on
serum parameters related to iron
metabolism in piglet

As shown in Figure 1, serum hepcidin levels were significantly
higher in piglets from sows in the heme Fe group compared to those
from sows in the control and iron deficient groups. Additionally,
serum hepcidin levels were significantly elevated in the glycine Fe
group relative to the iron-deficient group (P < 0.01). Serum
transferrin and TIBC levels were significantly higher in iron-
deficient piglets than in those from the control, glycine Fe, and
heme Fe groups (P < 0.01). The serum iron concentration in piglets
from the heme Fe group was significantly higher than that in the
control and glycine Fe groups, with respective increases of 11.5%
and 10.7% (P < 0.01),. Furthermore, serum hemopexin levels in

(A

—
o
=

sows from the heme Fe group were significantly higher than those
in the control and iron-deficient groups (P < 0.01).

3.3 Effect of maternal heme Fe diet on
HGB levels in sows and piglets

As depicted in Figure 2, the mean HGB levels of sows in the
control, heme Fe, and glycine Fe groups were 122 g/L, 119 g/L, and
120 g/L, respectively. These values were significantly higher than the
normal physiological range. In contrast, the HGB level of sows in
the iron-deficient group was 88 g/L, indicating borderline anemia.
The mean HGB content of newborn piglets in the heme Fe group
was 121 g/L, which was significantly higher than that in the control
group (96 g/L), iron-deficient group (65 g/L), and glycine-iron
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FIGURE 1

Serum iron parameters of the neonatal piglets were measured. The effects of adding heme Fe and glycine Fe on serum hepcidin (A), transferrin (B),
iron concentration (C), TIBC (D), and hemopexin (E) in neonatal piglets were studied. Data represent mean + SD of eight independent experiments,

**p < 0.01, by one-way ANOVA and Tukey's test.
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The effect of adding heme Fe and glycine Fe on hemoglobin levels in sows (A) and neonatal piglets (B) were studied. Data represent mean + SD of
eight independent experiments, **p < 0.01, by one-way ANOVA and Tukey's test.

group (92 g/L) (P < 0.01). The lowest HGB levels were observed in
the iron-deficient group. This may be attributed to the fact that
piglets in the heme Fe group received a greater amount of iron from
their mothers for hemoglobin synthesis. Additionally, the HGB
levels of piglets in the glycine Fe group were significantly higher
than those in the iron deficient group (P < 0.01). However, no
significant difference was observed compared to the control group.

3.4 Effect of maternal dietary heme Fe
content on colostrum and tissue iron in
piglets

As shown in Figure 3, the liver iron content in piglets from the
heme Fe group was significantly higher than that in the control
group, the iron deficiency group, and the glycine-iron group
(increases of 30.38%, 100.9%, and 14.61%, respectively)
(Figure 3A). The findings in piglet spleens were consistent with the
trends observed in the liver (P < 0.01 each) (Figure 3B). Furthermore,
placental heme Fe content in sows did not differ significantly from
that in the iron deficiency group but was significantly lower than in
the glycine Fe and control groups (Figure 3C). This may be attributed
to a greater proportion of iron being transported across the placenta,
thereby enhancing fetal liver and spleen iron content. Additionally,
colostrum iron content was higher in both the heme Fe and glycine-
iron groups compared to the control and iron-deficient groups, likely
due to more efficient passage of organic iron across the mammary
barrier (P < 0.01 each) (Figure 3D).

3.5 Effect of maternal heme Fe diet on
expression of iron metabolism related

genes in maternal liver and placenta of
neonatal piglets

The data presented in Figure 4 indicate that the hepatic
hepcidin and Heme Oxygenase-1 (HO-1) mRNA expression
levels in neonatal piglets from sows without iron supplementation
were significantly lower than those observed in piglets from the

Frontiers in Animal Science

control, heme Fe, and glycine Fe groups (P < 0.01 for each
comparison). Additionally, liver Tfrl expression in vivo was
significantly higher in piglets from sows in the iron deficiency
group compared to those from the control, heme Fe, and glycine Fe
groups (P < 0.01 for each comparison). Furthermore, Flverl mRNA
expression levels in the livers of neonatal piglets from sows in the
iron deficiency group were significantly elevated compared to those
in the control, heme Fe, and glycine Fe groups (P < 0.01 for each
comparison). Finally, transferrin gene expression levels in neonates
from the iron deficiency group were significantly higher than those
in the heme and control groups (P < 0.05 and P < 0.01, respectively).

As shown in Figure 5, placental hepcidin expression in sows was
significantly lower in the iron deficiency and heme Fe groups
compared to the control group (P < 0.01). Additionally, hepcidin
expression was significantly higher in the glycine Fe group than in
the heme Fe group (P < 0.01). Placental expression of Flvcrl was
significantly higher in the heme Fe group compared to the control
and glycine Fe groups (P < 0.01 for both). Placental Flvcr2
expression in sows from the iron deficiency and heme Fe groups
was significantly higher than that in the control group (P < 0.01 for
each). Conversely, Flvcr2 expression in the glycine Fe group was
significantly lower than in the control group (P < 0.01).
Furthermore, Flvcr2 expression in the heme Fe group was
significantly lower than that in the iron deficiency group (P <
0.01). Placental Tfrl expression in the iron deficiency group was
significantly higher than in the control group, while Tfr1 expression
in the heme Fe group was significantly lower than in the iron
deficiency group (P < 0.01 for each). HO-1 mRNA expression in the
placenta of sows in the heme Fe group was significantly higher than
in the other groups (P < 0.01).

4 Discussion

4.1 Heme Fe can improve the reproductive
performance in sows

The dietary iron requirement for pregnant and lactating sows is
80 mg/d (NRC, 2012) (National Research Council (NRC), 2012). To
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Heme Fe increased the iron storage content in tissues of neonatal piglets. The effects of adding heme Fe and glycine Fe on liver (A), spleen (B) in
neonatal piglets and placenta (C), colostrum (D) (ug:- g wet tissue) were studied. Data represent mean + SD of eight independent experiments, *p <

0.05, **p < 0.01, by one-way ANOVA and Tukey's test. .

date, the NRC has not made recommendations for the iron
requirements of neonatal piglets. Due to difficulties in studying
the placental barrier and fetal iron nutrition in sows, the iron
requirements of fetal and neonatal piglets have not been established.

Here, the dietary iron content of the sows in the iron-deficient
group was 80.69 mg/kg (atomic absorption spectroscopy).
Assuming an iron utilization rate of approximately 15-30%, the
daily dietary iron content of sows is 12-24 mg/kg. This is well below
the NRC recommendation and results in severe iron deficiency in
pregnant sows. Taken together, the results of this study show that
iron deficiency results in reduced litter size, live litter size and birth
weight. These results suggest that iron deficiency affects normal
growth and development of the pig fetus and may increase early
embryonic mortality. We found that the reproductive performance
of sows was significantly affected by supplementation with different
sources of dietary iron. Supplementation with 140 mg/kg of heme
Fe led to piglets being 10.18%, 5.96%, and 3.07% heavier at birth
compared to those in the iron-deficient, control (FeSO,), and
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glycine Fe groups, respectively. In addition, the live litter size of
the heme Fe group was 18.42% higher than that of the iron-deficient
group. These findings are in agreement with the results reported by
E. Merlot et al., who demonstrated that providing organic iron to
pregnant sows can enhance neonatal and weaning weights of
piglets, decrease stillbirth rates and early neonatal mortality, and
improve the iron nutritional status of piglets (Merlot et al., 2024).
Furthermore, Layrisse et al. reported that glycine Fe could increase
iron utilization efficiency in rats and humans (Layrisse et al,
2000).The findings of this study demonstrate that glycine Fe can
effectively enhance the performance of sows, albeit to a lesser extent
compared to the heme Fe group. The identical effect was observed
in the control group supplemented with FeSO,. Dietary
supplementation with 140 mg/kg of heme Fe for pregnant sows
significantly promotes fetal growth and development, increases
litter size and birth weight. In summary, this supplementation
strategy enhances the reproductive performance of sows and
improves the growth potential of piglets.
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4.2 Effect of heme Fe on serum iron
parameters of neonatal piglets

HGB levels are generally used to detect anemia in piglets.
However, serum hepcidin levels also provide an important
reference point reflecting iron nutritional status. Ganz et al.
reported that the serum hepcidin level of a healthy fetus was 90.7
ng/ml (Ganz et al,, 2008). Jing Wang et al. reported that serum iron
and ferritin levels were significantly elevated in chronic hepatitis
patients, suggesting that serum hepcidin levels are closely related to
ferritin (Wang et al., 2016). The results of this study show that
feeding heme Fe to sows significantly increased serum hepcidin
levels in their neonatal piglets. Conversely, iron deficiency in sows
significantly decreased liver iron content in their piglets. In fact, the
iron-deficient group produced piglets with the lowest serum
hepcidin levels and significantly higher serum transferrin and
TIBC levels than piglets in the other groups. Supplementation of
heme Fe in the sows’ diets resulted in significantly higher serum
iron levels in their piglets than in the glycine Fe, control and iron-
deficient groups. Serum iron and TIBC are important markers of
iron deficiency/overload (Kasvosve and Delanghe, 2002). Serum
iron is an important marker of iron entry or exit and has been used
to qualitatively measure iron bioavailability. TIBC is used to assess
the total amount of transferrin-bound iron (Soldin et al.,, 2004).
Serum hepcidin, transferrin, serum iron and TIBC are sensitive
indices for the detection of iron content in organisms. Our
investigation of serum iron parameters in neonatal piglets shows
that feeding heme Fe to sows may increase iron transport across the
placenta to fetal pigs. Serum hemopexin of sows in the Heme Fe
group was significantly higher than that in the control and iron
deficiency groups, which was consistent with OH-1 expression in
the liver and placenta.

4.3 Feeding sows heme Fe increases HGB
content in sows and neonatal piglets

HGB is a reliable index that reflects the anemia and iron
nutritional status of an animal and is an important indicator of
iron deficiency, bioavailability and iron requirement. In this study,
the level of iron deficiency observed in the heme-Fe and glycine-Fe
groups of sows was not significantly different, and iron deficiency
significantly reduced HGB levels in the sow. Therefore, the iron
status of the sow indirectly reflects the HGB level. Neonatal piglets
from heme Fe supplemented sows had higher HGB levels than those
in the control group. The neonatal piglets of sows in the glycine Fe
group were borderline anemic, and the neonatal piglets of sows in
the iron deficiency group were severely anemic. Taken together,
these results showed that while different sources of iron can meet
the HGB requirements of the sow, they cannot meet the HGB
requirements of the piglets.
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4.4 Heme Fe increases the iron content in
colostrum and in the tissues of neonatal

piglet

Wang et al. reported that the supplementation of sow diets with
organoiron complexes failed to effectively prevent iron deficiency
anemia in suckling piglets (Wang et al., 2014). In contrast, our study
demonstrates that incorporating heme Fe into the sow’s diet
significantly enhances liver iron storage in neonatal piglets,
achieving levels 1.38 times higher than those observed in the
control group. This improvement is accompanied by an increase
in colostrum iron content. Colostrum iron concentration in sows is
influenced by multiple factors, including nutritional intake, health
status, and environmental management (Sun et al., 2023). In this
experiment, the health and feeding management of the sows were
standardized. Heme Fe supplementation in sows led to a
significantly higher colostrum iron content compared to the
control, iron deficient, and glycine Fe groups. This is likely
attributable to enhanced heme Fe absorption in sows and the
efficient transfer of heme Fe across the mammary gland barrier.
Furthermore, during pregnancy, the fetus relies entirely on
maternal nutrient supply, including trace elements such as iron,
which must pass through the placenta. Our results indicate that the
placental iron content in the heme Fe group was significantly lower
than that in the control and glycine Fe groups.

4.5 Iron regulatory gene expressions in
liver of neonatal piglets

Hepcidin regulates iron requirements in organisms through the
regulation of iron metabolism-related proteins. Pigeon et al.
reported that elevated iron levels in tissues or organisms may
promote hepcidin synthesis (Pigeon et al., 2001). Robert Staron
et al. reported that in iron-deficient and iron-overloaded piglets,
urinary hepcidin-25 concentrations correlated strongly with hepatic
hepcidin mRNA abundance, plasma hepcidin-25 levels, iron
transferrin saturation and non-heme liver iron levels (Staron
et al, 2015). The results of this experiment demonstrated that the
gene expression of hepcidin was lowest in the iron deficiency group,
suggesting that the body was in a state of iron deficiency. In
contrast, the gene expression of hepcidin in both the heme Fe
and glycine Fe groups was comparable, indicating that these two
iron sources may effectively address iron deficiency.

Liver iron overload can result in the downregulation of Tfr1 and
transferrin expression while upregulating ferritin expression
(Barisani and Conte, 2002; Tolosano, 2015). Our results
demonstrated that heme Fe supplementation leads to a reduction
in Tfrl and transferrin expression in the liver. Moreover, the
supplementation with glycine Fe and FeSO, exhibited comparable
effects. In circulation, transferrin binds ferric iron (Fe3+) in a
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soluble and nontoxic form to deliver iron to the bone marrow and
other tissues. Parrow et al. recently reported that mice harboring
mutations in transferrin, which prevent iron binding at either lobe,
exhibit hepatocellular iron overload and decreased liver expression
of the iron-regulatory hormone hepcidin (Parrow et al, 2019).
Therefore, the iron-deficient group exhibits a lower iron content,
leading to an increase in transferrin levels and a decrease in
ferrimodulin expression, thereby mobilizing more iron
into circulation.

Flvcr]l mRNA expression levels in the liver of piglets from iron
deficiency group sows were significantly higher than those in piglets
from the Heme Fe and glycine Fe groups. Flvcrl is a heme export
protein and maternal heme metabolism contributes to normal fetal
development (Quigley et al., 2004; Watanabe et al., 2004). In human
tissues, Flvcrl is highly expressed in the placenta, uterus,
duodenum, liver, and cultured macrophages, suggesting that
Flvcrl can prevent heme toxicity and facilitate Heme Fe transport
(Keel et al., 2008). The results of this experiment suggest that Flvcrl
gene expression is upregulated under conditions of iron deficiency
in the body.

HO-1 mRNA expression in the liver of neonatal piglets from
sows without iron supplementation was significantly lower than
that of control, Heme Fe, and glycine Fe group piglets. Chang Cao
reported that expression of HO-I mRNA is strongly induced when
heme is transported into cells or when heme turnover increases
(Cao and O’Brien, 2013), which is consistent with the results
presented here. In addition, the gene expression of OH-I was
significantly elevated in both the glycine Fe and FeSO, groups
compared to the iron deficiency group. Thus, HO-1 may indirectly
influence the utilization efficiency of glycinate Fe and FeSO, by
modulating iron metabolic pathways (Suttner and Dennery, 2999).

4.6 Expression of iron regulatory genes in
the placenta of sows

The placenta is the interface between the fetus and the mother
and can restrict toxins entering the fetus (Al-Saleh et al., 2011). The
absorption and transport of placental iron are regulated by a variety
of proteins. In obese people, iron storage is decreased and Hepcidin
expression is downregulated (Cepeda-Lopez et al., 2016). Hepcidin
expression is closely correlated with serum iron levels and is
inhibited by pregnancy (Finkenstedt et al., 2012). Maternal
Hepcidin is essential for placental iron transport from the mother
to the fetus (Tiker et al., 2006). Fetal Hepcidin balance is important
for iron transport through the placenta. The results of this
experiment demonstrated that hepcidin expression was
significantly lower in the placentas of both the iron-deficient and
heme Fe group compared to other groups. This suggests that the
body may enhance iron transfer from mother to fetus under these
conditions. Conversely, hepcidin expression was relatively higher in
the iron glycine and FeSO, groups.

Transferrin and Tfrl expression levels in the placenta of iron-
deficient sows were significantly higher than those in other groups.
We hypothesize that the increased expression of transferrin in the
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placenta may enhance iron transport to the fetus, although further
research is required to confirm this hypothesis.

Flverl and Flver2 expression was highest in the placenta of iron
deficiency and heme Fe group sows and was significantly higher
than that in the control group. Jaacks reported that the metabolism
of placental heme Fe results in increased placental Flvcr]l and Heme
receptor expression (Jaacks et al., 2011). These findings reveal the
transport mechanism of heme Fe in placenta, and that the observed
high placental Flvcrl expression was related to the increased iron
transfer from mother to fetus.

Once maternal heme Fe supplementation is absorbed into the
enterocyte, heme Fe is either catabolized by HO-1 into ferrous iron
and subsequently incorporated into the labile iron pool as inorganic
Fe, or it may be exported intact into circulation via the heme export
protein Flverl (Cao and O’Brien, 2013). The findings of this
experiment demonstrated that HO-I mRNA expression was
significantly elevated in the placental tissue of sows in the heme
Fe group compared to other groups, suggesting a greater transport
of iron sources from the sow to the fetus.

Yutian Pu suggested that iron supplementation promotes the
development of the intestine by improving its morphology, which
maintains its mucosal integrity and enhances the expression of
immuno-associated factors (Pu et al., 2018). Our results
demonstrated that dietary supplementation with heme Fe, glycine Fe,
and FeSO, could enhance the birth weight and liver iron concentration
of newborn piglets, effectively promote fetal growth and development,
and alleviate anemia in newborn piglets. Notably, heme Fe exhibited
superior efficacy compared to the other supplements. As the functional
iron regulatory gene in piglets, downregulation of Hepcidin expression
in pregnant sows would significantly upregulate transferrin, Tfrl, and
Flverl iron regulatory proteins, promoting the transfer of iron from
mother to fetus. Our results also show that neonatal piglets of heme Fe
group sows had the highest liver iron storage level and the sows had the
highest colostrum iron content. The liver iron content (154.83 mg/kg)
in piglets of the heme Fe group sows was 38.5% higher than in piglets
of control group sows and 240.68% higher than in piglets of iron
deficiency group sows. The iron content in the colostrum of heme Fe
group sows was 2.8-fold higher than that in the control group sows,
and more than four times higher than that in the iron deficiency group
sows. Studies have reported that sows supplemented with cassava
polysaccharide iron can enhance their reproductive capacity, improve
colostrum composition, and promote the growth performance of
suckling piglets (Deng et al, 2023). Comparable outcomes were
achieved using heme Fe in this experiment. In addition, Zhang et al.
reported that lactoferrin supplementation during pregnancy
significantly enhanced iron storage in the heart, liver, spleen, and
lungs of piglets compared to glycine Fe (Zhang et al,, 2022). Our
findings indicate that glycine Fe can also improve piglet iron storage;
however, its efficacy is greater than that of heme Fe. Similarly, the
efficacy of heme Fe was significantly greater than that of FeSO,. It was
inferred that the heme Fe transporter in the placenta of sows
might be different from the transporters of other iron sources, which
are more efficient. Hepcidin might act through downregulating
placental iron absorption-related proteins at the transcription level.
Determining the mechanism by which regulation of Hepcidin-
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mediated placental iron intake and transfer to the fetal liver occurs
requires additional studies.

5 Conclusion

Dietary supplementation with heme Fe, glycine Fe and FeSO, in
pregnant sows can enhance litter size and birth weight of piglets,
increase the iron content in the liver and spleen of newborn piglets,
elevate the iron concentration in sow colostrum, and significantly
boost the HGB levels in piglets. This establishes that iron
supplementation, regardless of the source, improves these
outcomes compared to no supplementation. However, the heme
Fe group exhibited a more pronounced effect.
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