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28 d of age were randomly divided into two treatment groups with six replicates for each group. The
experimental diets included the basal diet supplemented with 100 mg/kg iron dextran (DexFe group)
and the basal diet supplemented with 100 mg/kg FeSO4-H,0 (CON group). The experiment lasted for
28 d. The piglets' intestinal iron transport was measured in vitro using an Ussing chamber. Porcine in-
testinal epithelial cell line (IPEC-]2) cells were used to develop a monolayer cell model that explored the

{iiynwgerii;an molecular mechanism of DexFe absorption. Results showed that compared to the CON group, the ADG of
Weaned piglet pigs in the DexFe group was improved (P = 0.022), while the F/G was decreased (P = 0.015). The serum
Divalent metal transporter 1 iron concentration, apparent iron digestibility, and iron deposition in the duodenum, jejunum, and ileum
Glucose transporter 5 were increased (P < 0.05) by dietary DexFe supplementation. Piglets in the DexFe group had higher
Intestinal iron absorption serum red blood count, hemoglobin, serum iron content, serum ferritin and transferrin levels and lower

total iron binding capacity (P < 0.05). In the Ussing chamber test, the iron absorption rate of the DexFe
group was greater (P < 0.001) than the CON group, and there was no significant difference between the
DexFe group and the glucose group (P > 0.05). Furthermore, when compared to the CON group, DexFe
administration improved (P < 0.05) SLC2A5 gene and glucose transporter 5 (GLUT5) protein expression
but had no effect (P > 0.05) on SLC11A2 gene or divalent metal transporter 1 (DMT1) protein expression.
Once the GLUT5 protein was suppressed, the iron transport rate and apparent permeability coefficient
were decreased (P < 0.05) in IPEC-J2 monolayer cell models. The findings suggest the effectiveness of
DexFe application in weaned piglets and revealed for the first time that DexFe absorption in the intestine
is closely related to the glucose transporter GLUT5 protein channel.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

Iron is a trace element that is vital for piglet growth and

development (Zhuo et al., 2019). It is involved in the tricarboxylic
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per day for optimal bodily functioning, since their number of red

blood cells and other metabolic processes increases during the

neonatal and weaning stages (Lipinski et al., 2010). The piglet's
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administered, the piglet's chances of developing iron deficiency
anemia grow significantly (Perri et al., 2016). The National Research
Council (NRC) recommends 100 mg/kg of dietary iron at the
moment. Piglets are routinely given iron supplements in two
methods throughout development. One strategy is to give neonatal
pigs around 200 mg of iron dextran (DexFe) via intravenous in-
jection (Heidbuchel et al., 2019; Wang and Kim, 2012). Another
option is to supply pigs with exogenous iron. For many decades,
exogenous iron supplements have been employed in livestock
breeding. Traditional inorganic ferric salts, such as ferrous sulfate,
are chemically unstable and easily mixed with other ingredients in
food, resulting in limited biological availability of iron and easy
production of free radicals, which causes lipid peroxidation and
gastrointestinal adverse effects (Oates and Morgan, 1996). Second-
generation iron supplements (iron salts of organic acids), such as
ferrous lactate, are absorbed as iron ions and molecular chelates,
although they can produce bad responses (Cancelo-Hidalgo et al.,
2013), poor stability, and absorption saturation (Liu et al., 2004).
Polysaccharide-chelated iron, polypeptide-chelated iron, and
amino acid-chelated iron are the primary products of the third
generation of iron supplements. The high bioavailability of these
iron preparations, such as amino acid-chelated iron, may be related
to their chelation composition. This type of iron preparation has
superior stability and a higher iron absorption rate than the pre-
vious two generations of iron preparations. Researchers suppose
this is because chelated iron may be conducted as a whole across a
brush-like border membrane, similar to the way small peptides get
absorbed by the small intestine (Yu et al., 2019).

Polysaccharide-chelated iron has drawn much attention as a
novel kind of iron supplement due to its unique gastrointestinal
tolerability and high rate of iron absorption. It has been reported to
be beneficial in treating anemia, reducing free radical generation,
and modifying the immunological response (Feng et al., 2023; Xian
et al., 2018). Furthermore, our previous study revealed that dietary
supplementation with polysaccharide iron chelate can enhance the
reproductive performance of sows and promote the growth per-
formance of piglets (Deng et al., 2023). Iron dextran has been uti-
lized as a polysaccharide iron supplement since 1954 for
intravenous iron supplementation in piglets to prevent anemia
(Fletcher and London, 1954), marking nearly seven decades of us-
age. In 2017, the European Union approved DexFe as a feed additive
for pigs (Rychen et al, 2017). One study reported that
polysaccharide-iron complexes are absorbed in the form of mole-
cules by the gastrointestinal tract with a high iron absorption rate
(Hong et al., 2021). Another recent study explored the in vitro
transport pathways of polysaccharide-iron complexes using the
Caco-2 cell model and revealed that the Flammulina velutipes
(polysaccharide-iron (III)) complex is used to treat iron-deficiency
anemia after being absorbed via GLUT2 and SGLT1 transporters
(Shi et al., 2023). Nevertheless, the specific intestinal absorption
and transport mechanisms of oral DexFe have not been elucidated
due to limited research in this area.

We hypothesize that the higher bioavailability of DexFe can be
attributed to its absorption not only through conventional divalent
metal ion channels (DMT1) in the intestine but also through the
action of sugar molecules in their entirety, which are associated
with proteins involved in intestinal glucose uptake. In this study,
we explored the absorption and transport of DexFe in vivo and the
Ussing perfusion chamber, and further investigated the mechanism
of DexFe absorption utilizing the IPEC-]J2 cell monolayer model.
Finally, the associated genes were silenced using siRNA transfection
to verify the intestinal transport mechanism of DexFe. Our findings
provide insight into the potential of developing a novel iron
supplement.
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2. Materials and methods
2.1. Animal ethics statement

The Animal Care and Use Committee of Hunan Agricultural
University (Changsha, China) approved all the experimental
methods used in the present study. The protocols were developed
in accordance with the National Research Council's Guide for the
Care and Use of Laboratory Animals (Bioethics Review Section No.
2023151).

2.2. FeSO4-H»0 and iron dextran samples

FeSO4-H;0, a feed-grade inorganic iron supplement, was ob-
tained from Chengdu Shuxing Feed Co., Ltd. and the iron content of
the samples was 29.0%. Iron dextran was produced by the Guangxi
Research Institute of Chemical Industry (Guangxi, China) using the
technology filed in patent CN 102942638 A, China. In brief, dextran
with an average mass of 7000 to 80,000 Da was degraded by
dextran enzyme into dextran with an average mass of 3000 to
6000 Da. This dextran was subsequently oxidized and directly
complexed with iron compounds, yielding the iron dextran prod-
ucts employed in this investigation, and the iron content of the
samples in this test was 38.1%.

2.3. Animals, diets, and experimental design

A total of 72 healthy Duroc x Landrace x Yorkshire weaned
piglets (average BW = 7.12 + 0.75 kg, male:female = 1:1) aged 28 d
were randomly divided into two treatment groups with six repli-
cates for each group. The experimental diets included a basal diet
supplemented with 100 mg/kg FeSO4-H20 (CON group) and a basal
diet supplemented with 100 mg/kg iron dextran (DexFe group). The
supplemental levels were calculated from the iron content. The
feed is prepared to meet the nutritional needs of weaned piglets,
according to the NRC (2012), and its composition and nutrients are
shown in Table 1. The experiment lasted for 28 d. The diets were in
the form of pellets (the premix in the basic diet was divided into
two halves and then weighed). The dextran iron or ferrous sulfate
monohydrate and each equal part of the premix were then mixed in
a 100-kg small high-speed mixer based on the amounts of iron
given to the two treatments. Finally, the two premixes and
remaining treated basal diet are combined evenly and granulated in
a large horizontal banded blade mixer. The test animals were
housed in the same piglet nursery, with each replicate fed in its
feeding cage. Each group had piglets that were equally distributed.
The house included independent features for maintaining heat and
ventilation, providing drinking water, and cleaning up waste. All
the piglets were allowed to consume feed ad libitum and drink
freely. Feed was provided at 07:00 and 16:00 every day. Further-
more, insulation lights were employed to keep the house at a
temperature of 20 to 25 °C and humidity of 30% to 50%. The nursery
was illuminated and evenly distributed.

2.4. Recording and sample collection

On d 1 and 28 after an overnight fast, each piglet was weighed
on an empty stomach. We determined the feed conversion ratio by
dividing the average daily feed intake (ADFI) by the average daily
gain (ADG). Samples of DexFe, basic diet, test diet and fresh feces
were collected and stored in a —20 °C freezer until analysis. After
weighing all of the piglets on d 28, one pig close to the average
weight was chosen from each duplicate to slaughter after being
sedated with pentobarbital sodium. Duodenal, jejunal and ileal
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Table 1

Basal diet composition and nutritional level of weaned piglets (dry matter basis, %).
Item Content
Ingredients
Corn, CP > 8.7% 34.00
Soybean meal, CP > 43.0% 13.00
Flour 14.00
Expanded soybean 7.50
Puffed rice 7.50
Fermented soybean meal 4.00
Soybean oil 2.00
Whey powder 7.00
Glucose 4.00
Salt 0.40
Calcium monophosphate 2.12
L-Lysine (98%) 0.40
L-Lysine (70%) 0.42
DL-Methionine (98%) 0.48
Threonine (98%) 0.28
Tryptophan (98%) 0.04
Choline chloride (50%) 0.10
Complex enzyme' 0.76
Premix? 2.00
Total 100.00
Calculated composition®
Lysine 1.45
Standard ileal digestible amino acids 1.27
Available P 0.31
Digestible energy, MJ/kg 14.52
Measured composition
Crude protein 17.31
Calcium 0.57
Total phosphorus 0.54
Iron, mg/kg 47.56

! Complex enzyme: xylanase >40,000 U/g, protease >2000 U/g, B-glucanase
>2000 U/g, pectinase >1500 U/g, B-mannanase >500 U/g, amylase >100 U/g.

2 The premix provides per kilogram of diet: vitamin A, 16,000 IU; vitamin Ds,
3000 IU; vitamin E, 90 IU; D-pantothenic acid, 35 mg; vitamin B,, 10 mg; folic acid,
2.6 mg; niacin, 60 mg; vitamin By, 4.4 mg; vitamin Bg, 6.3 mg; biotin, 0.4 mg; vitamin
B2, 0.05 mg; copper (copper sulfate), 112.5 mg; zinc (zinc sulfate), 110 mg; man-
ganese (manganese sulfate), 63.5 mg; iodine (calcium iodate), 0.66 mg; selenium
(sodium selenite), 0.4 mg.

3 Data were obtained from the addition of the nutritional content data of various
raw materials in the Table of NRC (2012).

samples (2 cm x 2 cm) were collected. The samples were subse-
quently fixed with 4% paraformaldehyde and stored at room tem-
perature for further analysis.

2.5. Analysis of nutrient composition in feed and feces

The iron content was determined by an atomic absorption
spectrophotometer (Vario 6, Thermo Fisher Scientific, Jena, Ger-
many) according to the GB/T 13885-2017 method. The crude pro-
tein content was determined according to the China National
Standard GB/T 6432-2018. The calcium content was determined
according to GB/T 6436-2018. The total phosphorus content was
determined according to the GB/T 6437-2018 method.

2.6. Biochemical index detection

The red blood cell (RBC) count, hemoglobin concentration
(HGB), mean corpuscular volume (MCV), mean corpuscular he-
moglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), coefficient of variation of erythrocyte distribution width
(RDW-CV), and standard deviation of red blood cell distribution
width (RDW-SD) in the blood were all detected using an auto he-
matology analyzer (Mindray BC-5000 Vet, Shenzhen Mindray An-
imal Medical Technology Co., Ltd., Shenzhen, China). Total iron
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binding capacity (TIBC) was measured with a kit (BC2865, Beijing
Solarbio Science and Technology Co., Ltd., Beijing, China); serum
iron and non-heme iron were measured with a kit (product
numbers: TC1015 100T, non-heme iron product numbers: TC1001
50T, Beijing Leagene Biotechnology Co., Ltd., Beijing, China); serum
transferrin and ferritin were measured with a kit (transferrin
product numbers: SYP-P0129, ferritin product numbers: SYP-P0113,
Xiamen Lunchangshuo Biotechnology Co., Ltd., Xiamen, China).

2.7. Iron content and apparent iron digestibility

The iron content was determined by an atomic absorption
spectrophotometer (Vario 6, Thermo Fisher Scientific, Jena, Ger-
many) according to the GB/T 13885-2017 method. In brief, the
sample was ashed at 550 + 15 °C and the residue was dissolved in
hydrochloric acid, diluted to a constant volume, and then imported
into the air-acetylene flame of the atomic absorption spectrometer.
The absorbance of iron was determined, and the content of iron in
the solution was calculated according to the concentration of the
standard solution. Based on the iron content in the diet and fecal
samples, the apparent digestibility of iron was calculated according
to the following formula:

Apparent digestibility of Iron (%)
dietary acid insoluble ash content
=|1- — -
acid insoluble ash content in feces
( fecal 1r.on content )} « 100,
dietary iron content

where dietary acid insoluble ash content, acid insoluble ash content
in feces, fecal iron content, and dietary iron content are all in mil-
ligrams per kilogram.

2.8. Prussian blue staining

Following the procedure described by Qiu et al. (2022), 3-mm
thick sections of the duodenum, jejunum, and ileum were pre-
served in 4% paraformaldehyde for paraffin embedding. Following
rehydration, the slides were dyed using a Prussian blue dyeing kit
(G1424, Chengdu Lilai Biotechnology Co., Ltd., Chengdu, China). The
stained slides were digitally photographed using a digital micro-
graph scanner (Pannoramic 250, 3 DHISTECH, Hungary) after
15 min of incubation in Prussian blue dye solution (G1424, Sole-
burg, Beijing, China). Nuclear fast red was utilized as an antistaling
agent.

2.9. In vitro use of the Ussing chamber permeability test

2.9.1. Instruments and reagents

Instruments including Ussing chamber device (VCC MCB6, Beijing
Jingong Hongtai Technology Co., Ltd., Beijing, China), a pH meter
(SIN-DC2000, Sinomeasure, Hangzhou, China), a digital display
constant-temperature water bath (DK-8D, Jiangsu Jinyi Instrument
Technology Co., Ltd., Jintan, China), a visible spectrophotometer
(L500, Hunan Xiangyi Laboratory Instrument Development Co.,
Ltd., Changsha, China) were used.

Reagents: 1) For preparation of HEPES-Tris buffer, 6 g of HEPES
(R20071, Ameresco, Massachusetts, USA) was weighed and dis-
solved thoroughly in 800 mL of distilled water. The mixture was then
mixed with Tris (CAS: 1185-53-1, Ameresco, Massachusetts, USA)
solution (1 mol/L) to adjust the pH to 7.4, and then, 5 mL of 1 mol/L
glucose solution was added. The mixture was diluted with distilled
water to 1000 mL, mixed, and stored in a refrigerator at 4 °C. 2) For
the preparation of 100 mg/L DexFe reserve solution (DexFe group),
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ferrous sulfate monohydrate (CON group) and glucose reserve
(glucose group) solution: 333.33 mg of ferrous sulfate monohydrate,
262.47 mg of DexFe and 100 mg glucose were weighed, then
1000 mL of distilled water was added until the mixture dissolved. 3)
For the preparation of 100 mg/L mannitol reserve solution: 100 mg
mannitol was weighed (CAS: 69-65-8, Shanghai Xilong Chemical
Co., Ltd., Shanghai, China) and dissolved with an adequate amount of
distilled water, before being diluted to a volume of 1000 mL.

2.9.2. Ussing chamber operation procedures

Ussing chamber experiments were performed as described
previously (Li et al., 2016). Briefly, at first, a 3% agarose gel (product
number: 16500500, Thermo Fisher Scientific, Shanghai, China) was
prepared and injected into the electrode head. Second, the elec-
trode was installed, and then the sample clip was inserted, and then
HEPES-Tris buffer was added (5 mL on each side), and then the
temperature was held constant (37 °C) and the mixture was
ventilated (adjusting the flow rate). The Ussing chamber is con-
nected to the voltage and current clamp by the electrode cable.
Third, the asymmetric electrode potential and solution resistance
were set to zero before the tissue was implanted to enable reliable
measurements of physiological parameters once the tissue was
installed. Fourth, for collection and installation of the samples,
fresh duodenal, jejunal, and ileal samples (within 30 min of
dissection) were obtained and cleaned with normal saline and
placed in HEPES-Tris buffer solution. The intestinal segment was
immediately stripped in HEPES-Tris buffer, and the serous mem-
brane layer on the serous membrane side was removed before the
intestinal mucosa was fixed in the diffusion chamber. The computer
was connected, and the mixture was allowed to sit for approxi-
mately 10 min before 1 mL of the reserved liquid was added to the
diffusion pool; 1 mL of mannitol solution at the same concentration
was added to the receiving room; and 1 mL of liquid was collected
from the diffusion pool and receiving room 30 min later to deter-
mine the iron content to be measured. Finally, a digital collection
system (Acquire & Analyze 2.3, Acquire, San Francisco, USA) was
used to collect intestinal resistance R data in the Ussing chamber
circuit system. The iron absorption rate was computed using the
following formula:

Iron absorption rate (%) = [total iron content (mg/L) — iron retention
in diffusion room (mg/L) — iron content in receiving room (mg/L)]/
total iron content (mg/L) x 100.

2.10. IPEC-J2 cell culture and establishment of a monolayer model

2.10.1. Instruments and reagents

Inverted phase contrast microscope (Vr3000 Primo Vert, KEY-
ENCE Co., Ltd., Beijing, China), cell resistance meter (Millipore ERS-
2, Merck KGaA, Massachusetts, USA), carbon dioxide incubator
(HF90, ShangHai Lishen scientific equipment Co. Ltd., Shanghai,
China), water bathtub (JHH-2A Leica, Vizla, Germany), ice maker
(XD-IMF-40, Xueke Electric Co., Ltd., Changshu, China), fluorescent
quantitative PCR instrument (LightCycler480Il, Shanghai Yuanyao
Biotechnology Co., Ltd., Basel, Switzerland), electrophoresis in-
strument (JS94, Beijing Starver Technology Co., Ltd., Beijing, China),
high-speed refrigerated centrifuge (Heraeus Fresco 17, Thermo
Fisher Scientific, Shanghai, China), and fluorescent enzyme spec-
trometer (Infinite M PLEX, Shanghai Hao Expansion scientific
equipment Co., Ltd., Shanghai, China).

Dulbecco modified eagle medium (DMEM) culture-medium
(Meilun Biotechnology Co., Ltd., Shanghai, China), fetal bovine
serum (TransGen Biotechnology Co., Ltd., Beijing, China), 100 U/mL
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penicillin and 100 pg/mL streptomycin dilution (Bioss Biotech-
nology Co., Ltd., Beijing, China), phosphate buffered saline (Bioss
Biotechnology Co., Ltd., Beijing, China), D-Hanks buffer (Biosharp,
Labgic Technology Co., Ltd., Beijing, China), CCK8 kit (APExbio
Technology LLC, Houston, USA), Transwell culture plate (Corning
Biotechnology Co., Ltd., Shanghai, China), EDTA-pancreatic enzyme
(Bioss Biotechnology Co., Ltd., Beijing, China), dimethylsulfoxide
(DMSO; MP Biomedicals Co., Ltd., California, USA), Trizol (Accurate
Biotechnology Co., Ltd., Changsha, China), diethylpyrocarbonate
(DEPC) water (Sangon Biotechnology Co., Ltd., Shanghai, China),
reverse transcription Kit Evo M-MLV RT Mix Kit AG11728 (Accurate
Biology Co., Ltd., Changsha, China), SYBR Green Premix Pro Taq HS
qPCR Kit AG11701 (Accurate Biology Co., Ltd., Changsha, China),
sodium fluorescein (Meilun Biology Co., Ltd., Dalian, China), alka-
line phosphatase (AKP) activity detection kit (Boxbio Science &
Technology Co., Ltd., Beijing, China), and transfection kit (ribo-
FECTTMCP, Ribo Biotechnology Co., Ltd., Guangzhou, China).

2.10.2. Experimental design for IPEC-J2 cells

Porcine small intestinal epithelial IPEC-J2 cells (donated by
Institute of Subtropical Ecology, Chinese Academy of Sciences,
China, Changsha) were cultured as described previously (Liu et al.,
2019). In brief, cells were cultured in DMEM (mainly containing
4500 mg/L high glucose, 584 mg/L L-glutamine, 110 mg/L sodium
pyruvate, and 15 mg/L phenol red) mixed with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin dilution
and were placed in a carbon dioxide incubator at 37 °C, 5% CO;
concentration and 95% humidity. The culture medium was changed
every day, after which cell growth was assessed. The plants were
passaged when the growth density was appropriate, and 3- to 8-
generation cells in the logarithmic growth phase were selected
for the experiment.

2.10.3. Preparation of Fe solutions

The needed amount of DexFe was weighed based on the iron
content (38.1%), and ultrapure water was used to dissolve the iron
powder, and then the microorganisms were filtered and eliminated
using a 0.22-m microporous filter membrane. High-sugar medium
containing DMEM (10% fetal bovine serum + 1% double antibody)
was then diluted to concentrations of 0.05, 0.1, 0.2, and 0.4 mg/mL.
The FeSO4H,0 solution needed for subsequent testing was pre-
pared in the same manner as DexFe.

2.104. Detection of IPEC-J2 cell viability

IPEC-]J2 cells were collected at the log growth stage and spread
on five 24-well plates, 200 pL of cell suspension per hole, and
approximately 5 x 10> cells per hole. After the cells were attached
to the wall, the medium was replaced with high-glucose DMEM
lacking fetal bovine serum, and the cells were starved for 6 h. Cell
viability was determined using the method provided with the CCK8
kit. In brief, when the cell size reached 90%, IPEC-J2 cells were
treated for 6, 12, 18, 24, or 30 h with 0, 0.05, 0.1, 0.15, 0.20, or
0.25 mg/mL DexFe solution, after which the original medium
containing the treatment reagents was discarded. Then, 100 pL of
new media was added to each well, which contained 10 pL of CCK8
reagent, as well as three blank wells of medium devoid of cells. The
light absorption at a wavelength of 450 nm was measured using an
enzyme label.

2.10.5. Assessment of IPEC-J2 monolayer model

During the course of IPEC-]2 cell culture, the cell growth state
and morphology were routinely monitored daily using an inverted
phase contrast microscope. IPEC-J2 cells in logarithmic growth
were separated into cell suspension and inoculated over a semi-
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transparent poly (carbon ester) membrane (aperture 0.4 pm,
growing area 0.33 cm?) in a 12-well Transwell insertion petri dish
at a density of 1.0 x 10% cells/cm?, and 200 puL and 1 mL of complete
medium were added to the apical side chamber and the basolateral
side chamber, respectively, and the medium was replaced every
other day during the first week and once daily after that. Optimal
fields of view were selected on the 1st, 7th, 14th, and 21st day of
culture in Transwell plates for image capture and documentation.
To determine the blank trans epithelial electric resistance (TEER)
value, the intrinsic resistance of the polycarbonate ester membrane
in the Transwell growth plate was first evaluated using a cell
resistance meter, and every three days, the long pole of the elec-
trode from the resistance instrument was positioned vertically
outside the Transwell chamber. To determine the TEER, a short pole
was set up vertically on the side of the Transwell chamber. The cell
TEER value was determined as follows:

TEER value (Q/cm?) = [measured TEER value (Q) — blank TEER
value per well (Q)]/transwell effective membrane area (cm?).

Alkaline phosphatase activity was detected according to the kit
instructions (Boxbio Science & Technology Co., Ltd., Beijing, China).
In this test, sodium fluorescein was used as a marker to examine
cell permeability. Transwell culture plates with validated TEER
values were used in the experiment. Standard curves were created
by preparing sodium fluorescein solutions with concentrations of 0,
0.4, 2, 10, and 50 mg/L in D'Hanks buffer and measuring the
absorbance at 490 nm using a UV-VIS spectrophotometer. After the
Transwell culture plate was washed twice with D'Hanks buffer,
50 mg/L sodium fluorescein produced with D'Hanks buffer (0.2 mL)
was added to the apical side, and D'Hanks buffer (1 mL) was added
to the basilar side. The samples were cultivated in a carbon dioxide
incubator for 30, 60, 90, 120, or 150 min, after which the photo-
metric values and transmittance were computed. The control group
was assessed in a blank Transwell culture plate with no cells and
the process was the same as that described above.

2.10.6. Iron transport rate and apparent iron permeability
coefficient of the cell

Before treating the cells, the iron concentration of the cell me-
diums was determined to be 0.0073 mg/mL. IPEC-J2 cells that
passed the integrity assessment were selected and cultured on
Transwell plates. According to the results of the cell viability test,
the appropriate concentration of iron solution and appropriate
treatment time were selected for IPEC-J2 cells in a carbon dioxide
incubator at 37 °C. After that, the culture solutions on the apical
side (top membrane) and basilar side (base membrane) side were
collected. The iron content was obtained using the method
described above, and the iron transport rate and apparent perme-
ability coefficient (Papp) were calculated with the following
formulas:

Iron transport rate (%) = (iron content of the basilar side/iron
content of the apical side) x 100,

Papp = [V/(A x t)] x [Fepasilar side/F€apical sidel

where the iron contents of the basilar side and the apical side are in
milligrams per milliliter, Papp is in centimeter per second, V is the
volume of culture chamber on the base side of Transwell plate (mL), A
is the Transwell chambers basilar membrane area (cm?2), t is the
handle time for iron solution (s), Fepasilar side iS the concentration of
iron on the base side of Transwell plate (mg/mL), and Feapical sige is the
concentration of iron on the apical side of Transwell plate (mg/mL).
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2.10.7. Cell transfection

The glucose transporter 5 (GLUT5)-targeting double-stranded
specific small interfering RNA (siRNA) was produced by RiboBio
Co., Ltd., Guangdong, China. The following primer sequences were
used: 5'-TGGCAGGCACGATGGAGAAGAT-3’ and 5'-CCTTGGCTGTGG
TCTGTCTGTG-3'. Transwell plates were used for IPEC-J2 cell culture.
Cells were transfected with riboFECTTM CP reagent (R10035.5,
RiboBio Co., Ltd., Guangdong, China) in Opti-MEM supplemented
with 100 nmol/L GLUT5 siRNA (Trans group) or negative control
siRNA (Non-Trans group) in accordance with the product manuals.
And then IPEC-]2 cells of Trans group and Non-Trans group were
treated with DexFe solution.

2.11. Quantitative real-time PCR analysis

Total RNA extraction, reverse transcription to cDNA, and real-
time quantitative polymerase chain reaction analysis were per-
formed according to the methods of Mazgaj et al. (2021). The
primers used were designed with Primer Premier 6.0 software
(Table 2). Beta-actin mRNA expression was used to calculate and
normalize the values, and the relative mRNA expression was
calculated by the 222t method.

2.12. Western blot analysis

Western blot analysis was performed as previously described
(Pu et al., 2022). Briefly, protein was extracted from the duodenum,
jejunum, and ileum mucosa using lysis buffer (G2002-100ML,
Servicebio Technology Co., Ltd., Wuhan, China). The protein con-
centration was measured with a BCA protein assay kit (G2026,
Servicebio Technology Co., Ltd., Wuhan, China). The protein
mixture was added to 5 x reduced protein loading buffer (G2075-
100ML, Servicebio Technology Co., Ltd., Wuhan, China) at a ratio of
4:1 and denatured in a boiling water bath for 15 min. Equal
amounts of protein were separated via sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and sub-
sequently transferred onto polyvinylidene fluoride membranes.
Primary antibodies were incubated overnight at 4 °C, followed by a
2-h incubation with secondary antibodies at room temperature.
The band intensities were visualized and determined using a
chemiluminescence detection system (6100, CLINX Scientific In-
strument Co., Ltd., Shanghai, China). The saved original graph was
analyzed by using analysis software (AIWBwell, Servicebio Tech-
nology Co., Ltd., Wuhan, China). Primary antibodies used were: B-
actin (1:2000, #GB15003, Servicebio technology Co., Ltd., Wuhan,
China), divalent metal transporter 1, DMT1 (1:1000, #A10231,
ABclonal Technology Co., Ltd., Wuhan, China), hephaestin (Heph)
(1:1000, #11148-1-AP, Servicebio technology Co., Ltd., Wuhan,
China), GLUT5 (1:1000, #GB114645, Servicebio technology Co., Ltd.,
Wauhan, China), ferroportin-1, FPN1 (1:1000, #GB111471, Servicebio
technology Co., Ltd., Wuhan, China), ATPase Na*/K" transporting
subunit alpha 1 (ATP1A1; 1:1000, # BS-9570R, Bioss technology Co.,
Ltd., Beijing, China), transferrin receptor1 (TfR1; 1:1000, #PB9233,
Boster biological engineering Co., Ltd., Wuhan, China). Secondary
antibody was anti-rabbit IgG-HRP (GB23303, 1:5000, Servicebio
technology Co., Ltd., Wuhan, China). Beta-actin was used as a
control for the mean protein concentration.

2.13. Statistical analysis

The data were analyzed using SPSS 26.0 (Chicago, IL, USA). The
intestinal resistance and intestinal iron absorption rate were
analyzed via one-way ANOVA. Tukey's multiple-range test was
used to analyze differences, and when overall differences were
significant, Duncan's multiple-range test was used to test the
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Table 2
Nucleotide sequences of the primers used to measure the target genes.
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Gene symbols Product length, bp

Accession no. Nucleotide sequence of primers (5’ to 3')

SLC11A2 86
SLC40A1 79
HEPH 139
TFRC 195
FTH1 142
CYBRD1 59
SLC2A5 138
ATP1A1 79
SLC2A2 82
SLC5A1 87
B-Actin 102

XM_021081706.1 F: GGTCCTCATCGTCTGTTCCATCAAC

R: CAGCCACCACATACAACACCACAT
XM_003483701.4 F: GCCTGGTTCGGACTGGTCTGAT

R: GGCATGAACACGGAGATGACACA
XM_021079775.1 F: CAGCCATTCAGCATACAGCCTCAT

R: GAGCAGGAACTGTCCAGCGATATG
NM_214001.1 F: GGCTGTATTCTGCTCGTGGA

R: AGCCAGAGCCCCAGAAGATA
NM_001244131.1 F: GCCAAATACTTTCTTCACCA

R: CAGTCAGCCCATTCTCCC
XM_005671928.3 F: GCCTTCTGGTTCTGGTGTTTGGG

R: CCATTGCGGTCTGGTGACTATCC
XM_021095282.1 F: CCTTGCTGTGGTCTGTGTCTGTG

R: TGGCAGGCACGATGGAGAAGAT
XM_021088717.1 F: TCAAGCTGCTACAGAAGAGGAACCT

R: AGTTATGATGACGACGGCGGAGA
NM_001097417.1 F: TCTGGTCTCTGTCTGTGTCCATCTT

R: CCAAGCCGATCTCCAAGCATCC
XM_021072101.1 F: GCATCTCTACCGCCTGTGTTGG

R: GCTTCTTGAATGTCCTCCTCCTCTG
XM_021086047.1 F: CCAGCACCATGAAGATCAAGATC

R: ACATCTGCTGGAAGGTGGACA

SLC11A2 = solute carrier family 11 member 2; SLC40A1 = solute carrier family 40 member 1; HEPH = hephaestin; TFRC = transferrin receptor; FTH1 = ferritin heavy chain 1;
CYBRD1 = cytochrome b reductase 1; SLC2A5 = solute carrier family 2 member 5; ATP1A1 = ATPase Na*/K" transporting subunit alpha 1; SLC2A2 = solute carrier family 2

member 2; SLC5A1 = solute carrier family 5 member 1.

differences. Other data were analyzed by Student's t test for com-
parisons between two groups, and the data are shown as the
means + SEM. GraphPad Prism 9 software (v9.5.1; San Diego, CA,
USA) was used to construct the bar charts. Statistical significance is
denoted by asterisks (*P < 0.05, **P < 0.01).

3. Results
3.1. Growth performance of weaning piglets

The growth performance of weaned piglets is presented in
Table 3. When compared to the CON group, dietary supplementa-
tion with DexFe had no effect on the ADFI of the pigs (P > 0.05), but
improved the final average weight, ADG (P = 0.022) and decreased
the F/G (P = 0.015).

3.2. Iron content and non-heme iron content in tissues and iron
apparent digestibility

Compared to the CON group, dietary DexFe supplementation
had decreased (P < 0.05) the iron content of feces, and increased
(P < 0.05, Table 4) apparent iron digestibility. Moreover, iron
deposition and non-heme iron content in the duodenum, jejunum,
ileum, liver, and spleen was significantly increased (P < 0.05) by

dietary supplements with 100 mg/kg DexFe, with intestinal iron
deposition in the duodenum of piglets representing the highest in
the two groups.

3.3. Blood indices of weaning piglets

Table 5 reveals the effect of dietary DexFe supplementation on
blood iron metabolism indicators in pigs. The serum RBC, HGB,
hematocrit (HCT), MCV, MCH, serum iron, ferritin, and transferrin
were improved (P < 0.05) in the DexFe group compared to the
control group. Meanwhile, TIBC was decreased (P = 0.021) in DexFe
group. However, there were no significant differences in serum
MCHC, RDW-CV and RDW-SD between the two groups (P > 0.05).

3.4. Results of the Ussing chamber in the intestinal tissue of piglets

Table 6 shows the intestinal tissue resistance and iron absorp-
tion of weaned piglets as analyzed by the Ussing chamber. Piglets in
the DexFe and glucose groups showed significantly greater
(P <0.01) duodenal resistance than piglets in the CON group, but no
significant difference in jejunum or ileum resistance were observed
(P > 0.05). Iron absorption rates in the duodenum, jejunum, and
ileum of pigs were significantly greater (P < 0.05) in the DexFe and
glucose groups compared to the CON group. However, there was no

Table 3

Effects of dietary with iron dextran or ferrous sulfate monohydrate on growth performance of weaned piglets.'
Item Initial average weight, kg Final average weight, kg ADFI% g ADG? g F/G*
DexFe® 7.12 18.95% 568.65 420.45° 1.34°
CONS 7.13 17.70° 544.25 378.24° 1.47°
SEM 0.122 0.544 26.548 17.975 0.052
P-value 0919 0.029 0.380 0.022 0.015

3PMeans within a column with different superscripts differ (P < 0.05).

Data are shown as mean and SEM.

ADFI = average daily feed intake.

ADG = average daily gain.

F/G = average daily feed intake/average daily gain.

DexFe = basal diet + 100 mg/kg Fe in the form of dextran iron.

CON = basal diet + 100 mg/kg Fe in the form of ferrous sulfate monohydrate.
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Table 4
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Effects of dietary with iron dextran or ferrous sulfate monohydrate on iron content and non-heme iron content in tissues and iron apparent digestibility of weaned piglets.'

Item Iron content, mg/kg Iron apparent digestibility, % Non-heme iron content, mg/kg

Diet Feces Duodenum Jejunum Ileum  Liver Spleen Duodenum Jejunum Ileum  Liver Spleen
DexFe? 148.03 46337 56.63° 22.27° 36.34° 136.77° 197.05* 59.89% 33.95% 14.93? 25.82°  46.58° 64.19°
CON® 14551 50545 43.81° 18.95°  19.04°> 7557 169.67° 34.52° 27.74° 9.59° 14.08" 30.82° 45.66°
SEM 6.789 3.986 1.798 0.987 1.947 13.491 5.042 2212 2.056 2.054 0.675 3.203 23816
P-value 0.735 <0.001 <0.001 0.037 <0.001 0.001 0.012 <0.001 0.024 0.032 <0.001 0.001 <0.001

3PMeans within column with different superscripts differ (P < 0.05).
! Data are shown as mean and SEM.
2 DexFe = basal diet + 100 mg/kg Fe in the form of DexFe.
3 CON = basal diet + 100 mg/kg Fe in the form of ferrous sulfate monohydrate.

Table 5

Effects of dietary dextran iron (DexFe) supplementation on related indexes of serum iron metabolism in piglets.'

Item  RBC, x10'2/L HGB, g/L HCT, % MCV, fL MCH, pg MCHC, g/L RDW-CV, % RDW-SD, fL Serum iron, mg/L Serum ferritin, ng/mL Serum transferrin, g/L TIBC,
wmol/L
DexFe? 5.87% 10833 29.43% 50.12° 1850 368.83  20.55 39.22 25.15° 117.58° 5.65% 126.98°
CON® 5.33P 98.00° 24.90" 47.87° 18.00° 37545 2264 39.55 13.85° 37.51° 1.35° 158.812
SEM  0.194 3252 0959 0.630 0220 2.745 1.075 1.162 0.862 6.168 0.391 9.851
P-value 0.017 0.010  0.001 0.004 0048 0.056 0.129 0.836 <0.001 <0.001 <0.001 0.021

RBC = red blood cell count; HGB = hemoglobin concentration; HCT = hematocrit; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean
corpuscular hemoglobin concentration; RDW-CV = coefficient of variation of erythrocyte distribution width; RDW-SD = standard deviation of red blood cell distribution

width; TIBC = total iron binding capacity.
2PMeans within column with different superscripts differ (P < 0.05).
! Data are shown as Mean and SEM.
2 DexFe = basal diet + 100 mg/kg Fe in the form of dextran iron.
3 CON = basal diet + 100 mg/kg Fe in the form of ferrous sulfate monohydrate.

significant difference in intestinal resistance or iron absorption
between the DexFe and glucose groups (P > 0.05). Furthermore,
through the various intestinal segments, the pigs' intestinal resis-
tance and iron absorption rate were typically in the order of
duodenum > jejunum > ileum.

3.5. Intestinal Prussian blue stain

Fig. 1 shows the results of traditional Prussian blue staining of
pig's intestinal tissue. Under 10x and 40x microscopes, only the
duodenum of piglets in the DexFe group and the CON group
exhibited the “blue stain” phenomenon, and the degree of “blue
stain” was similar between the two groups. Additionally, no blue
stain was observed in the jejunum or ileum segment, indicating the
presence of free iron or ferrous ions in the duodenum. However, the
jejunum and ileum contained no free iron or ferrous ions.

3.6. Expression of genes and proteins related to glucose/iron
absorption and transport in the intestine of piglets

Compared to CON group, the DexFe group's piglets had signifi-
cantly greater relative expression levels of the solute carrier family

Table 6
Weaned piglet intestinal tissue resistance and iron absorption assessed by Ussing
Chamber.!

Item Intestinal resistance, pQ Intestinal iron absorption rate, %
Duodenum Jejunum Ileum Duodenum  Jejunum  Illeum
DexFe? 371.44° 25547 15041 84.21° 80.01° 79.80?
CON? 297.28° 24473 15338 51.85" 42.45° 38.67°
Glucose* 404.53% 271.79 162.08 87.57° 83.22° 79.442
SEM 17.413 15.735 9.584 4.082 4.677 5.514
P-value  <0.001 0.468 0.692 <0.001 <0.001 <0.001

2PMeans within row with different superscripts differ (P < 0.05).
! Data are shown as Mean and SEM.
2 DexFe = 100 mg/L dextran solution treatment group.
3 CON = 100 mg/L solution of ferrous sulfate monohydrate treatment group.
4 Glucose = 100 mg/L glucose solution treatment group.
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40 member 1 (SLC40A1), hephaestin (HEPH), and solute carrier
family 2 member 5 (SLC2A5) genes (P < 0.05; Fig. 2A and B) of
duodenum, and the ileum had significantly greater relative
expression levels of ATP1A1, transferrin receptor (TFRC) and HEPH
(P < 0.01 Fig. 2C). Furthermore, Western blotting was used to
determine the expression of a protein associated with glucose and
iron absorption in the pigs' intestines (Fig. 3). Heph, GLUT5, and
FPN1 proteins increased in the duodenum and jejunum of DexFe
group pigs (Fig. 3A to D), whereas the Heph, TfR1, and ATP1A1
proteins increased in the ileum (Fig. 3E and F) (P < 0.05). However,
in the duodenum, jejunum, or ileum, there were no significant
differences in DMT1 protein expression levels between the two
treatment groups (P > 0.05).

3.7. Determination of the viability of IPEC-J2 cells cultured with
different iron concentrations and treatment times

To determine the optimal concentration and duration of DexFe
action on IPEC-J2 cells, the prepared DexFe solution was treated at
0 (CON), 0.05 (DexFe0.05), 0.1 (DexFe0.1), 0.2 (DexFe0.2), or 0.4
(DexFe0.4) mg/mL. IPEC-J2 cells were treated for 6, 12, 18, 24, or
30 h, and the results are shown in Fig. 4. The results showed that
the cells had optimal viability when they were treated with
different doses of DexFe solution for 12 h (P < 0.05). Furthermore,
compared with those in the CON group, the cell viability in the 0.05
(DexFe0.05), 0.1 (DexFe0.1), 0.2 (DexFe0.2), and 0.4 (DexFe0.4) mg/
mL treatment groups improved, and the 0.1 mg/mL DexFe solution
treatment group exhibited optimum cell viability.

3.8. Evaluation of the IPEC-J2 cell monolayer

IPEC-]J2 cells exhibited a cuboidal or circular shape, a smooth cell
surface, no protrusions, and a consistent cell size (Fig. 5A—D). On
d 1, enough colonies of digestive passage cells were inoculated on
polycarbonate membrane plates in a 24-well Transwell insert Petri
dish for culture, and the cell growth density was adequate (Fig. 5A).
After 7 d of culture, the cells had merged, and a general pattern of
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Fig. 1. Distribution of iron in duodenum (A), jejunum (B), ileum (C) of piglets. DexFe, iron dextran group, supplemented with 100 mg/kg iron dextran; CON, control group sup-
plemented with 100 mg/kg ferrous sulfate monohydrate. Sections were observed under magnification 10x (left, scale bar = 200 pm) and 40x (right, scale bar = 50 pm) electron

microscopes, respectively. Each group included six replicates.

cross-interconnection was visible (Fig. 5B). The cells were closely
packed after 14 d of growth, but there were still gaps, and the cell
monolayer was not sufficiently dense (Fig. 5C). After 21 d of incu-
bation, the cells formed a dense cell monolayer (Fig. 5D).

Fig. 5E shows the single-layer TEER values of cells evaluated
using a Millipore resistance meter at various culture periods. The
TEER value of the cells increased slowly during the first 7 d of
growth, and the cells on the Transwell plate did not attach to each
other. After 7 to 9 d of incubation, the cells quickly merged, and the
TEER increased markedly. The TEER value then gradually increased
throughout the 11 to 21 d duration, reaching 413.94 Q cm? at 21 d,
showing that the cells had formed a fairly dense monolayer.

On the 11th day of IPEC-J2 proliferation, the AKP activity on the
apical side was slightly greater than that on the basilar side (Fig. 5F),

indicating that the cells had not yet polarized. On the 21st day of
culture, the AKP activity on the apical side was more than three
times greater than that on the basilar side. The AKP distribution was
quite asymmetric. There was evident polarization and the cells
were well differentiated.

The change in the transmittance of sodium fluorescein over
time is shown in Fig. 5G. The sodium fluorescein transmission
rate in the blank Transwell polycarbonyl ester membrane (cell-
free) was very fast. A part of the sodium fluorescein (22.68%) had
penetrated in the first 60 min, and the total transmittance was
50.67% after 150 min. The transmittance of sodium fluorescein
through 21 d IPEC-J2 cell monolayers was only 0.08% in the
first 30 min and the total transmittance was only 1.66% in
150 min.
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Fig. 2. Relative expression of intestinal gene mRNA. (A) Duodenal mRNA relative
expression. (B) Jejunal mRNA relative expression. (C) Illeal mRNA relative expression.
DexFe, iron dextran group, supplemented with 100 mg/kg iron dextran. CON, control
group supplemented with 100 mg/kg ferrous sulfate monohydrate. SLC11A2 = solute
carrier family 11 member 2; SLC40A1 = solute carrier family 40 member 1;
HEPH = hephaestin; TFRC = transferrin receptor; FTH1 = ferritin heavy chain 1;
CYBRD1 = cytochrome b reductase 1; SLC2A5 = solute carrier family 2 member 5;
ATP1A1 = ATPase Na*/K" transporting subunit alpha 1; SLC2A2 = solute carrier family
2 member 2; SLC5A1 = solute carrier family 5 member 1. *Means P < 0.05, the dif-
ference is significant. **Means P < 0.01, the difference is highly significant. Data were
presented as mean + SEM.

3.9. Determination of iron transport in IPEC-J2 cells treated with
two iron solutions before transfection test

Before transfection, the Fe transportation rate and Papp of cells
in the DexFe group were greater at 37 °C for 12 h when compared to
the CON group (P < 0.05, Table 7).

3.10. The relative expression of IPEC-]2 cell genes and proteins
related to glucose and iron absorption before transfection

Before transfection, the relative expression levels of genes
related to iron and glucose absorption are shown in Fig. 6A and B.
The relative expression of the glucose absorption-related genes
SLC2A5 and ATP1A1 in IPEC-]2 cells was increased (P < 0.01) after
DexFe treatment compared to the control group. However, no ef-
fects (P> 0.05) were observed on solute carrier family 2 member 2
(SLC2A2) or solute carrier family 5 member 1 (SLC5A1) expression.
While the solute carrier family 11 member 2 (SLC11A2), transferrin
receptor (TFRC), ferritin, SLC46A1, and cytochrome b reductase 1
(CYBRD1) genes' relative expression levels were not significant
(P > 0.05), and the SLC40A1 and Heph genes' relative expression
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levels were significantly higher (P < 0.01). Furthermore, we per-
formed Western blotting to measure the relative protein abun-
dance of the cells (Fig. 6C and D) and found that the relative
expression levels of Heph, GLUT5, and FPN1 were significantly
greater (P < 0.05) in the DexFe groups than CON group. However,
there was no significant difference in DMT1 protein expression
between the two groups (P > 0.05).

3.11. The relative expression of differentially expressed genes and
proteins in IPEC-J2 cells after transfection

After transfection with siRNA, the relative expression level of the
SLC2A5 gene was decreased (P < 0.01), but did not affect the
SLC11A2 gene (P > 0.05, Fig. 7A). Similarly, Western blot analysis
suggested that transfection decreased GLUT5 protein expression
(P < 0.01), but DMT1 protein expression was not effect (P > 0.05,
Fig. 7B and C).

3.12. Determination of iron transport in IPEC-J2 cells treated with
two iron solutions after transfection

After transfection, the Fe transportation rate and Papp of IPEC-]2
cells treated with DexFe solutions were analyzed. As assumed, the
iron transport rate and Papp in the Trans group were significantly
decreased (P > 0.05; Table 8), when compared to those in the non-
Trans group.

4. Discussion

The ADG was increased during the early postweaning stage,
whereas the F/G decreased in response to 100 mg/kg DexFe sup-
plementation in the diet in the current study. These are consistent
with our prior findings that polysaccharide iron supplementation
can increase piglet growth performance (Deng et al., 2023). This is
related to polysaccharide iron complexes being more bioavailable
than ferrous sulfate as their structure is more stable and soluble
in vitro and in vivo (Cheng et al., 2019; Wang et al., 2015; Zhou et al.,
2013).

Two regulatory systems closely control the content of iron in the
intestinal mucosa (Tandara and Salamunic, 2012). One of the
mechanisms controls intestinal mucosal absorptive cells' (enter-
ocytes') absorption of iron. Iron transport from the basal surface
into the blood is then controlled based on the body's current de-
mands. Excess iron entering mucosal cells can be absorbed into
ferritin, maintained in intestinal cells for 2 to 3 d, and then elimi-
nated by cell exfoliation and death (Malgorzata et al., 2017). In the
present study, the iron levels of the piglet diet were close to the iron
availability, while the DexFe supplementation improved the con-
tent of iron in the duodenum, jejunum, ileum, liver, and spleen of
piglets, indicating that in comparison to ferrous sulfate, DexFe
seems to be more readily absorbed by the piglet intestine. Recently,
Zeng et al. (2023) found that pigs fed 104 mg/kg yeast iron had
substantially greater apparent digestibility than control group
receiving a comparable dosage of ferrous sulfate. In piglet studies,
Ettle et al. (2008) examined the digestibility of iron glycine, iron
chelate, and iron sulfate and found values of 40.9%, 30.8%, and
30.7%, respectively. Similarly, pigs in the DexFe group (58.25%)
exhibited higher apparent iron digestibility than those in the CON
group (39.89%) in our research. This might be attributed to DexFe's
superior solubility and stability in the body.

Generally, the iron absorption and metabolism status of piglets
can be assessed by blood indicators, such as RBC, HGB, HCT, MCV,
MCH and serum albumin levels (Li et al., 2018). Low RBC and HGB
levels are associated with anemia (Bradley et al., 2004; Malgorzata
et al,, 2017). In the present study, DexFe supplementation increased
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Fig. 3. Western blot analysis of intestinal related protein expression (n = 3). (A—B) Duodenal related protein expression. (C—D) Jejunum-related protein expression levels. (E—F)
Expression levels of ileal related proteins. DexFe, iron dextran group, supplemented with 100 mg/kg iron dextran. CON, control group, supplemented with 100 mg/kg ferrous sulfate
monohydrate. DMT1 = divalent metal transporter 1; Heph = hephaestin; GLUT5 = glucose transporter 5; FPN1 = ferroportin-1; TfR1 = transferrin receptor1; Na*/K*-
ATP1A1 = sodium potassium ATPase protein A1; B-Actin = beta-actin. Data are presented as the mean + SEM. *P < 0.05, **P < 0.01.
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Fig. 4. Results of IPEC-J2 cell viability (n = 12). CON, blank control group, no Fe so-
lution was added. DexFe0.05, DexFe0.1, DexFe0.2, and DexFe0.4 groups were supple-
mented with 0.05, 0.1, 0.2, and 0.4 mg/kg of dextran-iron solution, respectively. Data
are presented as the mean + SEM. *P Different superscripts indicate a significant dif-
ference between groups (P < 0.05).

the RBC, HGB, HCT, MCV, MCH, and serum iron contents of piglets,
indicating the efficiency of DexFe supplementation in the weaning
diet of pigs, these findings are consistent with earlier studies on
organic iron (Malgorzata et al., 2017; Sun et al., 2023). The primary
form of ferritin stored in piglets is serum ferritin, and its level
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decreases in anemic animals (Bradley et al., 2004). Transferrin is
well known as a key iron-containing protein that regulates iron
uptake, storage, and utilization (Smith et al., 1984). The TIBC con-
centration is the maximum amount of iron that transferrin may
bind to 100 mL of serum, and this value increases with anemia
(Smith et al., 1984). The amount of iron transported in the serum
bound to transferrin is defined by the serum iron concentration,
which is reportedly low in patients with iron-deficiency anemia. TR
levels are kept high in anemia to improve iron absorption (Luiggi
et al,, 2014). Previous studies have consistently reported a posi-
tive correlation between dietary iron intake and serum ferritin and
transferrin levels, accompanied by a concurrent decrease in TIBC
values (Li et al., 2018; Luiggi et al., 2014; Sun et al., 2023). In this
study, we get the same results as previous studies that piglets in the
DexFe group had significantly higher serum ferritin and transferrin
levels, whereas TIBC levels were significantly lower. This indicates
that DexFe could be efficiently delivered in the blood and utilized
by tissues and organs throughout the body.

Few studies have reported dietary iron absorption in the Ussing
chamber. Generally, the resistance of the intestine is closely asso-
ciated with its permeability. Berant et al. (1992) found an increase
in overall intestinal permeability among young children during a



S. Deng, W. Yang, C. Fang et al. Animal Nutrition 19 (2024) 25—40

59 / 62

E F
g *
500+ &
3 47
- 4004 2
£ £ 34
2 3004 £
é £,
x 200- s 7
& g
* 100 s 14
&
%
o‘—T——TTTT"TTTT 0-
1.3 5 7 9 1113 15 17 19 21 1d 21d
Incubation days ( d ) Incubation days (d )
G
:\: 60 —o— Cell-free control group
g 50— ' - [PEC-J2 cell monolayer group
g
S 404
:
g 30
3
‘g 20
E 10
E o R
K] 0
30 60 90 120 150

Time interval ( min )

Fig. 5. Results of evaluation index of cell monolayer model. Morphology of IPEC-]2 cells cultured on Transwell plates at 1 d (A), 7 d (B), 14 d (C), and 21 d (D) were observed under
optical microscope (40x). (E) Transmembrane resistance (TEER) value curve of IPEC-J2 cells monolayer as a function of time. (F) The alkaline phosphatase (AKP) activity (U/mL) ratio
of the IPEC-J2 cell monolayer on d 11 and 21 on the apical side (AP) to basilar side (BL) sides of Transwell plates. (G) The result line graph of fluorescein sodium permeability (AP to
BL) change over time in cell-free control group and IPEC-J2 cell monolayer group.
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Table 7

Transwell plate after treatment of IPEC-J2 cells with dextran iron (DexFe) and ferrous sulfate monohydrate.!
Item Iron content of cell culture medium, mg/L Fe transportation rate, % Fe Papp,

x107% cm/s

DexFe? 107.74 28.19° 4932
CON? 108.39 17.59° 247°
SEM 8.207 1.933 0.706
P-value 0.947 <0.001 0.003

Papp = apparent permeability coefficient.
2PMeans within a column with different superscripts differ (P < 0.05).

1 The test was carried out at 37 °C for 12 h, the solution concentrations of DexFe and ferrous sulfate monohydrate were both 0.1 mg/mL, and 12 holes were set up for each

treatment (repeat).
2 DexFe, 0.1 mg/mL DexFe treatment group.
3 CON, 0.1 mg/mL ferrous sulfate monohydrate treatment group.
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Fig. 6. Histogram of relative expression levels of genes related to glucose (A) and iron (B) absorption before transfection, and the relative expression abundance of related proteins
(C) and Western blot analysis (D) before transfection. DexFe, iron dextran group, supplemented with 100 mg/kg iron dextran. CON, control group, supplemented with 0.1 mg/mL
ferrous sulfate monohydrate. SLC2A5 = solute carrier family 2 member 5; ATPIA1 = ATPase Na*/K™ transporting subunit alpha 1; SLC2A2 = solute carrier family 2 member 2;
SLC5A1 = solute carrier family 5 member 1; SLC11A2 = solute carrier family 11 member 2; SLC40A1 = solute carrier family 40 member 1; HEPH = hephaestin; TFRC = transferrin
receptor; FTH1 = ferritin heavy chain 1; CYBRD1 = cytochrome b reductase 1; DMT1 = divalent metal transporter 1, Heph = hephaestin, GLUT5 = glucose transporter 5,

FPN1 = ferroportin 1. Data are presented as the mean + SEM. *P < 0.05. **P < 0.01.

state of iron deficiency. A low-iron diet has the potential to atten-
uate intestinal resistance in piglets (Li et al., 2016). In this study, we
found that the resistance of the duodenum was improved in piglets
fed DexFe compared with those fed ferrous sulfate monohydrate,
demonstrating that the administration of DexFe can improve the
development of the duodenal mucosal epithelial barrier in piglets.
Furthermore, the intestinal iron absorption rates of the duodenum,
jejunum, and ileum increased in the DexFe group, which is
consistent with the previously indicated improvement in apparent
iron digestibility in pigs in the DexFe group. Interestingly, we
noticed that DexFe absorption in the intestines was similar to that
of glucose in previous perfusion chamber studies (Herrmann et al.,
2012). Thus, we added the glucose group during the Ussing
chamber test and confirmed the similarity of DexFe and glucose in
intestinal absorption.

Furthermore, we examined the distribution of iron ions in the
small intestine using Prussian blue staining. Surprisingly, the ileum,
jejunum, and duodenum each exhibited consistent degrees of blue
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staining, and the ileum and jejunum did not contain any detectable
free iron ions. Previous studies suggested that before nonheme iron
from the diet can enter intestinal cells through the DMT1 protein, it
must first be converted to the form of Fe?* by duodenal cytochrome
b (Dcytb) in the intestinal lumen (Frazer and Anderson, 2005). In
the present study, the same degree of blue staining indicated that
the two groups had similar amounts of ferrous ions in the intestine,
whereas the piglets fed DexFe had a greater iron absorption rate,
which cannot be explained by the traditional absorption pathway
DMT1.

Based on these findings, we hypothesize that intestinal DexFe
absorption is closely related to glucose transporter channels and
that DexFe may be absorbed into the intestine in the form of
polysaccharide molecules as a whole rather than solely dependent
on DMTT1.

To verify our hypothesis, we focused on probing the relative
expression levels of genes involved in iron absorption (CYBRD,
SLC11A2, HEPH, SLC40A1, TFRC, and ferritin heavy chain 1 [FTH1]) in
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Fig. 7. Histogram of relative expression levels of SLC11A2 and SLC2A5 after transfection (A), and the relative expression abundance of DMT1 and GLUT5 proteins (B) and Western blot
analysis (C) after transfection. Trans, GLUT5 siRNA transfected test group. Non-Trans, control group transfected without GLUT5 siRNA. SLC11A2 = solute carrier family 11 member 2;
SLC2A5 = solute carrier family 2 member 5; DMT1 = divalent metal transporter 1; GLUT5 = glucose transporter 5. Data are presented as the mean + SEM. **P < 0.01.

Table 8
Results of iron transport from apical side to basilar side after glucose transporter 5
(GLUT5) siRNA transfection.!

Item Fe transportation rate, % Fe Papp, x10~% cm/s
Trans? 11.14° 1.56°

Non-Trans? 23.96° 3.36°

SEM 0.831 0.117

P-value <0.001 <0.001

Papp = apparent permeability coefficient.
3bMeans within a column with different superscripts differ (P < 0.05).

! The test was carried out at 37 °C for 12 h, the solution concentrations of DexFe
were both 0.1 mg/mL, and 12 holes were set up for each treatment (repeat).

2 Trans, GLUT5 siRNA transfected test group.

3 Non-Trans, control group transfected without GLUT5 siRNA.

piglet intestines, as well as genes involved in sugar absorption
(SLC2A5, SLC2A2, SLC5A1, and ATP1A1). The DMT1 protein and Dcytb
enzyme are encoded by the genes CYBRD (Luo et al., 2014) and
SLC11A2 (Montalbetti et al., 2013), respectively. The former is a
reductase that catalyzes the conversion of iron into ferrous ions,
while the latter is a bivalent metal ion transporter across both the
plasma and endosomal membranes that serves as the primary
channel protein for ferrous ion absorption. HEPH and SLC40A1
encode Heph and Fpn, respectively, where Heph is an iron oxidase
protein that converts ferrous iron to iron to promote iron
transporter-mediated cellular iron output (Wolkow et al., 2012) and
Fpn is the only iron-exporting protein discovered thus far and plays
an important role in cellular and systemic iron homeostasis (Ng
et al.,, 2023). TFRC (Kaur et al., 2010) and FTH1 (Palsa et al., 2023)
encode transferrin and ferritin, respectively, and are responsible for
iron transport and storage in the body. Moreover, the SLC2A5
(Chalaskiewicz et al., 2023), SLC2A2 (Sansbury et al., 2012), and
SLC5AT1 (Stumpel et al., 1998) encode the GLUT5, GLUT2, and SGLT1
proteins, respectively, which are involved in fructose absorption,
glucose transport, and the absorption of glucose and galactose in
the intestine, and ATP1A1 encodes Na™/K™-ATPase, an enzyme that
generates an ion gradient that contributes to resting membrane
potential, maintains cellular excitability, and is vital for intracellular
glucose absorption (Moseley et al., 2005). In the present study, the
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SLC40A1, HEPH, and SLC2A5 genes were upregulated in the duo-
denum and jejunum, as were their encoded proteins FPN1, Heph,
and GLUTS5, but the expression of DMT1, encoded by SLC11A2, was
unaffected, suggesting that the duodenum and jejunum are the
primary sites of iron absorption. The iron export volume increased
significantly in those regions, but it did not contribute to the DMT1
pathway, which may be explained by increased GLUT5 expression.
Previous studies have shown that intestinal microbes recycle a
small amount of iron in the ileum (Hong et al., 2021). In this study,
we noticed significant upregulation of HEPH, TFRC, and ATP1A1
gene expression in the ileum, accompanied by an increase in the
quantities of Heph, TfR1, and Na*-K*"ATPase proteins. These find-
ings may help to explain the process of iron utilization by intestinal
microbes (Hoppe et al., 2015).

IPEC-J2 is a columnar epithelial cell line derived from the
jejunum of newborn pigs. It is a monolayer growing cell line that
was initially used in research on epithelial ion transport and cell
proliferation (Kandil et al., 1995; Rhoads et al., 1997). IPEC-J2 cells
displayed improved permeability, epithelial resistance, and culture
properties when cultivated within the polycarbonic acid mem-
brane of a Transwell transport chamber, suggesting that this
approach is an appealing choice for an in vitro intestinal absorption
and transport model (Marisa et al., 2011). In our study, we exposed
IPEC-J2 cells to iron solutions at various concentrations and in-
tervals. Since IPEC-J2 cells showed optimum cell viability after
treatment with 0.1 mg/mL Fe solution for 12 h, we followed the
procedure for subsequent tests.

Cell morphological characteristics, TEER (Grzeskowiak et al.,
2023), AKP activity (Pi et al., 2022), and sodium fluorescein
permeability (Bekusova et al., 2021) are commonly employed to
examine the integrity of cell monolayers in transport and absorp-
tion studies. Previous studies have shown that when the TEER of
PEC-J2 cells reaches 400 to 500 Q cm?, the cells form a firmly dense
monolayer, similar to Caco-2 cells (Vergauwen, 2015). In the pre-
sent study, IPEC-J2 cells physically resembled intestinal epithelial
cells (as detected using an inverted phase contrast microscope),
and the transmembrane resistance (413.94 cm?) and sodium fluo-
rescein permeation rate (1.66%) met the tightness, integrity, and
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permeability criteria. Furthermore, AKP activity on the apical side
was more than three times that on the basilar side, the AKP dis-
tribution was asymmetric, there was obvious polarization, and the
cells were differentiated. As a result, the IPEC-]2 model might be
used in vitro for further studies.

The Papp value is acknowledged as an indicator for assessing the
absorption of drugs in the intestine (Turco et al., 2011). In the IPEC-
J2 cell study, we observed that the Fe transport rate and Papp of
cells in the DexFe group were greater than those in the CON group,
again indicating that DexFe has high bioavailability. Furthermore,
after DexFe treatment, the relative expression levels of the SLC2A5,
ATP1A1, SLC40A1, and HEPH genes increased significantly, as did the
expression of Heph, GLUT5, and FPN1. However, the expression
levels of the traditional iron transport channel gene SLC11A2 and
the protein DMT1 stayed unaffected, indicating that GLUT5, in
addition to the traditional iron channel DMT1, may play an
important role in intestinal iron absorption.

To further confirm our hypothesis, we suppressed the expres-
sion of the SLC2A5 gene and the GLUT5 protein but not the tradi-
tional iron absorption protein channel DMTT1 in the cell transfection
test. As expected, compared with the Non-Trans group, the iron
transport rate and Papp in the Trans group were significantly
decreased. These findings demonstrated that inhibiting GLUT5
could restrict DexFe transport and absorption. Previous studies
have reported that both glucose and fructose are potent GLUT5
activators in cells (Douard and Ferraris, 2008; Mesonero et al.,
1995), and fructose, lipids, or other nutrients might play a role in
regulating gut GLUT5 expression (Song et al., 2023), and iron could
be one of those other nutrients. Moreover, polysaccharide-iron
complexes are circular, with multicore iron nuclei firmly attached
to the internal polysaccharide, producing a core molecule that is
surrounded by a mobile external polysaccharide, and
polysaccharide-iron complexes usually retain the main structural
features of polysaccharides (Shi et al., 2023; Wang et al., 2008). In
addition, in the body, polysaccharides hydrolyze into glucose,
fructose, and other small molecular. Therefore, the changes in
GLUTS5 protein levels may be explained by small molecules pro-
duced during DexFe metabolism in the gut, such as glucose, fruc-
tose, and iron ions. Overall, this finding revealed that not only the
DMTT1 protein, but also GLUT5, plays an important role in the ab-
sorption and transport of DexFe in the intestines.

5. Conclusion

In summary, this study explored the iron transport of DexFe and
ferrous sulfate in the intestine of weaned piglets, demonstrated the
effectiveness of DexFe application in weaned piglets, and revealed
for the first time that DexFe absorption in the intestine is closely
related to the glucose transporter GLUT5 protein channel. The
study revealed that DexFe may be absorbed into the intestine as a
polysaccharide molecule as whole instead of exclusively depending
on the bivalent DMT1. However, as this was the first investigation in
which DexFe was used in powder form on weaned piglets, relevant
research has seen limited reports. The particular upstream and
downstream regulatory signaling molecule involved in the GLUT5
protein's DexFe absorption pathway are unknown. Moreover, in
this study, only the iron transport in the optimal state of cell vitality
was measured in the IPEC-J2 single-layer cell model test, but the
influence and rule of different treatment times on cell iron trans-
port were not paid attention to, which is worthy of further explo-
ration in the future. Finally, it is not yet understood what happens
when DexFe enters the posterior intestine, or how it would interact
with gut microbes, and more research is needed to figure out the
complete absorption process of DexFe in intestines.
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