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Abstract

The current study aimed to investigate the effects of different iron sources on growth
performance and small intestinal health in weaned piglets. Two hundred and forty piglets
(Duroc x Large White X Landrace, 9.52 £ 1.60 kg, 40 + 2 d) were assigned to four treatments
including control group, a basal diet without iron supplemented in mineral premix; ferrous
sulfate (FeSO,4) group, 100 mg Fe/kg dry matter (DM); ferrous glycinate (Fe-Gly) group, 80 mg
Fe/kg DM; amino acid-Fe(II)-chelator complexes group, 30 mg Fe/kg DM. There were four
pens for each treatment, and each pen had fifteen piglets. The experiment lasted for 28 days.
Compared to the control group, three iron sources increased average daily feed intake
(P <0.05). Fe-Gly and amino acid-Fe(II)-chelator complexes increased average daily gain
(P < 0.05). Amino acid-Fe(II)-chelator complexes increased villus height in jejunum (P < 0.05).
In addition, Fe-Gly increased Ki67 and leucine rich repeat containing G protein-coupled
receptor 5 (Lgr5) mRNA expression in duodenum (P < 0.05). Amino acid-Fe(II)-chelator
complexes increased claudin-1 mRNA expression, and both amino acid-Fe(II)-chelator
complexes and Fe-Gly increased Lgr5 mRNA expression (P < 0.05) in jejunum. These results
suggest that organic iron is more effective than FeSO, in improving growth performance, and
has a positive effect on intestinal health in weanling piglets.

Introduction

As one of the essential micronutrients, iron is required for growth, development, and many
physiological processes. Intestinal iron absorption is an important process for maintaining body
iron level within the optimal physiological range.(!) Dietary iron is absorbed primarily in small
intestine, and plays a crucial role in modulating intestinal development, epithelial maturation,
and cell proliferation.>> Previous studies have found that iron promoted intestinal
development and epithelial maturation in piglets.**

In animal production, ferrous sulfate (FeSO,) is usually supplemented as the standard
inorganic iron source.”) However, ferrous salts can cause free-radical-mediated mucosal
damage, even if they can rapidly correct the iron deficiency.® In addition, FeSO, has poor
bioavailability,”) and unabsorbable iron is excreted in feces. Therefore, considering the
environmental impact caused by pig manure iron, alternative iron should be evaluated in order
to improve iron utilization.

Many studies have reported that organic iron has better bioavailability than inorganic
iron.®? Zhuo et al.!% found that ferrous glycinate (Fe-Gly) was absorbed more efficiently and
utilized faster than FeSO,. Lin et al.!? reported that Fe-Gly improved the bioavailability and
antioxidant capacity of iron and reduced iron output of faeces. The mechanism may be due to
the differences in absorption, transport and utilization processes.(!?) In addition, amino acid-Fe-
chelator complexes have been proposed as a superior iron supplement for improving iron
absorption and bioavailability.!® Therefore, the low-dose organic iron may have the same or
higher efficiency than the high-dose inorganic iron in animal production.

Iron supplementation is necessary to prevent anaemia in piglets because of their special
physiological condition.!*!>) The current study aimed to investigate the effects of different iron
sources on growth performance and small intestinal morphology, development, and
proliferation in weaned piglets, and to explore whether the low-dose organic iron had the
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same or higher bioavailability on growth performance and
intestine development than the high-dose inorganic iron in the
weanling piglets.

Materials and methods
Experimental design

The animal use protocol for this research was approved by Wuhan
Polytechnic University Institutional Animal Care and Use
Committee (Wuhan, China). Two hundred and forty piglets
(Duroc X Large White X Landrace, 9.52 + 1.60 kg, 40 + 2 d) were
randomly assigned to four treatments: (1) control group, a basal diet
without iron supplemented in mineral premix; (2) FeSO4 group
(basal diet with iron compensation by FeSO..H,0, FeSO..H,0 was
bought from Lomon Corporation, purity 91.3%), 100 mg Fe/kg dry
matter (DM); (3) Fe-Gly (Fe-Gly was kindly provided by DeBon Bio-
Tech Co., Ltd. Fe>17.0%) group, 80 mg Fe/kg DM; (4) amino acid-
Fe(II)-chelator complexes (the complex was kindly provided by
DeBon Bio-Tech Co., Ltd., Fe>15.0%) group, 30 mg Fe/kg DM.
There were four pens for each treatment, and each pen had fifteen
piglets. The basal diet was corn-soybean diet and prepared to meet or
exceed NRC!'® nutrient requirement (Table 1). All piglets were
allowed ad libitum access to water and feed during a 28-day
experimental study. The ambient temperature was maintained at
22~25°C and the living environment was in accordance with animal
welfare guidelines. The investigators monitored animals twice daily.
Health was monitored by weight (once weekly), food and water
intake, and general assessment of animal activity.

Growth performance

Feed consumption was measured every day during the entire
experimental time, and body weight was individually measured at
the beginning of the trial, and at the end of experiment to calculate
average daily gain (ADG), average daily feed intake (ADFI), and
feed: gain ratio (F/G) in order to assess growth performance.

Sample collection

On day 28, six healthy piglets were selected from each treatment
group, with their body weights approximating the group mean.
Then blood samples were collected via the jugular vein into 10-mL
vacuum tubes on d 14 and d 28, respectively. The blood samples
were centrifuged at 3000 X g for 10 min to collect serum, then
frozen at —80°C until further analysis. Blood haemoglobin was
analyzed (#V-52D, diluted solution for animal blood cell analysis,
#V-52DIFF, haemolytic agents for animal blood cell analysis,
Shenzhen Mindray Animal Medical Technology Co., Ltd,
Shenzhen, China) using a fully automated blood analyzer
(ADVIA 2120i, Siemens, Germany). Serum iron concentration
(#A039-1-1, serum iron assay kit), total iron binding capacity
(TIBC, #A040-1-1, total iron binding capacity assay kit) were
analyzed by the commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Serum hepcidin level
was determined by using a commercially available porcine ELISA
assay kit (#RX500303P, pig hepcidin quantitative detection kit,
Ruixin Biotechnology Co., Ltd, Quanzhou, China). After blood
collection, pigs were slaughtered under anaesthesia with an
intravenous injection of pentobarbital sodium (50 mg/kg BW).
Duodenal and jejunal mucosa were collected, frozen in liquid
nitrogen, and then stored in a freezer at —-80°C for further analysis.
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Intestinal morphology

Approximately 0.5 cm of the second centimetre of each small
intestinal section (duodenum and jejunum) was isolated, rinsed
with sterile PBS, and fixed overnight with 10% formalin. Fixed
tissues were embedded in paraffin, sectioned (5 pm), and stained
with haematoxylin and eosin (H&E) for morphologic examina-
tions. The lengths of villous height and crypt depth were measured
by using Olympus software.

DNA, RNA and protein contents in intestinal mucosa

The duodenum and jejunum mucosa were homogenized with a
tissue homogenizer (PT-3100D, Kinematica, Switzerland). Protein
concentration of mucosa homogenates was determined using a
detergent-compatible protein assay (Bio-Rad Laboratories,
Hercules, CA, USA) with bovine serum albumin as standards.(!”)
Mucosa DNA content was evaluated by a fluorometric assay.!'®
Mucosa RNA content was measured according to the previous
study.!” Briefly, the mucosa homogenate was mixed with perchloric
acid and centrifuged. Then the precipitates were dissolved in
potassium hydroxide (KOH). The absorbances of the supernatants
at 232 and 260 nm were recorded and the micrograms of RNA per
millilitre were calculated according to the formula.%

Disaccharidase activities in intestine

The disaccharidase activities in intestinal mucosa homogenates were
determined by the commercial assay kits (#A082-1-1, lactase assay
kit; #A082-2-1, sucrase assay kit; #A082-3-1, maltase assay kit,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The
absorbances were measured spectrophotometrically at 505 nm.

Real-time PCR

The gene expression was measured by real-time PCR. Briefly, total
RNA was isolated by the Trizol reagent (#9108, TaKaRa
Biotechnology (Dalian) Co., Ltd., Dalian, China), and ¢cDNA
was synthesized using PrimeScript® RT reagent kit (#RR047A,
TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China). Real-
time PCR assay was carried out on an ABI 7500 Real-Time PCR
System (Applied Biosystems, Life Technologies) using a SYBR®
Premix Ex TaqITM (Tli RNaseH Plus) qPCR kit (#RR420A,
TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China). The
PCR cycling conditions were 95°C X 30 s, followed by 40 cycles of
95°C x 5 s and 60°C X 34 s. The forward and reverse primers for
the target genes were designed with Primer Premier 6.0 and
synthesized by TaKaRa Biotechnology (Dalian, China, Table 2).
The mRNA expression relative to housekeeping gene (GAPDH)
was calculated according to the 27*““T method.??

Protein abundance analysis by Western blot

Quantification of protein expression in intestinal mucosa was
performed as previously described.???* Briefly, extracted proteins
were quantified, and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The separated
proteins were then transferred to polyvinylidene difluoride
membranes (Millipore). After blocking, membranes were incu-
bated with primary antibodies at 4°C overnight, followed by three
15-minute washes with PBS containing 0.1% Tween-20. The
primary antibodies included rabbit anti-claudin-1 (#51-9000,
Invitrogen), mouse anti-occludin (#ab31721, Abcam), mouse anti-
zonula occluden-1 (ZO-1, #33-1500, invitrogen), and the
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Table 1. Ingredient composition of diet (as fed basis)

Items Content

Ingredients %
Corn 55.50
Soybean meal (44% CP) 22.00
Wheat bran 3.00
Fish meal 5.50
Corn oil or fish oil 5.00
Soy protein concentrate 2.50
Milk-replacer powder 3.00
Limestone 0.70
Dicalcium phosphate 1.00
Salt 0.20
L-Lysine. HCl (78.8% Lysine) 0.27
Acidifier? 0.20
Butylated hydroquinone 0.05
Preservative® 0.05
Sweetener® 0.03
Vitamin and mineral premix? 1.00

Nutrient composition

Digestible energy® (MJ/kg) 14.0
Crude proteinf 20.2
Ferrumf(mg/kg) 153.92

2A compound acidifier including lactic acid and phosphoric acid, provided by Wuhan Fanhua
Biotechnology Company, Wuhan, China.

PA compound mould inhibitor including calcium propionate, fumaric acid, fumaric acid
monoethyl ester and sodium diacetate, provided by Sichuan Minsheng Pharmaceutical Co.,
Ltd, Chengdu, China.

°A compound sweetener including saccharin sodium and disodium 5’-guanylate, provided by
Wuhan Fanhua Biotechnology Company, Wuhan, China.

9The premix provided the following amounts per kilogram of complete diet: retinol acetate, 2700
ug; cholecalciferol, 62.5 ug; dl-a-tocopheryl acetate, 20 mg; menadione, 3 mg; vitamin By,, 18 pg;
riboflavin, 4 mg; niacin, 40 mg; pantothenic acid, 15 mg; choline chloride, 400 mg; folic acid, 700
pug; thiamine, 1.5 mg; pyridoxine, 3 mg; biotin, 100 pg; Zn, 80 mg (ZnSO,-7TH,0); Mn, 20 mg
(MnS0,4-5H,0); Cu, 25 mg (CuS0,-5H,0); 1, 0.48 mg (KI); Se, 0.36 mg (Na,Se0s-5H,0).
Calculated.

fAnalyzed.

secondary antibodies included goat anti-rabbit IgG-HRP
(#ANT020, Wuhan Antejie Biotechnology Co., Ltd) and goat
anti-mouse IgG-HRP (#ANTO019, Wuhan Antejie Biotechnology
Co., Ltd). The bands were analyzed by densitometry using
GeneTools software (Syngene), and the abundance of each target
protein was expressed as the target protein: f-actin ratio.

Statistical analysis

The experimental data were analyzed by one-way ANOVA with
SPSS 17.0 software. If the differences were significant, Duncan’s
multiple comparisons were further used to determine the specific
differences among experimental groups. All data were expressed as
means + SE. Differences were considered to be significant if P < 0.05.

Results

Growth performance

Growth performance is shown in Table 3. Compared with the
control group, iron supplementation increased ADFI throughout

the experimental period (P <0.05). Diets supplemented with
Fe-Gly or amino acid-Fe(II)-chelator complexes increased
ADG (P <0.05).

Blood haemoglobin and serum iron concentration, total iron
binding capacity, transferrin saturation, and hepcidin
concentration

As shown in Table 4, iron supplementation had no effect on blood
haemoglobin concentration, serum iron concentration, TIBC,
TSAT and hepcidin concentration in serum on d 14. On d 28,
Fe-Gly and amino acid-Fe(II)-chelator complexes supplementa-
tion decreased serum iron concentration and TSAT (P < 0.05), and
FeSO, and Fe-Gly supplementation reduced TIBC (P < 0.05).

Intestinal morphology

As shown in Table 5, regardless of iron sources, iron supple-
mentation decreased villus height, and FeSO, and amino acid-
Fe(II)-chelator complexes supplementation reduced crypt depth in
duodenum (P < 0.05). However, amino acid-Fe(II)-chelator com-
plexes supplementation increased villus height in jejunum
(P<0.05). Both FeSO4 and Fe-Gly decreased crypt depth in
jejunum (P < 0.05).

Protein, RNA and DNA levels

Protein, RNA and DNA levels in intestine are shown in Table 6.
Amino acid-Fe(II)-chelator complexes supplementation increased
protein to DNA ratio in duodenum (P < 0.05), and increased
protein content, RNA to DNA ratio, and protein to DNA ratio in
jejunum (P < 0.05).

Disaccharidase activities in intestine

Disaccharidase activities in intestine are shown in Table 7. Amino
acid-Fe(II)-chelator complexes decreased maltase activity in both
duodenum and jejunum, and Fe-Gly increased sucrase activity in
duodenum (P <0.05). FeSO, increased lactase and sucrase
activities in jejunum (P < 0.05).

mMRNA expression of intestinal epithelial barrier function, and
cell proliferation related genes

As shown in Table 8, compared with control group, both FeSO,
and Fe-Gly supplementation increased Ki67 mRNA expression,
and Fe-Gly supplementation increased leucine rich repeat
containing G protein-coupled receptor 5 (Lgr5) mRNA expression
in duodenum (P < 0.05). In jejunum, amino acid-Fe(II)-chelator
complexes increased claudin-1 mRNA expression (P < 0.05), and
both amino acid-Fe(II)-chelator complexes and Fe-Gly increased
Lgr5 mRNA expression (P < 0.05), Fe-Gly increased Lysozyme
(Lyz) mRNA expression, and FeSO, and amino acid-Fe(II)-
chelator complexes increased Villin mRNA expression (P < 0.05).

Protein expression of claudin-1, occludin, and ZO-1 in
intestine

As shown in Figure 1 and 2, different iron sources supplementation
had no effect on protein expression of claudin-1 and occludin in
duodenum. FeSO, and amino acid-Fe(II)-chelator complexes
increased protein expression of ZO-1 in duodenum (P < 0.05).
However, protein expression of claudin-1, occludin, and ZO-1 in
jejunum had no difference among these treatments.
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Gene Forward (5’ - 3’) Reverse (5’ - 3’) Product length (bp) Accession numbers
Claudin-1 AGATTTACTCCTACGCTGGT GCACCTCATCATCTTCCAT 249 NM_001244539.1
Occludin ATCAACAAAGGCAACTCT GCAGCAGCCATGTACTCT 157 NM_001163647.2
Z0-1 GAGTTTGATAGTGGCGTT GTGGGAGGATGCTGTTGT 298 XM_021098856.1
PCNA TACGCTAAGGGCAGAAGATAATG CTGAGATCTCGGCATATACGTG 192 XM_003359883.1
ki67 GAAGATGTTGCCAGAATAGC GAGGACCAGTGAATGAAGG 322 XM_021074506.1
Lgr5 CCTTGGCCCTGAACAAAATA ATTTCTTTCCCAGGGAGTGG 111 XM_021090898.1
Olfm GTCAGCAAACCGGCTATTGT TGCCTTGGCCATAGGAAATA 226 XM_003482903.4
Bmil CGCTTGGCTCACATTCAT GGACATCACAGATAGGACAAT 290 NM_001285971.1
Lyz GGTCTATGATCGGTGCGAGT AACTGCTTTGGGTGTCTTGC 214 NM_214392.2
ChgA GGAGGAGAAGAAGGAGGAG ACAGAGCCAGGACTACAG 187 NM_001164005.2
Muc2 GGCTGCTCATTGAGAGGAGT ATGTTCCCGAACTCCAAGG 214 XM_021082584.1
Villinl GTGGAGCAGGTGAAGTTC CCGATGAGGTAGGTGTAGA 200 XM_001925167.6

*Z0-1, zonula occluden-1; PCNA, proliferating cell nuclear antigen; Lgr5, leucine rich repeat containing G protein-coupled receptor 5; Olfm, olfactomedin; Bmil, B cell-specific moloney murine
leukaemia virus integration site 1; Lyz, lysozyme; ChgA, chromogranin A ; Muc2, mucins.

Table 3. Effects of different iron sources on growth performance in pigs during 1-28 days*

Item Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P value
Average daily gain (g) 322+12° 349 +1bc 392 +£15° 363 +10%° 0.011
Average daily feed intake (g) 575 +10° 613+8? 636+ 162 612+ 72 0.026
Feed to gain ratio (g/g) 1.79+0.04 1.76 £0.02 1.62+0.02 1.69+0.05 0.064

*Values are means *SE, n=4 per treatment.
¢ Values in the same row with different superscript letters are significantly different (P < 0.05).

Table 4. Effects of differentiron sources on blood haemoglobin concentration, serum iron concentration, total iron-binding capacity (TIBC), transferrin saturation and
hepcidin concentration in pigs at 14 and 28 days*

Items Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P Value
14d

Haemoglobin (g/L) 66.00 +2.39 57.86 £2.84 66.20 + 1.77 58.50 £4.92 0.218
Serum iron concentration (umol/L) 30.17+1.11 42.61+4.11 38.00 +4.52 42.67+6.24 0.182
Total iron binding capacity (umol/L) 126.09 +8.85 124.34 £7.96 134.12 £13.23 134.64 +4.90 0.800
Transferrin saturation (%) 24.29+1.15 34.67+3.33 29.03+3.93 31.45+4.02 0.191
Hepcidin (ng/mL) 49.35+3.16 46.06 +3.88 44,17 £1.61 49.50+5.24 0.683
28 d

Haemoglobin (g/L) 53.80 £8.79 56.40 +5.92 58.60 +11.14 54.00 +£8.79 0.977
Serum iron concentration (umol/L) 47.64 +1.982 48.69 +3.292 31.17+3.34° 37.80+2.73° 0.001
Total iron binding capacity (umol/L) 124.01 + 3.66° 102.25 + 6.96° 105.57 +5.24° 109.91 +5.30%° 0.049
Transferrin saturation (%) 40.23 +3.64%P 47.70+1.122 29.60 + 2.35¢ 34.77 +3.00°¢ 0.001
Hepcidin (ng/mL) 42.96 £3.70 48.50 £7.55 54.64 £3.79 64.20 £ 6.60 0.071

*Values are means +SE, n =6 per treatment.
%alues in the same row with different superscript letters are significantly different (P < 0.05).

this study, the iron content in the basal diet was 153.92 mg/kg.
However, animals exhibit limited ability to utilize dietary iron.?*
Consequently, the iron in basal diet is typically negligible in
practical production. FeSO, is usually supplemented as the
standard inorganic iron source,'® and its supplementation exhibits

Discussion
Iron is an essential micronutrient and required for growth,
development, and many physiological processes. Increasing

dietary iron can improve growth performance in piglets.>¥ In
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Table 5. Effects of different iron sources on intestinal morphology in pigs at 28 d*

Item Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P value
Duodenum
Villus height (um) 420 + 62 351+12° 376+ 7° 350 + 16° 0.001
Crypt depth (um) 200 + 32 174 +5¢ 193 +62° 175+ 10°° 0.016
Villus height/Crypt depth 2.10+0.05 2.02+0.06 1.95+0.04 2.01+0.08 0.389
Jejunum
Villus height (um) 383+11° 340 + 70 393+23° 471 +25° 0.001
Crypt depth (um) 197 +4° 145 + 9P 162+3P 194+ 142 0.001
Villus height/Crypt depth 1.95 +0.04° 2.37+0.122 2.42+0.122 2.47+0.14° 0.014

*Values are means +SE, n=6 per treatment.

Values in the same row with different superscript letters are significantly different (P < 0.05).

Table 6. Effects of different iron sources on the protein, DNA and RNA contents in intestine of pigs at 28 d*
Items Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P Value
Duodenum
Protein (mg/g) 92.43+3.98 85.95+3.23 90.22 +3.68 89.28 +2.01 0.585
RNA/DNA (ug/pg) 3.53+0.27 3.52+0.18 4.04+0.24 3.99+0.16 0.199
Protein/DNA (mg/pg) 0.145 + 0.006° 0.146 % 0.005° 0.159 +0.007%° 0.166 + 0.0032 0.037
Jejunum
Protein (mg/g) 88.53+2.24° 97.62 +3.78" 86.61+4.77° 108.85 + 3.87° 0.002
RNA/DNA (ug/ug) 3.50+0.13° 4.02+0.19%° 3.25+0.42° 4.44+0.27° 0.026
Protein/DNA (mg/ug) 0.157 + 0.004° 0.188 +0.0042 0.147 +0.016° 0.210 + 0.0092 <0.001

*Values are means +SE, n=6 per treatment.

2 byalues in the same row with different superscript letters are significantly different (P < 0.05).

Table 7. Effects of different iron sources on the disaccharidase activities in intestine of pigs at 28 d*
Item Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P value
Duodenum
Maltase activity (U/mg protein) 4527 +4.98% 50.57 +4.312 37.7143.25% 29.19 +2.76° 0.006
Lactase activity (U/mg protein) 8.23+1.37 8.62+1.53 6.80 + 1.77 6.40+1.43 0.689
Sucrase activity (U/mg protein) 4.89+0.77° 4.31+0.75° 8.07 £0.81° 481+1.19° 0.030
Jejunum
Maltase activity (U/mg protein) .66.27 +4.37° 64.83+5.012 67.92 + 4.442 50.29 +2.44° . 0.027
Lactase activity (U/mg protein) 11.49 + 1.56° 21.37+1.592 10.18 +1.79° 7.52+1.21° <0.001
Sucrase activity (U/mg protein) 1121+0.88 15.17 +1.072 11.69 +0.89° 10.58 +1.41° 0.032

*Values are means +SE, n=6 per treatment.
2¢ Values in the same row with different superscript letters are significantly different (P < 0.05).

a dose-dependent increase in ADG in piglets®® and growing-
finishing pigs.*”) Previous studies have demonstrated that organic
iron exhibits superior bioavailability compared to inorganic
iron.*1%28) Furthermore, amino acid-Fe-chelator complexes have
been proposed as superior iron supplements due to their
potentially higher biological utilization efficiency. Therefore, in
this study, two types of organic iron compounds with different
doses were selected to investigate: (1) whether low-dose organic
iron could achieve comparable or superior efficacy to high-dose

inorganic iron, and (2) whether low-dose amino acid-Fe-chelator
complexes could exhibit bioavailability equivalent to high-dose Fe-
Gly. In this study, we found both Fe-Gly and amino acid-Fe(II)-
chelator complexes increased ADG and tended to decrease F/G.
However, no significant differences were observed between two
organic iron sources. Our results suggest that organic iron sources
including both Fe-Gly and amino acid-Fe(II)-chelator complexes
were more effective in improving growth performance in weanling
pigs compared to inorganic iron. Notably, lower-dose amino acid-
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Table 8. Effects of different iron sources on intestinal epithelial barrier function and proliferation-related genes expression in pigs at 28 d*

Item Control Ferrous sulfate Ferrous glycinate Amino acid-Fe(ll)-chelator complexes P value
Duodenum

Claudin-1 1.00£0.13 0.97+0.15 0.78+0.10 0.68 +0.04 0.176
Occludin 1.00+0.16 1.11+0.07 1.06 +0.07 1.25+0.14 0.502
Z0-1 1.00£0.10 1.30+0.12 1.21+0.12 1.27+0.13 0.308
PCNA 1.00 £0.14 0.69£0.10 0.95+0.16 0.88+0.12 0.384
Ki67 1.00 +0.09%° 0.82 +0.07° 0.87 +0.09° 1.23+0.14° 0.046
Lgr5 1.00 +0.16°¢ 1.28 £0.29° 2.13+0.22° 0.58 +0.08¢ <0.001
Olfma4 1.00+0.11 1.06 +0.23 1.06 £0.16 0.72+0.15 0.442
Bmil 1.00£0.12 1.09£0.16 1.25+0.11 1.07 £0.07 0.534
Lyz 1.00 +0.24 0.41+0.04 1.99 +0.67 0.95 + 0.47 0.101
ChgA 1.00+0.01 1.34+0.16 1.44+0.22 1.20+0.18 0.279
Muc2 1.00+0.18 0.89 £ 0.09 0.97+0.11 0.85+0.06 0.777
Villin 1.00+0.03 1.05+0.08 0.96 +0.09 1.26+0.18 0.261
Jejunum

Claudin-1 1.00 +0.10° 1.87+0.37% 1.10 £0.14°¢ 2.11+0.35% 0.019
Occludin 1.00 +£0.12 1.15+0.10 0.98+0.11 1.17+0.11 0.515
Z0-1 1.00+0.13° 1.18+0.14%° 1.01+0.08° 1.42+0.117 0.069
PCNA 1.00+0.06 0.84+0.17 1.26 +0.07 1.07+0.11 0.108
Ki67 1.00 +0.05 1.09+0.16 1.16 £0.12 1.38+0.17 0.255
Lgr5 1.00 +0.06° 1.10 £0.20° 2.1140.19° 2.57 +0.452 0.001
Olfma4 1.00£0.15 0.70+0.16 1.16 £0.15 0.93+0.15 0.218
Bmil 1.00+0.02° 0.91 +0.10° 1.06 +0.14%° 1.37+0.15% 0.058
Lyz 1.00 +0.09° 0.74+0.18° 1.74 +0.16 0.96 + 0.26° 0.006
ChgA 1.00 £0.05 0.84+0.12 1.30+0.19 1.14+0.09 0.095
Muc2 1.00 +£0.12 0.75+0.09 0.70+0.11 0.78 £0.08 0.178
Villin 1.00+0.03° 1.40 +0.14° 1.03+0.06° 1.52+0.182 0.013

*Z0-1, zonula occluden-1; PCNA, proliferating cell nuclear antigen; Lgr5, leucine rich repeat containing G protein-coupled receptor 5; Olfm, olfactomedin; Bmil, B cell-specific moloney murine

leukaemia virus integration site 1; Lyz, lysozyme; ChgA, chromogranin A; Muc2, mucins
Values are means +SE, n=6 per treatment.

@€ Values in the same row with different superscript letters are significantly different (P < 0.05).

Fe(II)-chelator complexes achieved comparable efficacy to Fe-Gly
in enhancing growth performance.

TIBC and TSAT are important biochemical markers of body
iron status. Low TSAT level is an indicator of iron deficiency.?**?
However, elevated TSAT can damage cells and tissues through
oxidative stress.®!) Zhou et al.'? found that Fe-Gly increased
TSAT in SD rats. However, inconsistent with this report, we found
that Fe-Gly supplementation decreased TSAT and serum iron
concentration compared to FeSO,. Moreover, we found Fe-Gly
and amino acid-Fe(II)-chelator complexes decreased serum iron
concentration, but this result might not mean iron deficiency.
Nemeth and Ganz®? reported serum iron concentration was low
despite adequate iron stores. The results of growth performance in
this study also imply this inference.

Hepcidin is the central regulator of iron homeostasis in the
body. The production of hepcidin in hepatocytes can be greatly
stimulated by plasma iron and iron stores.*> Then, the increased
hepcidin can inversely lead to decreased iron absorption and
release of iron from stores. In this study, in consistent with the

results of the decreased serum iron concentration, organic iron had
a tendency to increase serum hepcidin concentration, which
indicated that organic iron had better bioavailability to be absorbed
easily, then stimulated hepcidin production to decrease serum iron
concentration.

Villus height and crypt depth is closely related to primary
function of digestion and absorption of nutrients in small
intestine.®** Moderate FeSO, can increase duodenal villus height
and the colonic crypt depth.?” Zhuo et al® found diet
supplement with iron significantly increased villus height, and
Fe-Gly exhibited better bioavailability than FeSO,. However,
contrary to the above results, we found that villus height in
duodenum was higher in control group than other groups. Wayhs
et al.® reported that iron deficiency had a compensatory
intestinal mechanism to increase intestinal villus height to
improve iron absorption. Therefore, the higher villus height in the
control group might result from the iron deficiency, which
stimulated the compensatory intestinal mechanism to increase
iron absorption.
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Figure 1. The effects of different iron sources on protein expression of claudin-1, occludin, and ZO-1 in duodenum in the weaned piglets. Values were means (n =6), with their
standard errors represented by vertical bars. () Control group, a basal diet without iron supplemented in mineral premix; () ferrous sulfate (FeSO,) group, 100 mg Fe/kg dry matter
(DM); () ferrous glycinate (Fe-Gly) group, 80 mg Fe/kg DM; () amino acid-Fe(ll)-chelator complexes group, 30 mg Fe/kg DM.
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Figure 2. The effects of different iron sources on protein expression of claudin-1, occludin, and ZO-1 in jejunum in the weaned piglets. Values were means (n =6), with their
standard errors represented by vertical bars. () Control group, a basal diet without iron supplemented in mineral premix; () ferrous sulfate (FeSO,) group, 100 mg Fe/kg dry matter
(DM); () ferrous glycinate (Fe-Gly) group, 80 mg Fe/kg DM; () amino acid-Fe(ll)-chelator complexes group, 30 mg Fe/kg DM.

Iron can stimulate DNA and protein synthesis.**>”) Protein/
DNA ratio can be a measure of protein concentration®® and cell
size.®”) RNA/DNA ratio provides a measure of synthetic capacity
of cell and indicates the capacity of protein synthesis.“”’ Higher
RNA/DNA ratio shows the increased ability to synthesize
intracellular RNA and protein.*! Higashida et al.®® found iron
was essential to protein synthesis in skeletal muscle, and its
deficiency was associated with muscle weakness. In addition,
impaired protein synthesis resulting from iron deficiency in pups
limited their ability to produce antibodies. Our results showed that
amino acid-Fe(II)-chelator complexes had a greater efficacy in
increasing protein synthesis in intestine. However, Yamauchi
et al.®). found that protein deficiency was associated with
decreased intestinal villous height, whereas in our study, amino
acid-Fe(II)-chelator complexes increased protein synthesis but

reduced villus height. The mechanism requires further
investigation.

Disaccharidases are crucial for the intestinal function. Both iron
deficiency and iron excess decrease disaccharidase activities.*44%)
Many studies reported that iron deficiency decreased the activity of
disaccharidases,**®) especially lactase,"*®) which might result
from the reduced ability to synthesize lactase in enterocytes.*”) The
present study found that amino acid-Fe(II)-chelator complexes
reduced maltase activity in intestine. However, the performance
data, as well as the increased protein/DNA ratio suggested that iron
supplemented by amino acid-Fe(II)-chelator complexes was
enough in this study.

Claudin-1, occludin, and ZO-1 are tight junction proteins,
which can maintain the intestinal epithelial barrier function. Iron
can enhance intestinal barrier function by increasing the colonic
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expressions of occludin and claudin-1.5% Sun et al.®V found
Fe-Gly supplementation increased the abundance of tight-junction
protein ZO-1 in jejunum in weaned piglets. However, overload
ferric citrate impairs intestinal barrier function evidenced by the
reduced tight junction proteins.®? Wu et al.*® also found iron
overload decreased the levels of ZO-1 and Occludin. In this
study, the increased mRNA expression of claudin-1 and ZO-1 in
jejunum after amino acid-Fe(II)-chelator complexes supplemented
suggested that it could have a positive role to form a barrier in small
intestine and prevent pathogen invasion. In our study, the
protective effects of amino acid-Fe(II)-chelator complex supple-
mentation on intestinal integrity may be closely related to protein
synthesis capacity in the intestine.

Ki-67 protein is a cell proliferation-associated nuclear
marker.®¥ The number of Ki67-positive cells is usually in line
with the proliferation of gastrointestinal epithelial cells.*> Lgr5 is a
marker of active stem cells in the small intestine and colon.*® B
cell-specific moloney murine leukaemia virus integration site 1
(Bmil) is adult stem cell gene. Precious study found heat stress
inhibited the intestinal epithelial cell proliferation and stem cell
expansion by down-regulating the expression of Ki67, Lgr5, and
Bmil.®” Zhou et al.®® found FeSO, decreased the expression of
Lgr5 in jejunum. However, our results showed that Fe-Gly had a
better effect on activating stem cells in the small intestine. In
addition, Lyz can protect intestinal epithelium against bacterial
infection®® and enhance intestinal functions and gut microflora of
piglets.®® In swine feed, it can be supplemented as the alternative
to growth-promoting subtherapeutic antibiotic.” Villin is the
marker of absorptive cells,®" its expression can assess recovery of
the intestinal absorptive surface area.%? In this study, we found
that organic iron improved and maintained jejunal epithelial
barrier and absorption function, as evidenced by increased mRNA
expressions of Lyz, Villin, claudin-1, and ZO-1 in the jejunum.
These results were consistent with the imoroved growth
performance observed in piglets, suggesting that this enhancement
may result from enhanced intestinal absorption capacity and
barrier function.

Conclusion

In summary, organic iron is more effective than FeSO, in
improving performance, and has a positive effect on intestinal
health in the weanling piglets. Low-dose organic iron may replace
high-dose inorganic iron in piglet diet.

Acknowledgments. This research was financially supported by the Project of
the National Natural Science Foundation of China (No. U22A20517), Hubei
Key Laboratory of Animal Nutrition and Feed Science (ANFS202308).

Authors’ contributions. The authors’ contributions are as follows: Y. L., P. K.,
and G. S. designed research; Y.L, P.K,,G.S,,J.F,Q.L,D.G,B.S,Q.C,K.Q,
Y. K, D. W, QW.,, and H. Z. conducted research. Y. L. P. K. and G. S. analyzed
data and wrote the paper. Y. L. had primary responsibility for final content.

Competing interests. The author(s) declare that they have no conflict of
interest.

Ethics statement. All animal and experimental procedures were in agreement
with the National Research Council Guide for the Care and Use of Laboratory
Animals and approved by the Wuhan Polytechnic University Institutional
Animal Care and Use Committee.

Ping Kang et al.

References

1.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fuqua BK, Vulpe CD, Anderson GJ. Intestinal iron absorption. ] Trace Elem
Med Biol. 2012; 26: 115-119.

. Song S, Christova T, Perusini S, et al. Wnt inhibitor screen reveals iron

dependence of p-catenin signaling in cancers. Cancer Res. 2011; 71: 7628-
7639.

. Radulescu S, Brookes M]J, Salgueiro P, et al. Luminal iron levels govern

intestinal tumorigenesis after Apc loss in vivo. Cell Rep. 2016; 17: 2805-2807.

. Zhou J, Dong Z, Wan D, et al. (2020) Effects of iron on intestinal

development and epithelial maturation of suckling piglets. J Anim Sci. 98:
skaa213.

. PuY, LiS, Xiong H, et al. Iron promotes intestinal development in neonatal

piglets. Nutrients 2018; 10: 726-736.

. Zhuo Z, Yu X, Li S, et al. Heme and non-heme iron on growth

performances, blood parameters, tissue mineral concentration, and
intestinal morphology of weanling pigs. Biol Trace Elem Res. 2019; 187:
411-417.

. Goddard AF, McIntyre AS, Scott BB. Guidelines for the management of

iron deficiency anaemia. British Society of Gastroenterology. Gut. 2000;
46 (Suppl 3-4): TV1-5.

. Zhu C, Yang F, Fan D, et al. Higher iron bioavailability of a human-like

collagen iron complex. ] Biomater Appl. 2017; 32: 82-92.

. Ma WQ, Sun H, Zhou Y, et al. Effects of iron glycine chelate on growth,

tissue mineral concentrations, fecal mineral excretion, and liver antioxidant
enzyme activities in broilers. Biol Trace Elem Res. 2012; 149: 204-211.
Zhuo Z, Fang S, Yue M, et al. Kinetics absorption characteristics of ferrous
glycinate in SD rats and its impact on the relevant transport protein. Biol
Trace Elem Res. 2014; 158: 197-202.

Lin Y, Shu X, Fu Z, et al Influences of different Fe sources on Fe
bioavailability and homeostasis in SD rats. Anim Sci J. 2019; 90: 1377-1387.

. Zhuo Z, Fang S, Hu Q, et al. Digital gene expression profiling analysis of

duodenum transcriptomes in SD rats administered ferrous sulfate or
ferrous glycine chelate by gavage. Sci Rep. 2016; 6: 37923.

Wu W, Yang Y, Sun N, et al. Food protein-derived iron-chelating peptides:
the binding mode and promotive effects of iron bioavailability. Food Res
Int. 2020; 131: 108976.

Ding H, Yu X, Feng J. Iron homeostasis disorder in piglet intestine.
Metallomics 2020; 12: 1494-1507.

Sutherland MA. Welfare implications of invasive piglet husbandry
procedures, methods of alleviation and alternatives: a review N Z Vet J.
2015; 63, 52-57.

NRC. Nutrient requirements of swine. 10th ed. 2012; Washington, DC,
National Academic Press.

Lowry OH, Rosebrough NJ, Farr AL, et al. Protein measurement with folin
phenol reagent. J Biol Chem. 1951; 193: 265-275.

Labarca C, Paigen K. A simple, rapid, and sensitive DNA assay procedure.
Anal Biochem. 1980; 102, 344-352.

Johnson LR, Chandler AM. RNA and DNA of gastric and duodenal mucosa
in antrectomized and gastrin-treated rats. Am J Physiol. 1973; 22: 937-940.
Munro HN, Fleck A. Recent developments in the measurement of nucleic
acids in biological materials. A supplementary review. Analyst. 1966; 91:
78-88.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and 2724CT method. Methods 2001; 25, 402
408.

LiuY, Chen F, Odle], et al. Fish oil enhances intestinal integrity and inhibits
TLR4 and NOD2 signaling pathways in weaned pigs after LPS challenge.
J Nutr. 2012; 142: 2017-2024.

Liu Y, Chen F, Odle J, et al. Fish oil increases muscle protein mass and
modulates Akt/FOXO, TLR4, and NOD signaling in weanling piglets after
lipopolysaccharide challenge. J Nutr. 2013; 143: 1331-1339.

Williams HE, Woodworth JC, DeRouchey JM, et al. Effects of feeding
increasing levels of iron from iron sulfate or iron carbonate on nursery pig
growth performance and hematological criteria. ] Anim Sci. 2020; 98:
skaa211.

Liu G, Li S, Su X, et al. Estimation of standardized mineral availabilities in
feedstuffs for broilers. ] Anim Sci. 2019; 97: 794-802.


https://doi.org/10.1017/jns.2025.10054

https://doi.org/10.1017/jns.2025.10054 Published online by Cambridge University Press

Journal of Nutritional Science

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rincker MJ, Hil GM, Link JE, et al. Effects of dietary iron supplementation
on growth performance, hematological status, and whole-body mineral
concentrations of nursery pigs. ] Anim Sci. 2004; 82: 3189-3197.

Deng Q, Wang Y, Wang X, et al. Effects of dietary iron level on growth
performance, hematological status, and intestinal function in growing-
finishing pigs. J Anim Sci. 2021; 99: skab002.

Fang CL, Zhuo Z, Fang SL, et al. Iron sources on iron status and gene
expression of iron related transporters in iron-deficient piglets. Anim Feed
Sci Technol. 2013; 182: 121-125..

Kasvosve I, Delanghe J. Total iron binding capacity and transferrin
concentration in the assessment of iron status. Clin Chem Lab Med. 2002;
40: 1014-1018.

Ambrosy AP, Fitzpatrick JK, Tabada GH, et al. A reduced transferrin
saturation is independently associated with excess morbidity and mortality
in older adults with heart failure and incident anemia. Int J Cardiol. 2020;
309: 95-99.

McCord JM. Iron, free radicals, and oxidative injury. Semin Hematol. 1998;
35: 5-12.

Nemeth E, Ganz T. Anemia of inflammation. Hematol Oncol Clin North
Am. 2014; 28, 671-681.

Ganz T. Hepcidin. Rinsho Ketsueki. 2016; 57: 1913-1917.

Xie Y, Liu J, Wang H, et al. Effects of fermented feeds and ginseng
polysaccharides on the intestinal morphology and microbiota composition
of Xuefeng black-bone chicken. PLoS One. 2020; 15: €0237357.

Wayhs ML, Patricio FS, Amancio OM, et al. Morphological and functional
alterations of the intestine of rats with iron-deficiency anemia. Braz ] Med
Biol Res. 2004; 37: 1631-1635.

Higashida K, Inoue S, Nakai N. Iron deficiency attenuates protein synthesis
stimulated by branched-chain amino acids and insulin in myotubes.
Biochem Biophys Res Commun. 2020; 531, 112-117.

Gozzelino R, Arosio P. Iron homeostasis in health and disease. Int ] Mol Sci.
20165 17: 130-143.

Petersson B, Hultman E, Andersson K, et al. Human skeletal muscle
protein: effect of malnutrition, elective surgery and total parenteral
nutrition. Clin Sci (Lond). 1995; 88: 479-484.

Enesco M, Leblond CP (1962) Increase in cell number as a factor in the
growth of the organs and tissues of the young male rat. J] Embryol Exp
Morphol. 10: 530-562.

Li ZH, Zlabek V, Grabic R, et al. Enzymatic alterations and RNA/DNA ratio
in intestine of rainbow trout, oncorhynchus mykiss, induced by chronic
exposure to carbamazepine. Ecotoxicology. 2010; 19: 872-878.

Moretti DB, Nordi WM, Lima AL, et al. Enteric, hepatic and muscle tissue
development of goat kids fed with lyophilized bovine colostrum. J Anim
Physiol Anim Nutr (Berl). 2014; 98: 201-208.

Rosch LM, Sherman AR, Layman DK. Iron deficiency impairs protein
synthesis in immune tissues of rat pups. J Nutr. 1987; 117: 1475-1481.
Yamauchi K, Adjei AA, Ameho CK, et al. Nucleoside-nucleotide mixture
increases bone marrow cell number and small intestinal RNA content in
protein-deficient mice after an acute bacterial infection. Nutrition 1998; 14:
270-275.

West AR, Oates PS. Decreased sucrase and lactase activity in iron deficiency
is accompanied by reduced gene expression and upregulation of the
transcriptional repressor PDX-1. Am ] Physiol Gastrointest Liver Physiol.
2005; 289: G1108-1114.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vir P, Kaur ], Mahmood A. Effect of chronic iron ingestion on the
development of brush border enzymes in rat intestine. Toxicol Mech
Methods 2007; 17: 393-399.

Vieira MR, Galvéo LC, Fernandes MI. Relation of the disaccharidases in the
small intestine of the rat to the degree of experimentally induced iron-
deficiency anemia. Braz ] Med Biol Res. 2000; 33: 539-544.

Buts JP, Delacroix DL, Dekeyser N, et al. Role of dietary iron in maturation
of rat small intestine at weaning. Am ] Physiol Gastrointest Liver Physiol
1984; 246: 725-731.

Sriratanaban A, Thayer WR Jr. Small intestinal disaccharidase activities in
experimental iron and protein deficiency. Am J Clin Nutr. 1971; 24: 411-
415.

Gawde SR, Patel TC, Rege NN, et al. Evaluation of effects of
Mandurabhasma on structural and functional integrity of small intestine
in comparison with ferrous sulfate using an experimental model of iron
deficiency anemia. Anc Sci Life 2015; 34: 134-141.

Sun L, Yu B, Luo Y, et al. Effects of different sources of iron on growth
performance, immunity, and intestinal barrier functions in weaned pigs.
Agriculture 2022; 12: 1627.

Liang L, Xiong Q, Kong J, et al. Intraperitoneal supplementation of iron
alleviates dextran sodium sulfate-induced colitis by enhancing intestinal
barrier function. Biomed Pharmacother 2021; 144: 112253.

Luo Q, Lao C, Huang C, et al. Iron overload resulting from the chronic oral
administration of ferric citrate impairs intestinal immune and barrier in
mice. Biol Trace Elem Res 2021; 199: 1027-1036.

Wu Q, Wei C, Guo S, et al. Acute iron overload aggravates blood-brain
barrier disruption and hemorrhagic transformation after transient focal
ischemia in rats with hyperglycemia. IBRO Neurosci Rep. 2022; 13: 87-95.
Shi HY, Zhang Q, Han CQ, et al. Variability of the Ki-67 proliferation index
in gastroenteropancreatic neuroendocrine neoplasms-a single-center
retrospective study. BMC Endocr Disord. 2018; 18: 51.

Zhou ], Qin Y, Xiong X, et al. Effects of iron, vitamin A and the interaction
between the two nutrients on intestinal development and cell differ-
entiation in piglets. ] Anim Sci. 2021; 99: skab258.

Barker N, van Es JH, Kuipers J, et al. Identification of stem cells in small
intestine and colon by marker gene Lgr5. Nature 2007; 449: 1003-1007.
Zhou JY, Huang DG, Zhu M, et al. Wnt/p-catenin-mediated heat exposure
inhibits intestinal epithelial cell proliferation and stem cell expansion
through endoplasmic reticulum stress. J Cell Physiol. 2020; 235(7-8): 5613
5627.

Bel S, Pendse M, Wang Y, et al. Paneth cells secrete lysozyme via secretory
autophagy during bacterial infection of the intestine. Science 2017; 357:
1047-1052.

Xiong X, Zhou J, Liu H, et al Dietary lysozyme supplementation
contributes to enhanced intestinal functions and gut microflora of piglets.
Food Funct. 2019; 10: 1696-1706.

Oliver WT, Wells JE. Lysozyme as an alternative to growth promoting
antibiotics in swine production. J Anim Sci Biotechnol. 2015; 6: 35.
Chong HB, Youn J, Shin W, ef al. Multiplex recreation of human intestinal
morphogenesis on a multi-well insert platform by basolateral convective
flow. Lab Chip. 2021; 21: 3316-3327.

Araujo CV, Lazzarotto CR, Aquino CC, et al. Alanyl-glutamine attenuates
5-fluorouracil-induced intestinal mucositis in apolipoprotein E-deficient
mice. Braz ] Med Biol Res. 2015; 48: 493-501.


https://doi.org/10.1017/jns.2025.10054

	Effects of different iron sources on growth performance, intestinal morphology, development, and cell proliferation in weanlingpiglets
	Introduction
	Materials and methods
	Experimental design
	Growth performance
	Sample collection
	Intestinal morphology
	DNA, RNA and protein contents in intestinal mucosa
	Disaccharidase activities in intestine
	Real-time PCR
	Protein abundance analysis by Western blot
	Statistical analysis

	Results
	Growth performance
	Blood haemoglobin and serum iron concentration, total iron binding capacity, transferrin saturation, and hepcidin concentration
	Intestinal morphology
	Protein, RNA and DNA levels
	Disaccharidase activities in intestine
	mRNA expression of intestinal epithelial barrier function, and cell proliferation related genes
	Protein expression of claudin-1, occludin, and ZO-1 in intestine

	Discussion
	Conclusion
	References


