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Abstract
This study investigated the different addition levels of iron (Fe) in growing-finishing pigs and the effect of different Fe levels 
on growth performance, hematological status, intestinal barrier function, and intestinal digestion. A total of 1,200 barrows 
and gilts ([Large White × Landrace] × Duroc) with average initial body weight (BW; 27.74 ± 0.28 kg) were housed in 40 pens 
of 30 pigs per pen (gilts and barrows in half), blocked by BW and gender, and fed five experimental diets (eight replicate 
pens per diet). The five experimental diets were control diet (basal diet with no FeSO4 supplementation), and the basal diet 
being supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 diets. The trial lasted for 100 d and was divided into the 
growing phase (27 to 60 kg of BW) for the first 50 d and the finishing phase (61 to 100 kg of BW) for the last 50 d. The basal 
diet was formulated with an Fe-free trace mineral premix and contained 203.36 mg/kg total dietary Fe in the growing phase 
and 216.71 mg/kg in the finishing phase based on ingredient contributions. And at the end of the experiment, eight pigs 
(four barrows and four gilts) were randomly selected from each treatment (selected one pig per pen) for digesta, blood, 
and intestinal samples collection. The results showed that the average daily feed intake (P = 0.025), average daily gain (P 
= 0.020), and BW (P = 0.019) increased linearly in the finishing phase of pigs fed with the diets containing Fe. On the other 
hand, supplementation with different Fe levels in the diet significantly increased serum iron and transferrin saturation 
concentrations (P < 0.05), goblet cell numbers of duodenal villous (P < 0.001), and MUC4 mRNA expression (P < 0.05).  The 
apparent ileal digestibility (AID) of amino acids (AA) for pigs in the 450 and 600 mg/kg Fe groups was greater (P < 0.05) 
than for pigs in the control group. In conclusion, dietary supplementation with 450 to 600 mg/kg Fe improved the growth 
performance of pigs by changing hematological status and by enhancing intestinal goblet cell differentiation and AID of AA.
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Introduction
Essential trace element iron (Fe) is an important component 
of many enzymes and is widely involved in oxygen transport, 
electron transport, tricarboxylic acid cycle, production 
of hemoglobin (HGB) and myoglobin, DNA synthesis, cell 
differentiation, gene expression regulation, and other life 
processes in the body (David and Boldt, 1999; Lieu et al., 2001; 
Hentze et al., 2010; Martina et al., 2017). The Fe deficiency may 
lead to animal malnutrition, and severe Fe deficiency may cause 
Fe deficiency anemia or related dysfunction (Rincker et al., 2004; 
Bhattarai and Nielsen, 2015; Neto et  al., 2019). In addition, Fe 
deficiency significantly inhibits the proliferation of various types 
of cells (Ranasinghe et  al., 1987; Dayani et  al., 2004; Hohnholt 
et al., 2010). It should be noted that Fe affects the function and 
differentiation of adaptive immune cells, such as T lymphocytes 
(Minamiyama et al., 2010), and the development of the immune 
system also depends on the availability of Fe (Beard, 2001; 
Bonaccorsi-Riani et al., 2015). Thus, given the significance of Fe, 
the NRC (2012) recommended that the appropriate Fe level in 
the diet for growing-finishing pigs is approximately 50 mg/kg.

 However, grains that are commonly used in pigs’ diets 
generally have substantial levels of native Fe (organic non-
heme source), which means that the total Fe levels (native 
plus supplemental levels) in the diet may higher than the pigs’ 
needs (Dalto and Matte, 2020). Moreover, supplementation of 
Fe in most of the commercial diets of pig is approximately 6 
to 10 times that of the NRC requirement estimates. A  survey 
conducted by Flohr et  al. (2016) on current vitamin and trace 
mineral feeding programs in the U.S.  pig industry also found 
that the Fe concentration in approximately 2.3 million pigs’ 
diets was higher than the estimated Fe requirements reported 
by the NRC.

Excess Fe generates immoderate hydroxyl radicals through 
the Fenton reaction, triggering some death pathways inside and 
outside the mitochondria, such as apoptosis and necrosis (Qi 
et  al., 2019). Furthermore, excessive Fe intake in animals may 
cause lipid peroxidation in intestinal mucosal epithelial cells, 
enhance membrane permeability, and impair intestinal barrier 

function (Knutson et al., 2000; Lu et al., 2011; Tan et al., 2013). 
The main function of the intestinal epithelium is the digestion 
and absorption of nutrients, and it also acts as a barrier against 
noxious antigens and pathogens (Wijtten et al., 2011). Impaired 
intestinal barrier function or an increased intestinal permeability 
may cause a decrease in transcellular absorption, which in 
turn leads to a decrease in the digestibility of nutrients (Pluske 
et al., 1997; Wijtten et al., 2011). Ferrous Fe and ferric Fe are two 
major Fe sources for bacteria. Besides, many bacteria, especially 
pathogens, have outer membrane receptors that bind or acquire 
Fe-containing organics such as transferrin, lactoferrin, and 
heme (Barton and Acton, 2019). Thus, Fe is not only important 
to the host but also important to microorganisms (Drakesmith 
and Prentice, 2012). Inappropriate dietary Fe may promote the 
growth of pathogenic bacteria. Furthermore, mammalian Fe 
homeostasis is maintained through the complex regulation 
of tissues that transport, store, and utilize Fe (Donovan et  al., 
2005). Therefore, maintaining Fe homeostasis that avoids both 
Fe deficiency and toxicity is essential for optimal development 
and function (Rao and Georgieff, 2007).

We hypothesized that greater dietary Fe than the NRC (2012) 
recommendation in pigs would promote growth performance via 
modulating intestinal barrier function and nutrient digestibility. 
The main objective of this research was to investigate the effects 
of supplementation with different levels of Fe on Fe status, 
growth performance, intestinal development, and immune 
function, as well as nutrient digestibility in growth-finishing 
pigs.

Materials and Methods
The care and handling of the weaned piglets used in this study 
followed the standards of the Animal Care and Use Committee 
of Hunan Normal University, Changsha City, Hunan, China. 
This study was conducted at a commercial farm in the Hunan 
Province of Southern China. The experimental period was from 
May to August 2019.

Animals and experimental design

A total of 1,200 barrows and gilts ([Large White × Landrace] × 
Duroc) with average initial body weight (BW; 27.74 ± 0.28 kg, gilts 
and barrows in half) were randomly allocated to five treatments 
with eight replicate pens per treatment and 30 pigs per pen (gilts 
and barrows in half). The dietary treatments were as follows: 
control group (basal diet with no FeSO4 supplementation, 
which is formulated with a Fe-free trace mineral premix, and 
other nutrients in the formula met the pigs’ recommended 
requirements estimated by the NRC (2012; Table  1) and the 
basal diet supplemented with 150, 300, 450, or 600 mg/kg Fe as 
FeSO4 groups. All pigs were divided into heavy, medium, and 
light pens according to their weight and then adjusted to the 
40 pens for the experiment according to their weight and sex. 
Finally, 30 pigs from each pen were randomly assigned to 8 
pens of each experimental treatment. The pigs were housed in 
three replicate fattening rooms, with each room containing 16 
pens, each pen size being 30 m2 (1 m2/pig), each room had wet 
curtains, ventilation fans were automatically controlled, and the 
indoor temperature was controlled at 25 to 30 °C. The pigs had 
ad libitum access to water and were on an experimental diet 
throughout the experiment. The trial lasted for 100 d and was 
divided into the growing phase (27 to 60 kg of BW) for the first 50 
d and the finishing phase (61 to 100 kg of BW) for the last 50 d.

Abbreviations

AA amino acids
ADFI average daily feed intake
ADG average daily gain
AID apparent ileal digestibility
BW body weight
DM dry matter
F:G feed to gain ratio
HCT hematocrit
HGB hemoglobin
MCH mean corpuscular hemoglobin
MCHC mean corpuscular hemoglobin 

concentration
MCV mean corpuscular volume
MPV mean platelet volume
PCR polymerase chain reaction
RBC red blood cell
SI serum iron
TAST transferrin saturation
TIBC total iron-binding capacity
UIBCI unsaturated iron-binding capacity
WBC white blood cell
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Sample treatment and collection

One day before the end of the experiment, eight pigs (four 
barrows and four gilts) were randomly selected from each 
treatment (selected one pig per pen), they were labeled with 
ear tags, isolated, and fasted overnight, and then blood samples 
were collected by 5-mL heparin tubes and non-heparinized 
tubes following jugular vein puncture. The serum was obtained 
by non-heparinized tube centrifugation at 3,000 × g for 10 min 
at 4  °C and then stored at −80  °C for subsequent biochemical 
analysis. Whole blood samples were obtained by heparin tubes 
and sent to the laboratory for hematological analysis.

At the end of the experiment, all the pigs were weighed at 
6:00 a.m., and then 40 pigs with ear tags were transported to 
the commercial abattoir for sample collection. The pigs were 
slaughtered by electrical stunning (1.3 A for at least 3 s to apply 
240 V stunning voltage), and then they were exsanguinated, 
scalded, skinned, eviscerated, and split down from the midline 
according to standard commercial procedures. The boundaries 
between the jejunum, cecum, and colon were ligatured to 

prevent chyme flow into other parts of the intestine. Then, ileal 
digesta samples were collected in 50-mL centrifuge tubes and 
immediately frozen in liquid nitrogen and stored at −80 °C until 
required for amino acids (AA) digestibility analysis. The weight 
and length of the small intestine were recorded. Intestinal index 
(ratio of the small intestine weight to BW) was calculated based 
on the finishing BW of the pigs. Intestinal tissues from the 
middle part of the duodenum, ileum, and colon were collected 
(approximately, 6  cm of each tissue) after being washed with 
phosphate-buffered saline (pH  =  7.2 to 7.4). One segment 
(approximately 3 cm each tissue) was fixed in 10% phosphate-
buffered formalin (pH = 7 to 7.4) for paraffin embedding, and the 
remaining segment was immediately frozen in liquid nitrogen 
and stored at −80 °C until the use for mRNA analysis.

Growth performance measurement

The total BW of the pigs in each pen was recorded at the 
beginning of the experiment and the end of each phase, and 
then the feed consumption per pen and the number and weight 
of the dead pigs were recorded daily. These data were used to 
calculate the average daily feed intake (ADFI), average daily 
gain (ADG), feed to gain ratio (F:G), and mortality rate (%, total 
numbers of dead pigs per pen × 100/total numbers of pigs per 
pen).

Dietary Fe concentration analysis

The microelement Fe in feed was analyzed by inductively coupled 
plasma optical emission spectrometry (ICP-OES; ICP720 ES; Agilent, 
USA). The detection and analysis were conducted according to our 
previous method (Zhang et al., 2017). The feed samples were dried 
in a constant temperature drying oven at 65 °C and then ground 
into dry powder. Following this, the feed sample was weighed at 
5.0 ± 0.20 g in triplicate in a conical flask, and 15 mL of an acid 
mixture (nitric acid: perchloric acid = 4:1) was added for heating 
digestion on an electric heating plate. The digestion procedure was 
as follows: 80 °C for 60 min, 120 °C for 30 min, 180 °C for 30 min, and 
drying by evaporation at 260 °C. Subsequently, 5 mL of 1% HNO3 was 
added to dissolve the residue and that was transferred to a 25-mL 
colorimetric tube and diluted with 1% HNO3. Finally, the samples 
were filtered and subjected to ICP analyses for confirmation with 
standard reference. The Fe concentrations in the feed of five 
treatments are as follows: growing phase (203.36, 308.84, 461.62, 
536.93, and 739.88  mg/kg) and finishing phase (216.71, 336.52, 
483.97, 584.60, and 788.90 mg/kg).

Digestibility study and chemical analysis

Before analyses, ileal digesta samples were lyophilized using 
a freeze drier (Labconco Freezone 2.5L Freeze Dry System; 
Marshall Scientific, Hampton, NH), and then, the test diets and 
freeze-dried ileal digesta samples were ground through a 1-mm 
screen. The dry matter (DM) content of the experimental diets 
was analyzed by drying the samples at 135 °C for 2 h (method 
930.15; AOAC Int., 2007). The acid-insoluble ash analysis method 
was based on those described by van Keulen and Young (1977). 
Briefly, feed and ileal digesta samples were weighed at 2.0  ± 
0.001 g in triplicate in a conical flask, and then 100 mL of 4 N HCl 
was added and boiled on an electric heating plate for 30 min. 
A  condenser was attached to the conical flask to prevent the 
loss of HCl. The thermal hydrolysate was then filtered with an 
ash-free filter paper (Whatman No. 541), and the residue was 
washed with acid-free hot double-distilled water at 85 to 100 °C. 
Subsequently, the filter paper and residue were transferred 
to a tared crucible and dried for 48 h at 103  °C and ashed for 
4 h in a high-temperature furnace at 600  °C. After ashing, the 

Table 1. Experimental diets’ ingredient and chemical composition 
(as-fed basis) 

Items

Growing stage Finishing stage

27 to 60 kg 61~100 kg

Ingredients, %
 Corn 57.50 58.07 
 Wheat flour 10.00 7.00 
 Rice bran meal 7.70 12.80 
 Soybean meal, 43% CP 22.00 19.60 
 Limestone 0.90 1.00 
 Dicalcium phosphate 0.79 0.51 
 Vitamin and mineral premix1 0.50 0.50 
 Antifungal agent 0.05 0.05 
 Antioxidants 0.03 0.03 
 Choline chloride (50%) 0.04 0.03 
 l-lysine.H2SO4 (70%) 0.43 0.39 
 dl-Methionine 0.03 0.01 
 l-Threonine 0.02 0.01 
 l-Tryptophan 0.01 –
Total 100.00 100.00 
Calculated composition
 Crude protein, % 17.06 16.42 
 Metabolic energy, MJ/kg 11.83 11.22 
 Calcium, % 0.56 0.55 
 Phosphorus, % 0.32 0.28 
 Lys2, % 0.98 0.91
 Met2, % 0.28 0.25
 Met + Cys2, % 0.56 0.52
 Thr2, % 0.56 0.53
 Trp2, % 0.18 0.17
Analyzed composition
 Fe, mg/kg 203.36 216.71

1Vitamin–mineral premix supplied per kilogram of feed in growing 
phase: 6,500 IU of vitamin A, 225 IU of vitamin D3, 7 IU of vitamin 
E, 0.77 mg of vitamin K3, 1.06 mg of thiamine, 3.08 mg of riboflavin, 
5.39 mg of d-pantothenic acid, 1.26 mg of pyridoxine, 0.008 mg 
of vitamin B12, 80 mg of Zn (ZnSO4), 10 mg of Mn (MnSO4), 5 mg 
of Cu (CuSO4), 0.1 mg of Se (Na2SeO3); in finishing phase: 6,500 IU 
of vitamin A, 225 IU of vitamin D3, 7 IU of vitamin E, 0.78 mg of 
vitamin K3, 1.07 mg of thiamine, 3.09 mg of riboflavin, 5.34 mg of 
d-pantothenic acid, 1.26 mg of pyridoxine, 0.008 mg of vitamin 
B12, 80 mg of Zn (ZnSO4), 10 mg of Mn (MnSO4), 5 mg of Cu (CuSO4), 
0.1 mg of Se (Na2SeO3). 
2Standardized ileal digestible. 
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crucible was cooled to room temperature in a desiccator and 
weighed. The acid-insoluble ash content was calculated using 
the following equation:

Acid-insoluble ash, % = (Wf−We) /Ws× 100

where Wf represents the weight of crucible with ash, We 
represents the weight of empty crucible, and Ws represents the 
weight of the sample DM.

Feed and ileal digesta AA concentrations were analyzed 
using Hitachi Amino Acid Analyzer (L-8900, Hitachi High-
Tech Science Corporation, Tokyo, Japan). Prior to analysis, 
the samples were weighted at 1.0  ± 0.001  g (in triplicate) 
in a hydrolysis tube, and then 10 mL of 6 N HCl was added, 
sealed by an alcohol blast burner, and hydrolyzed at 110  °C 
for 24  h. After that, the hydrolysis tube was cooled to room 
temperature, then the tube was opened, and the hydrolysate 
was filtered into a 50-mL colorimetric tube via Whatman No. 1 
paper that was rinsed with H2O for three times, and then H2O 
was used to constant volume. After mixing, a 1-mL solution 
was transferred to a 10-mL colorimetric tube and dried in 
a water bath at 65  °C. The dry hydrolysate was dissolved in 
2-mL 0.02  N HCl and filtered through a 0.22-μm membrane. 
Then, the AA contents were determined using an automatic 
AA analyzer.

The apparent ileal digestibility (AID) of AA was calculated 
based on internal acid-insoluble ash as a marker.

AID, % =
[
1−

(
ashdiets/ashdigesta

)
×
(
AAdigesta/AAdiets

)]
× 100

where ashdiets and ashdigesta represent the internal acid-
insoluble ash concentrations in the diets and ileal digesta 
from pigs, respectively (g per kg DM), and AA diets and AA digesta 
represent the AA concentrations in the diets and ileal digesta 
from pigs, respectively (g per kg DM).

Hematological parameters and Fe metabolism 
analysis

Concentrations of serum unsaturated iron-binding capacity 
(UIBCI) and serum iron (SI) were determined by Cobas C311 
analyzer (Roche Diagnostics, Rotkreuz, Switzerland) according 
to the manufacturer’s instructions. The data of the UIBCI and 
SI were used to calculate the total iron-binding capacity (TIBC, 
the sum of UIBCI and SI). This was followed by the calculation of 
the transferrin saturation percentage (TAST%, SI concentration 
divided by TIBC per100).

The whole blood of white blood cell (WBC), total red blood 
cell number (RBC), HGB, hematocrit (HCT), mean corpuscular 
volume (MCV), mean corpuscular hemoglobin (MCH), mean 
corpuscular hemoglobin concentration (MCHC), red blood cell 
volume distribution width-CV (RDW-CV), red blood cell volume 
distribution width-SD (RDW-SD), total platelet number (PLT), 
mean platelet volume (MPV), platelet distribution width (PDW), 
and plateletcrit (PCT) were determined by the BC-5000VET 
automatic vet hematology analyzer for animals (Mindray, 
Guangdong, China).

Histological analysis

Paraffin-embedded intestinal segments were prepared 
according to the method described by Xie et al. (2018). Briefly, 
the fixed intestinal segments were flushed with flowing 
water for 12  h, dehydrated in 70%, 75%, 80%, 85%, 90%, and 

95% ethanol for 1  h, and dehydrated twice in 100% ethanol 
for 30 min each. Finally, all intestinal segments were cleared 
in xylene for 10  min and embedded in paraffin wax. Three 
cross-sections of 5-μm thickness were then stained with 
hematoxylin and eosin (H&E). Images were obtained at 40× 
magnification and captured by a DFC450C CCD camera (Leica, 
Switzerland) coupled with a Leica DM 3000 microscope. The 
Image-Pro software (Media Cybernetics, Rockville, MD) was 
used to measure the villus height and crypt depth as well as 
the counts of goblet cells for each segment. The villus height-
to-crypt depth ratio was calculated as villus height divided 
by crypt depth. For intestinal morphology, no fewer than 25 
intact villi and their associated crypts were measured for each 
piglet. Goblet cells were counted in 15 villi and 15 crypts of 
each section.

Extraction of RNA and real-time quantitative 
polymerase chain reaction

Total RNA was isolated from the duodenum samples frozen 
in liquid nitrogen using the TRIZOL reagent (TaKaRa, Dalian, 
China) and then treated with DNase I (TaKaRa, Dalian, China) to 
remove traces of DNA. The RNA of 1 μg was reverse-transcribed 
(RT) to cDNA using an RT reagent kit (TaKaRa, Dalian, China) 
and then diluted five times with RNase-free water for real-time 
polymerase chain reaction (PCR). Primers were designed with 
Primer 5.0 (Table 2). Each PCR reaction consisted of 5 μL of SYBR 
Green mix (Luminaris Color HiGreen High POX qPCR Master 
Mix, Thermo Scientific), 3.4  μL of sterile double-distilled H2O, 
1 μL of cDNA, and 0.3 μL each of forward and reverse primers 
(Deng et al., 2020). Each gene was performed in triplicate, and 
the relative mRNA expression of the target genes was calculated 
as follows:

2−∆∆Ct (sample−control), where −∆∆Ct

(sample− control) = (Ct of target gene− Ct of β − actin)sample

− (Ct of target gene− Ct ofβ − actin)control.

Statistical analysis

The data were analyzed using the SPSS software (version 
17.0; IBM Corp., Chicago, IL, USA). The histograms and the 
Shapiro–Wilk test were used to check the normality of data 
distribution and any value that departed more than 3 SD from 
the standardized mean was examined. If the means follow a 
normal distribution, use one-way analysis of variance (ANOVA); 
otherwise, use chi-square test (mortality rate in finishing 
phase). Linear and quadratic orthogonal contrasts were used to 
determine the effects of inclusion of Fe in the diets. Differences 
among the treatments were estimated using Duncan’s multiple 
comparisons, and values were presented as means ± SEM. The 
differences were considered significant at P < 0.05, and P-values 
between 0.05 and 0.10 were considered as trends.

Results

Growth performance

No significant difference in the BW of start and growing and 
ADFI, ADG, F:G, and mortality rate was observed between the 
treatments in the growing phase as well as overall (P > 0.05; 
Table  3). However, increasing the dietary Fe concentration 
significantly increased BW (linear, P = 0.019), ADFI (linear,  
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P = 0.025), and ADG (linear, P = 0.020) in the finishing phase but 
did not affect F:G. The mortality rate (P = 0.070) decreased when 
the diet was supplemented with 300 mg/kg Fe.

Hematological parameters and Fe  
metabolism-related parameters

There were no effects of dietary treatments on the count 
of WBC, RBC, HGB, HCT, PLT, and PCT (P > 0.05; Table  4). 
However, the addition of Fe in diets significantly increased 
RDW-SD (quadratic, P  =  0.004) and MPV (quadratic, P < 0.001). 
Supplementation with Fe in the diets increased MCV (linear,  
P < 0.001; quadratic, P < 0.001), MCH (linear, P < 0.001; quadratic, 
P < 0.001), MCHC (linear, P < 0.001; quadratic, P = 0.003), and PDW 
(linear, P < 0.001; quadratic, P < 0.001) and decreased RDW-CV 
(linear, P < 0.001; quadratic, P = 0.005). The diet supplemented 
with Fe decreased UIBCI (linear, P < 0.001; quadratic, P = 0.002) 
and TIBC (linear, P < 0.001; quadratic, P = 0.010) and increased SI 
(linear, P = 0.013) and TAST (linear, P < 0.001; quadratic, P = 0.008). 
The concentrations of UIBCI and TIBC significantly increased  
(P < 0.001) in the control group; however, the concentration of SI 
and % of TAST decreased (P < 0.050).

Intestinal morphology, intestinal index, and 
goblet cells

The duodenal villus height (P  =  0.024) and the colonic crypt 
depth (P  =  0.087) increased when the diet was supplemented 
with 300 mg/kg Fe; however, the ileal villus height significantly 
reduced with a supplement of 150 mg/kg Fe (quadratic, P =0.073; 
Table  5). The intestinal weight (P  =  0.027) and the intestinal 
index (P  =  0.047) showed a linear decrease in the pigs on the 
diet supplemented with Fe. However, increasing the Fe content 

in diet did not affect the duodenal and ileal crypt depth, villus 
width, villus height:crypt depth, and intestinal length (P > 0.05).

No significant difference in the numbers of goblet cells 
in both villus and crypt of ileum as well as in the crypt of the 
duodenum was observed between the treatments (P > 0.05; 
Table  6). Increasing the dietary Fe concentration linearly 
increased the goblet cell numbers in the villus of the duodenum 
(P < 0.001).

Cytokines, tight junction proteins, antioxidant-
related genes, and mucin mRNA expression

The mRNA expression of mucin4 (MUC4; linear, P  =  0.019; 
quadratic, P  =  0.029) significantly increased in 600  mg/kg Fe 
treatment compared with other treatments (Table 7). Claudin-1 
(P  =  0.062) mRNA expression showed a quadratic increase 
in trend as Fe content increased in the diets. However, the 
mRNA expression of interleukin-10 (IL-10), interferon-γ (IFN-γ),  
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), zona 
occludens-1 (ZO-1), occluding, superoxide-dismutase-1 (SOD1), 
glutathione peroxidase 1 (GPX1), nuclear factor erythroid 
2-related factor-2 (Nrf2), and mucin2 (MUC2) were not affected 
by the Fe included in the diets (P > 0.05).

The AID of AA

The AID of histidine, leucine, lysine, phenylalanine, threonine, 
valine, and all dispensable AA for pigs in the 450 and 600 mg/kg 
Fe diets was greater (P < 0.05) than for pigs fed the control diet, 
and there was linear increase in the AID of all indispensable 
AA and all dispensable AA as increasing concentrations of Fe 
were fed (P < 0.05; Table 8). In addition, the AID of arginine was 
greater than for pigs fed the 600 mg/kg Fe diet compared with 

Table 2. Primers used for real-time PCR analysis

Gene1 Sequence(5′-3′)2 Product size, bp Accession No.

IL-10 F: GGGCTATTTGTCCTGACTGC 105 NM_214041.1 
R: GGGCTCCCTAGTTTCTCTTCC

IFN-γ F: CCATTCAAAGGAGCATGGAT 146 NM_213948.1 
R: GAGTTCACTGATGGCTTTGC

IL-1β F: CCTGGACCTTGGTTCTCT 123 XM_021085847.1
R: GGATTCTTCATCGGCTTCT

TNF-α F: ACAGGCCAGCTCCCTCTTAT 102 NM_214022.1
R: CCTCGCCCTCCTGAATAAAT

ZO-1 F: TTGATAGTGGCGTTGACA 126 XM_021098896.1
R: CCTCATCTTCATCATCTTCTAC

Occludin F: GAGTGATTCGGATTCTGTCT 181 XM_005672525.3
R: TAGCCATAACCATAGCCATAG

Claudin-1 F: CTAGTGATGAGGCAGATGAA 250 XM_005670262.3
R: AGATAGGTCCGAAGCAGAT

SOD1 F: GAGACCTGGGCAATGTGACT 189 NM_001190422.1 
R: CCAAACGACTTCCAGCATTT

GPX1 F: AGCCCAACTTCATGCTCTTC 159 NM_214201.1
R: CATTGCGACACACTGGAGAC

Nrf2 F: GAAAGCCCAGTCTTCATTGC 190 XM_021075133.1
R: TTGGAACCGTGCTAGTCTCA

MUC2 F: GGTCATGCTGGAGCTGGACAGT 181 XM_021082584.1
R: TGCCTCCTCGGGGTCGTCAC

MUC4 F: GATGCCCTGGCCACAGAA 89 XM_021068274.1 
 R: TGATTCAAGGTAGCATTCATTTGC   
β- actin F:AGTTGAAGGTGGTCTCGTGG 216 XM_003357928.4

R: TGCGGGACATCAAGGAGAAG

1IL-10, interleukin-10; IFN-γ, interferon-γ; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; IFN-α, interferon-α; ZO-1, zona occludens 1; SOD1, 
superoxide-dimutase-1; GPX1, glutathione peroxidase 1; Nrf2, nuclear factor-erythroid 2-related factor-2; MUC2, mucin2; MUC4, mucin4.
2F, forward primer; R, reverse primer.
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Table 3. Effect of Fe on growth performance in growing-finishing pigs1

Fe, mg/kg2 P-value 

Items Control 150 300 450 600 SEM ANOVA Linear Quadratic 

BW
 At start 27.74 27.72 27.82 27.70 27.73 0.28 1.000 0.988 0.967
 Growing 61.57 60.64 60.83 60.52 60.47 0.55 0.978 0.600 0.813
 Finishing 104.14 106.30 104.49 108.48 109.48 0.74 0.100 0.019 0.556
Growing phase
 ADFI 1.53 1.51 1.50 1.49 1.53 0.02 0.933 0.770 0.444 
 ADG 0.69 0.67 0.67 0.66 0.67 0.01 0.913 0.450 0.660 
 F:G 2.24 2.27 2.24 2.25 2.29 0.01 0.517 0.294 0.526 
 Mortality rate, % 1.67 1.25 0.83 0.83 1.25 0.31 0.914 0.583 0.439 
Finishing phase
 ADFI 2.40b 2.55ab 2.53ab 2.53ab 2.59a 0.02 0.095 0.025 0.404 
 ADG 0.82 0.86 0.86 0.87 0.88 0.01 0.155 0.020 0.446 
 F:G 2.94 2.96 2.93 2.90 2.92 0.02 0.883 0.518 0.974 
 Mortality rate, % 0.83 0.42 0.00 1.25 0.83 0.21 0.070 0.585 0.357 
Overall
 ADFI 1.97 2.03 2.01 2.01 2.05 0.02 0.466 0.151 0.826 
 ADG 0.75 0.77 0.77 0.77 0.77 0.01 0.801 0.263 0.777 
 F:G 2.62 2.66 2.63 2.62 2.65 0.01 0.776 0.720 0.944 
 Mortality rate3, % 2.50 1.67 0.83 2.08 2.08 0.38 0.182 0.880 0.253 

1Data are means of eight replicate pens with 30 pigs per treatment.
2The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
3Mortality rate was calculated using the following equation: mortality rate (%) = (total numbers of dead pigs per pen × 100)/total numbers of 
pigs per pen.
a,bMeans in the same row with no common superscripts differ significantly (P < 0.05).

Table 4. Effect of Fe on hematological parameters and SI-related parameters in growing-finishing pigs1

Fe, mg/kg3 P-value

Items2 Control 150 300 450 600 SEM ANOVA Linear Quadratic 

WBC, 10^9/L 24.45 28.51 28.13 25.40 27.63 0.97 0.624 0.643 0.472
RBC, 10^12/L 5.53 4.06 4.50 5.23 4.67 0.30 0.556 0.797 0.405
HGB, g/L 68.38 72.63 85.50 95.38 85.88 4.86 0.414 0.102 0.458
HCT, % 22.20 22.25 26.04 29.01 25.91 1.50 0.582 0.195 0.579
MCV, fL 40.66b 55.73a 57.61a 55.74a 55.73a 1.13 <0.001 <0.001 <0.001
MCH, pg 12.51b 18.31a 19.00a 18.33a 18.51a 0.42 <0.001 <0.001 <0.001
MCHC, g/L 306.63b 329.13a 329.63a 329.13a 332.50a 2.07 <0.001 <0.001 0.003
RDW-CV, % 25.91a 23.25b 21.29c 20.65c 20.91c 0.42 <0.001 <0.001 0.005
RDW-SD, fL 39.13c 47.93a 45.71ab 42.83bc 43.24bc 0.80 0.003 0.517 0.004
PLT, 10^9/L 397.00 460.63 400.13 345.88 420.50 17.66 0.361 0.589 0.849
MPV, fL 8.29c 9.70a 9.31ab 9.53a 8.59bc 0.15 0.003 0.634 <0.001
PDW, % 14.34b 15.14a 15.10a 15.06a 15.09a 0.06 <0.001 <0.001 <0.001
PCT, % 0.33 0.45 0.37 0.34 0.36 0.02 0.173 0.714 0.319
UIBCI, μmol/L 113.43a 86.64b 75.75b 70.18b 73.91b 3.42 <0.001 <0.001 0.002
SI, μmol/L 22.18b 23.65ab 27.66a 28.65a 26.80ab 0.82 0.048 0.013 0.140
TIBC, μmol/L 135.61a 110.29b 103.41b 98.83b 100.71b 3.21 <0.001 <0.001 0.010
TAST, % 16.56c 21.83b 27.11a 29.04a 26.88a 1.03 <0.001 <0.001 0.008

1Data are means of eight piglets (four barrows and four gilts were randomly selected from each treatment) per treatment.
2WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular 
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW-CV, red blood cell volume distribution width CV; RDW-SD, red blood 
cell volume distribution width-SD; PLT, total platelet number; MPV, mean plasma volume; PDW, platelet distribution width; PCT, plateletcrit; 
UIBCI, unsaturated iron binding capacity; SI, serum iron; TIBC, total iron binding capacity; TAST, transferrin saturation.
3The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
a–cMeans in the same row with no common superscripts differ significantly (P < 0.05).
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pigs fed control and 450 mg/kg Fe diets (P = 0.042). Pigs fed 450 
and 600 mg/kg Fe diets had an increasing trend (P = 0.062) in the 
AID of isoleucine than those fed the control diet.

Discussion
Iron is an essential trace element in pigs, which plays an 
important role in growth performance and immunity. Most of the 
dietary Fe sources for the pigs were from the feed and additional 
Fe supplements. However, excessive Fe supplementation may 
impair the growth performance or intestinal function in pigs 
(Furugouri, 1972; Hansen et al., 2009; Qi et al., 2019). In this study, 
the concentration of Fe increased in the diet, and the BW, ADFI, 
and ADG of pigs in the finishing phase increased linearly. Many 
previous studies have shown that adding Fe to diets can improve 
the growth performance of pigs; for instance, Feng et al. (2007) 
found that increasing Fe-glycine chelate from 0 to 120  mg/kg  
Fe in the diets linearly increased ADG of weanling piglets. 
Similarly, Luiggi et al. (2014) showed that as the Fe supplement 
level increased from 50 to 150 mg/kg, there was a linear increase 

in ADG and a linear reduction in the F:G ratio in weaned 
piglets. However, excess Fe (500  mg/kg Fe) also has harmful 
effects on the growth performance in weaned piglets (Hansen 
et al., 2009). Our results suggest that the maximum dietary Fe 
supplementation in growth-finishing pigs is 600 mg/kg, and if a 
high dose of Fe is continued, it may have adverse effects on the 
growth performance of pigs.

Iron absorption primarily occurs in the duodenum. For the 
absorption of dietary non-heme Fe, firstly, Fe3+ is reduced to 
Fe2+ by duodenal cytochrome b (McKie, 2008) and then Fe2+ is 
transported by divalent metal transporter 1 into the absorption 
cells of intestinal mucosa epithelium (Chua et al., 2007; Hentze 
et al., 2010). It is then released from the intestinal absorption 
cells to extracellular by recombinant ferroportin, oxidizes Fe2+ to 
Fe3+ by hephaestin to blood circulation, and binds to transferrin 
that is transported to various tissues of the body (Abboud and 
Haile, 2000). The Fe status is commonly evaluated by several 
indicators such as HGB, RBC, HCT, MCV, MCH, MCHC, SI, TAST, 
and TIBC. The Fe-deficient and anemic pigs have fewer MCHC, 
HCT, HGB, and MCV compared with normal pigs (Dong et  al., 

Table 5. Effect of Fe on intestinal morphology and intestinal index in growing-finishing pigs1

Fe, mg/kg2  P-value

Items Control 150 300 450 600 SEM ANOVA Linear Quadratic 

Duodenum
 Villus height, μm 448.23ab 381.87b 547.30a 406.47b 423.12b 17.1 0.024 0.813 0.287 
 Crypt depth, μm 429.81 398.97 421.19 429.55 402.00 13.20 0.912 0.796 0.950 
 Villus width, μm 155.97 168.12 176.36 164.50 166.51 3.35 0.376 0.458 0.160 
 Villus height:crypt depth 1.17 1.03 1.37 1.01 1.12 0.05 0.201 0.720 0.675 
Ileum
 Villus height, μm 433.34 358.04 392.36 385.74 411.69 10.56 0.191 0.832 0.073 
 Crypt depth, μm 273.80 224.25 217.17 229.57 240.12 9.93 0.413 0.386 0.107 
 Villus width, μm 153.74 140.18 142.52 138.87 142.36 2.82 0.476 0.241 0.252 
 Villus height:crypt depth 1.80 1.76 2.11 1.94 2.08 0.08 0.541 0.200 0.806 
Colon
 Crypt depth, μm 481.65ab 443.77b 511.94a 452.36ab 432.23b 10.27 0.087 0.196 0.263 
Small intestine
 Intestinal weight, kg 1.86 1.83 1.67 1.66 1.67 0.04 0.179 0.027 0.454 
 Intestinal length, m 18.55 16.86 18.44 17.88 17.20 0.27 0.206 0.378 0.955 
 Intestinal index3, % 1.94 1.76 1.72 1.69 1.71 0.04 0.203 0.047 0.173 

1Data are means of eight piglets (four barrows and four gilts were randomly selected from each treatment) per treatment.
2The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
3Intestinal index: ratio of intestinal weight: BW, g/kg.
a,bMeans in the same row with no common superscripts differ significantly (P < 0.05). 

Table 6. Effect of Fe on the number of goblet cells of the small intestine in growing-finishing pigs1

Fe, mg/kg2 P-value

Items Control 150 300 450 600 SEM ANOVA Linear Quadratic

Duodenum
 Villus 17.99c 18.02c 25.01b 26.94ab 30.08a 1.05 <0.001 <0.001 0.852
 Crypt 30.73 32.51 32.07 31.84 35.45 0.87 0.528 0.166 0.602
Ileum
 Villus 24.39 25.50 25.98 25.98 24.75 0.73 0.948 0.824 0.426
 Crypt 36.98 32.26 38.10 35.59 38.50 1.29 0.570 0.495 0.531

1Data are means of eight piglets (four barrows and four gilts were randomly selected from each treatment) per treatment.
2The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
a–cMeans in the same row with no common superscripts differ significantly (P < 0.05).
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2020). In the current study, with the increase of dietary Fe 
concentration, there is a linear increase in MCV, MCH, MCHC, 
RDW-SD, MPV, PDW, SI, and TAST, whereas a linear decrease in 
RDW-CV, UIBCI, and TIBC compared with the control, indicating 
that supplementing different doses of Fe in the diet increased 
the Fe status in pigs. This result is similar to the findings of 
Luiggi et al. (2014) who found that weaned piglets supplemented 
with increasing Fe levels showed a linear increase in the values 
of HGB, HCT, SI, and TAST as well as a linear decrease in the 
values of Tf, latent Fe-binding capacity, and TIBC. Yu et al. (2000) 

described the increasing levels of dietary Fe, HGB, PCV, and 
Fe concentrations, and the linear decrease in the TIBC value 
in the blood. Feng et  al. (2007) observed that the HGB and Fe 
concentrations and PCV increased with the increasing levels 
of Fe in weanling pigs. It should be noted that low TAST and 
high TIBC levels are associated with anemia (Donker et al., 2014;  
Zhang et al., 2015). Therefore, low levels of TAST and high levels 
of UIBCI and TIBC in the control group predicted that pigs might 
be in the Fe-deficient state, which was confirmed by the HGB 
concentration of 68.38  g/L in the blood in this study, as the 

Table 7. Effect of Fe on the mRNA abundance of cytokines, tight junction proteins, antioxidant-related genes, and mucin of the duodenum in 
growing-finishing pigs1

Fe, mg/kg3 P-value

Items2 Control 150 300 450 600 SEM ANOVA Linear Quadratic 

IL-10 1.18 1.55 2.28 1.59 0.85 0.29 0.626 0.764 0.150 
IFN-γ 1.27 1.45 1.48 2.25 0.73 0.29 0.620 0.895 0.295 
IL-1β 1.16 1.39 1.40 1.87 1.16 0.15 0.587 0.649 0.276 
TNF-α 1.08 1.89 2.30 2.56 1.35 0.33 0.594 0.609 0.140 
IFN-α 1.10 2.12 2.36 1.51 1.71 0.32 0.765 0.794 0.329 
ZO-1 1.09 0.97 1.23 0.82 0.85 0.10 0.651 0.361 0.638 
Occludin 1.04 0.84 0.92 0.69 1.01 0.08 0.656 0.697 0.283 
Claudin-1 1.05 1.16 1.47 1.54 1.00 0.10 0.275 0.674 0.062 
SOD1 1.04 1.40 1.80 2.49 0.97 0.26 0.330 0.600 0.115 
GPX1 1.03 0.99 1.59 1.79 0.90 0.19 0.479 0.685 0.195 
Nrf2 1.10 1.15 1.43 1.25 1.16 0.10 0.845 0.761 0.381 
MUC2 1.08 0.92 1.10 1.23 1.30 0.09 0.709 0.244 0.580 
MUC4 1.15b 0.69b 1.00b 1.11b 3.00a 0.26 0.030 0.019 0.029 

1Data are means of eight piglets (four barrows and four gilts were randomly selected from each treatment) per treatment.
2IL-10, interleukin-10; IFN-γ, interferon-γ; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; IFN-α, interferon-α; ZO-1, zona occludens 1; SOD1, 
superoxide-dimutase-1; GPX1, glutathione peroxidase 1; Nrf2, nuclear factor-erythroid 2-related factor-2; MUC2, mucin2; MUC4, mucin4.
3The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
a,bMeans in the same row with no common superscripts differ significantly (P < 0.05).

Table 8. Effect of Fe on the AID1 of AA in growing-finishing pigs2

Fe, mg/kg3 P-value

Items Control 150 300 450 600 SEM ANOVA Linear Quadratic

Indispensable AA, %
 Arginine 85.08b 88.87ab 89.50ab 89.87b 90.53a 0.653 0.042 0.011 0.212
 Histidine 83.40c 88.54ab 85.78bc 92.81ab 90.34a 0.701 <0.001 <0.001 0.313
 Isoleucine 80.87 84.55 81.61 87.36 86.57 0.825 0.062 0.018 0.970
 Leucine 84.14c 88.49abc 86.02bc 91.20a 90.55ab 0.654 0.002 0.001 0.643
 Lysine 80.60c 89.33ab 84.18bc 91.81a 89.05ab 0.832 0.002 0.001 0.109
 Phenylalanine 84.78c 90.56ab 87.76bc 93.64ab 90.98a 0.607 0.001 <0.001 0.079
 Threonine 71.96c 79.11bc 76.07bc 88.72a 83.33ab 1.091 <0.001 <0.001 0.254
 Valine 75.32c 83.94ab 79.94bc 89.10a 87.16a 0.967 <0.001 <0.001 0.264
Dispensable AA, %
 Alanine 78.58c 85.11ab 80.60bc 88.98a 86.81a 0.868 0.001 0.001 0.498
 Aspartic acid 87.03c 90.00abc 88.12bc 93.29a 91.58ab 0.554 0.005 0.002 0.593
 Glutamic acid 86.11c 90.60ab 87.39bc 92.74a 91.61a 0.574 0.001 0.001 0.542
 Glycine 67.83b 74.59ab 74.29ab 79.40a 80.42a 1.34 0.017 0.002 0.570
 Proline 83.27d 88.22bc 84.65cd 92.70a 90.80ab 0.651 <0.001 <0.001 0.658
 Serine 75.80d 82.42bc 80.12cd 91.82a 86.59ab 0.931 <0.001 <0.001 0.156
 Tyrosine 75.68c 81.36abc 79.03bc 87.34a 84.56ab 1.012 0.008 0.001 0.430

1The AID of AA was calculated based on internal acid-insoluble ash as a marker.
2Data are means of eight piglets (four barrows and four gilts were randomly selected from each treatment) per treatment.
3The control group (basal diet with no FeSO4 supplementation, which is formulated with an Fe-free trace mineral premix) and the basal diet 
supplemented with 150, 300, 450, or 600 mg/kg Fe as FeSO4 groups.
a–dMeans in the same row with no common superscripts differ significantly (P < 0.05).
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HGB concentration of 70  g/L indicates that the animals were 
suffering from anemia (McDowell, 1992).

Intestinal morphology is closely related to the digestion 
and absorption of nutrients (Pluske et  al., 1996a, 1996b). Also, 
the intestinal villi affected the feed intake of pigs after weaning 
(Pluske et  al., 1996a; van Beers-Schreurs et  al., 1998; Lallès 
et al., 2004). Furthermore, claudins are important tight junction 
proteins that regulate paracellular permeability and barrier 
functions of epithelial cells (Garcia-Hernandez et  al., 2017). In 
the present study, the villus height in the duodenum and the 
crypt depth in the colon as well as mRNA expression of claudin-1 
increased in the diet supplemented with 300 mg/kg Fe. However, 
the villus height in the ileum showed a decreasing trend in 
the diet supplemented with 150 mg/kg Fe. This suggested that 
adding 300  mg/kg Fe to the diets of growing-finishing pigs 
could promote the development of intestinal morphology and 
maintain the function of cell polarity and tight junction barrier, 
which may increase the effective absorption area and ultimately 
Fe absorption. Similarly, Lee et  al. (2019) found that dietary 
supplementation with 100  mg/kg Fe significantly increased 
villus height in the duodenum and jejunum of weanling pigs 
compared with 50 mg/kg Fe. Zhuo et al. (2018) pointed out that 
the addition of Fe to the diets of weaned piglets significantly 
increased the villus height of the duodenum and jejunum. Both 
Fe deficiency and excess Fe would impair intestinal barrier 
function (Qi et  al., 2019), hence, adding an adequate dose of 
Fe to pig diets may maintain intestinal health and function. 
Interestingly, in the current study, the control group increased 
the small intestine weight and intestinal index, which may be 
related to the decreased the AID of AA in that group. Similarly, 
the reduced supply of exogenous nutrients (energy) leads to an 
increase in stem cell activity per crypt and promotes intestinal 
regeneration (Yilmaz et al., 2012). Nilaweera and Speakman (2018) 
found that energy deficit promotes the growth of the intestine 
via a signaling mechanism involving the hypothalamus. Mitchell 
et al. (2017) indicated that calorie restriction also increased the 
gut size in the C57BL/6 mouse.

AA digestibility is one of the important indexes to evaluate 
the digestibility and utilization of AA in animals. In this study, 
the AID of AA was significantly increased by increasing the 
supplemental level of Fe in the diet, indicating that a high 
level of Fe was beneficial to the digestion and absorption of AA. 
This may be due to the fact that Fe affects the digestibility of 
nutrients by affecting enzymes related to digestion. It is well 
known that more than half of the enzymes and factors in the 
tricarboxylic acid cycle perform their biochemical functions 
in the presence of Fe. Previous reports have indicated that 
AA can significantly improve animal production performance 
(Thompson et al., 2019; Aymerich et al., 2020). Therefore, we 
found that the growth performance of pigs increased with the 
increase of AA digestibility. In addition, the improvement of 
AA digestibility may promote the development of intestinal 
villi and maintain intestinal barrier function. In intrauterine 
growth retardation piglets, methionine effectively enhanced 
the intestinal tight junction protein expression, villus height, 
and oxidative status (Su et  al., 2018). Gut mucosal proteins 
and mucins, which contribute to intestinal integrity, are rich 
in cysteine (Badaloo et  al., 2012; Yin et  al., 2016) . Arginine 
stimulates intestinal cell migration (Rhoads et  al., 2004), 
enhances intestinal mucosal immune barrier function, 
and maintains intestinal integrity in weaned pigs after the 
Escherichia coli LPS challenge (Zhu et  al., 2012). Thus, the 
upregulating mRNA expression of MUC4 and increased the 
goblet cell numbers in villus of the duodenum in the 600 mg/kg  

Fe group may be responsible for the increased AID of AA. In 
turn, the larger number of goblet cells in the high Fe group 
may have promoted the intestinal secretion of more mucus, 
which promoted intestinal health, and then improved 
the digestibility of nutrients, and ultimately improved 
the growth performance of pigs. Since, goblet cells are 
specialized secretory cells that help synthesize and secrete 
mucus, including proteins, trefoil factors, and mucins in the 
human and animal intestines, and play an important role in 
maintaining tissue homeostasis (McCauley and Guasch, 2015).

In conclusion, dietary supplementation with 450 to 600 mg/
kg Fe improved the growth performance of pigs by changing 
hematological status and by enhancing intestinal goblet cell 
differentiation and AID of AA.
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