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Introduction

The iron consumed daily in grain may be ab-
sorbed in the form of iron ions or haeme iron  
(Andrews, 1999). Most of the iron in grain exists 
in the form of ferric ions (Fe3+), which, because of 
their poor solubility in water, are poorly absorbed by 
intestinal epithelial cells. Ferric ion is transformed 
into soluble ferrous ions (Fe2+) by cytochrome b re-
ductase (Dcytb) on the surface of duodenal epitheli-
al cells before being absorbed (McKie et al., 2001). 
Iron is transported and penetrates the brush border 

membrane via divalent metal transporter (DMT1) 
(Fleming et al., 1997; Gunshin et al., 1997). In mi-
crocytic anaemia in the domestic mouse and Bel-
grade mice, changes in the DMT1 expression are 
indicative of the amount of iron absorption in the 
intestine (Fleming et al., 1998). In animals lacking 
DMT1 function, iron absorption from consumed 
grain is reduced, leading to microcytic anaemia. This 
indicates that DMT1 is the main iron transport pro-
tein in intestinal epithelial cells (Hubert and Hentze, 
2002). Within cells, iron is stored in the form of  
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ferritin, or transported through the basilar membrane 
via ferroportin. Iron transported out of the cell will be 
incorporated into ferroportin in the presence of oxidase 
transport protein, and distributed through the tissue 
with transferrin or absorbed into endosomes by com-
bining with the transferrin receptor (TfR) (Ezquer et 
al., 2006). Iron homeostasis in the cell is regulated by 
many factors, including iron-related transporters, body 
iron stores, especially hepcidin, which plays a key role 
in down-regulating enterocyte iron absorption, thus 
affecting iron absorption and animal health (Starzyn-
ski et al., 2005; Lipinski et al., 2010). Deletion of the 
hepcidin gene causes massive iron loading in the liver 
(Nicolas et al., 2001), whereas overexpression of this 
gene results in severe anaemia (Nicolas et al., 2002).

In the animal industry, ferrous sulphate and ami-
no acid-chelated iron are both widely supplemented 
to piglet feed to improve growth performance. A 
number of studies have been conducted to evalu-
ate the iron absorption efficiency of these two min-
eral additives, but their conclusions vary. In several 
investigations, no differences were found between 
these two additives. A study conducted using Caco-2 
cells as a model combined with the 59Fe isotope tracer 
technique showed similar absorption of amino acid-
chelated iron and ferrous ascorbate (Mazariegos et 
al., 2004). Yeung et al. (2005) reported that the iron 
absorption of ferrous sulphate, ferric chloride, ferrous 
ascorbate, ferrous bisglycinate, ferric citrate, and the 
absorption channel for chelated Fe and inorganic salt 
are the same in the Caco-2 cell model (Yeung et al., 
2005). However, some investigations indicated that 
the iron absorption rate of amino acid-chelated iron 
was higher than that of ferrous sulphate (Cocato et al., 
2008; Ettle et al., 2008; Krasucki and Orlicki, 2008). 

At present, ferrous bisglycinate is the most wide-
ly used additive in the pig industry. Previous studies 
interestingly suggested that the absorption of ferrous 
bisglycinate was greater than the absorption of ferrous 
sulphate (Fairweather-Tait et al., 1992; Pineda et al., 
1994; Fox et al., 1998; Pineda and Ashmead, 2001). 
This may indicate that the iron absorption mechanism 
is not the same for ferrous bisglycinate and ferrous sul-
phate. Some studies considered that metal amino-acid 
chelates may be absorbed by other transporters, such 
as the intestinal peptide transporter (PepT1) (Ash-
mead, 1991; Lowe et al., 1994). After being released 
from ferrous bisglycinate, glycine is transported by an 
ASC-type transporter, the major transit mechanism for  
small, branched neutral amino acids (Kanai and 
Hediger, 1992; Pizarro et al., 2002). ASCT1 and 
ASCT2 are two subtypes of ASC that have similar 
substrate specificity and functional characteristics 
(Avissar et al., 2001).

Considering the increasingly wider use of ami-
no acid-chelated iron in the pig industry, it is impor-
tant to compare the absorption efficiency of ferrous 
sulphate and amino acid-chelated iron, and further, 
to reveal the underlying mechanism. Therefore, the 
aim of our study was to examine the influence of 
ferrous bisglycinate on the expression of iron trans-
port components in pig intestinal epithelial cells and 
to identify the differences in the regulated transport 
pathways for ferrous bisglycinate and ferrous sul-
phate in these cells. 

Material and methods 

Cells and reagents
Pig intestinal epithelial cells (IPEC-1) were kindly 

provided by Professor Guoyao Wu from Texas A&M 
University. Ferrous sulphate (analytically pure; 
ferrous content, 30%) was obtained from Tianjin 
Damao Chemical Reagent Factory (Tianjin, China), 
and ferrous bisglycinate (iron content, 17%) was 
obtained from the Shandong Heshi Group (Shandong,  
China). Ferrous solutions were prepared by dilution 
in double-distilled water and filtration (0.22 µm; 
Millipore). Atomic absorption spectrometry (Varian 
220 FS, US) was used to determine ion concentrations 
by the flame method before the solutions were stored 
at –20°C; mineralization was performed using dry 
digestion methods (Tam and Yao, 1999).

Cells were seeded (2.0 × 105 cells · ml–1) in  
25 cm2 culture dishes in DMEM-F12 (Life Tech-
nologies, Gaithersburg, MD, USA) with 5% foetal 
calf serum (GIBCO, USA) and incubated at 37°C.  
Medium was replaced every 24 h. Cells were di-
gested with 0.25% pancreatin for 3 min. Complete 
medium was added to achieve a cell density of  
1.5 × 105 cells · ml–1. Aliquots of cell suspensions 
(0.95 ml each) were added to 6-well plates with 
0.05 ml of varying concentrations of ferrous bis-
glycinate or ferrous sulphate to bring the final con-
centration of iron to be 0.5, 1.0 and 2.0 mmol · l–1. 
Cultures were incubated for 12, 24, or 36 h before 
harvesting for analysis.

RNA extraction and cDNA synthesis
Total RNA was isolated with TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA) and reverse-tran-
scribed with dNTPs (TaKaRa, Japan) and M-MLV 
reverse transcriptase (Promega, USA). The qual-
ity of RNA was determined by calculating the OD 
260/280 ratio using a spectrophotometer (NAN-
ODROP2000, Thermo Scientific, USA) and by aga-
rose gel electrophoresis.
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Table 1. List of primer sequences

Gene GenBank 
accession No. Primer sequences Amplicon length  

bp
Annealing  

temperature
ASCT1 XM_003125088.2 F: AGCAAGATTGTGGAAATGAAGG  

            R: TGCAAATGGCGTGACGAG
177 59

ASCT2 DQ231578.1 F: CAAGATTGTGGAGATGGAGGAT 
            R: TTGCGAGTGAAGAGGAAGTAGAT

132 58

DMT1 EU647217.1 F: GAATGTTCCTGCCATCGTGTT  
            R: GCTTCTCGCACTTCCTCCTTAT

160 60

PepT1 AY180903.1 F: 5’  TTCTGTTTGCGGGGTTGC  3’ 
            R: 5’ TGCGTCTGTACGTCGGTGTC  3’

172 60

18S NR_046261.1 F: ATTCCGATAACGAACGAACGAACGAGACT 
            R: GGACATCTAAGGGCATCACAG

105 59

Ferritin D15071.1 F: AACGAGGTGCCCGAATCTT 
            R: GTTCCAGCAGGGACTGATACAC

126 59

Primer design and synthesis 
Primers were designed with Primer 5.0 software 

using Sus scrofa sequences from the NCBI database 
and synthesized by Shanghai Shenggong Bioengi-
neering Co. Ltd. All primer sequences are listed in 
Table 1. 

Real-time PCR
Real-time PCR was performed on an ABI7500 

instrument (Life Technologies, Gaithersburg, MD, 
USA); each experiment was performed six times. 
Reactions were performed in a 20-μl reaction volume 
containing 20 μM of each primer, 10 μl SYBR Green 
Real-Time PCR Master Mix (TOYOBO, Japan), 
and 1 μl cDNA template. PCR cycling conditions 
were: 94°C, 5 min; 38 cycles each of 94°C for 30 s; 
59°C for 30 s; 72°C for 30 s; and final extension at 
72°C for 10 min. 

Western blotting 
Cells were lysed using TRIzol reagent, and the 

concentration of extracted proteins was measured 
by the BCA standard method (Krieg et al., 2005). 
Twenty micrograms of protein was separated by 
SDS-PAGE and transferred to PVDF membranes. 
Primary antibodies (1:200) (primary antibodies: 
DMT1, PEPT1, GAPDH; and mouse monoclonal 
IgG1 were from Santa Cruz Biotechnology, Hei-
delberg, Germany) were added, followed by HRP-
conjugated goat anti-mouse antibody (1:5,000). 
Proteins were visualized by chemiluminescence 
(FluorChemM, ProteinSimple, USA). Densitometry 
was performed with Image J 1.44P software. Results 
are expressed relative to GAPDH.

Statistical analyses 
Data are expressed as mean ± standard devia-

tion (SD). After a test of assumptions of normality  

 

and equal variance, data analysis was performed 
with SPSS 17.0 software with three-way analysis of 
variance (factors: iron source, time, concentration) 
and the Student-Neuman-Keuls post hoc test was 
applied to make individual comparisons. Results 
were considered statistically significant at P < 0.05 
and P < 0.01.

Results

Influence of ferrous bisglycinate on PepT1 
mRNA expression 

Compared with ferrous sulphate, PepT1 tran-
script expression in ferrous bisglycinate groups 
was significantly higher in treatments with  
0.5, 1 mmol · l–1 iron at 24 h (Figure 1A; P < 0.05) 
and 36 h (Figure 1A; P < 0.01). The mRNA expres-
sion of PepT1 was significantly lower at 12 h than 
24 h and 36 h in the treatments with iron concentra-
tions of 0.5 and 1 mmol · l–1 (P < 0.01).

Influence of ferrous bisglycinate on DMT1 
mRNA expression 

There was no significant difference between fer-
rous bisglycinate and ferrous sulphate. The mRNA 
expression of DMT1 was significantly lower at 12 h 
than at 24 h and 36 h in the treatments with an iron 
concentration of 2 mmol · l–1. 

Influence of ferrous bisglycinate on ferritin 
mRNA expression 

Ferritin mRNA expression was significantly 
higher in the presence of ferrous bisglycinate (24 h, 
1 mmol · l–1; 36 h, 0.5 mmol · l–1) than in the presence 
of ferrous sulphate (P < 0.05). At the same iron con-
centrations, ferritin transcript expression increased 
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Figure 1. Influence of different iron concentrations and processing times on the relative transcript levels of cell PepT1, DMT1, ferritin, TfR, 
ASCT1, ASCT2 mRNA; (n = 6); * means significant differences between Fe sulphate and ferrous bisglycinate (P < 0.05); ** means that the  
difference was very significant between Fe sulphate and ferrous bisglycinate (P < 0.01)
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up to 24 h and then decreased at 36 h (Figure 1C;  
P < 0.05). Expression of ferritin was significantly 
lower in 2 mmol · l–1 after 24 h compared with treat-
ments with 0.5 and 1 mmol · l–1.

Influence of ferrous bisglycinate on TfR 
mRNA expression 

At 36 h, TfR mRNA expression was higher in 
the presence of 0.5 mmol · l–1 and 1 mmol · l–1 fer-
rous bisglycinate than in the presence of ferrous sul-
phate (P < 0.05). Processing time had no effect on 
expression of TfR, and long-term (36 h) incubation 
with high-concentration iron (2 mmol · l–1) yielded 
the lowest TfR mRNA expression compared with 
other groups (Figure 1D).

Influence of ferrous bisglycinate on ASCT1 
mRNA expression 

ASCT1 mRNA expression at 36 h was signifi-
cantly higher in the presence of 0.5 mmol · l–1 and  
1 mmol · l–1 ferrous bisglycinate than in the presence 
of ferrous sulphate (P < 0.05).

Influence of ferrous bisglycinate on ASCT2 
mRNA expression 

ASCT2 mRNA expression was significantly 
higher in the presence of ferrous bisglycinate than 
in the presence of ferrous sulphate at 36 h and 0.5 
mmol · l–1 (P < 0.01), but no significant differences 
were found in the other groups. Over time, mRNA 
expression of ASCT2 increased from 12 h to 24 h, 
and then decreased at 36 h in the treatments with 0.5 
and 1 mmol · l–1 iron concentrations (P < 0.05).

Influence of ferrous bisglycinate on DMT1 
and PepT1 protein expression 

DMT1 protein expression was significantly pro-
moted in the ferrous bisglycinate group than ferrous 
sulphate in the 24 h, 1 mmol · l–1 treatment (Fig-
ure 2A; P < 0.05). Compared with ferrous sulphate,  
expression of PepT1 protein was significantly high-
er in the ferrous bisglycinate groups in all treatments 
(Figure 2B; P < 0.01).

Discussion 

Ferric ion is reduced to ferrous ion at the brush 
border membrane of the duodenum before being 
transported into the intestinal epithelial cells via 
DMT1 (Collins et al., 2005). In cells, iron is stored 
in the form of ferritin or it can penetrate through 
the basal-cell membrane via ferroportin. After be-
ing transported out of the membrane, iron is distri-
buted through tissues along with transferrin, which 
is an important extracellular transporter (Collins et 
al., 2005). In this study, DMT1 protein expression 
was significantly higher in the ferrous bisglycinate 
groups than in the ferrous sulphate groups when the 
treatment concentration was 1 mmol · l–1 and treat-
ment time was 24 h, but there were no significant 
differences in the other groups. As it is the main iron 
transport protein in intestinal epithelial cells, chang-
es in the DMT1 expression can be considered as in-
dicative of iron absorption in the intestine (Fleming 
et al., 1998). Therefore, to a certain extent our data  
implies that ferrous ion absorption at IPEC cells 
could be improved by ferrous bisglycinate under 
optimal conditions. There were no differences in 
DMT1 transcription levels between the ferrous  

Figure 2. Influence of ferrous sulphate and ferrous bisglycinate on 
DMT1 and PepT1 protein expression; values are DMT1/ GAPDH 
and PepT1/ GAPDH ratios; * indicate significant differences between 
Fe sulphate and ferrous bisglycinate (P < 0.05); ** indicate very sig-
nificant differences between Fe sulphate and ferrous bisglycinate  
(P < 0.01)
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bisglycinate and ferrous sulphate groups, because 
the regulation of DMT1 by ferrous bisglycinate oc-
curs probably only during translation. 

Besides DMT1, TfR and ferritin also play im-
portant roles in iron absorption in the intestine. 
DMT1 has two functional isomers, one of which 
contains a single iron reaction element (IRE) in  
3′-UTR and is bound by IRP (iron-regulatory pro-
teins) in vitro; the other isomer lacks 3′-UTR (Gárate 
and Núñez, 2000). Iron absorption is dependent on 
iron concentrations in the epithelial cells of the intes-
tine (Ludwiczek et al., 2004). It has been recognized 
that a high concentration of iron could reduce the 
combination of IRP/IRE, thus reducing the stability 
of DMT1 mRNA and further, affecting iron absorp-
tion. When iron is depleted in cells, IRPs inhibit fer-
ritin expression and induce TfR expression (Gárate 
and Núñez, 2000). In our study, mRNA expression 
of TfR was significantly higher in the ferrous bis-
glycinate groups than in the ferrous sulphate ones 
when the treatment concentrations were 0.5 and  
1 mmol · l–1, and treatment time was 24 h, imply-
ing that the iron concentration within IPEC cells 
was higher in the ferrous bisglycinate groups, which 
could be a result of more iron being transported from 
outside into IPEC cells via DMT1. Higher mRNA 
expression of TfR was induced by increased iron 
concentrations within IPEC cells in the ferrous bis-
glycinate groups in order to maintain cell iron bal-
ance. Consistently with TfR, expression of mRNA 
for ferritin, which is the main storage form in cells, 
showed a significant increase in the ferrous bisglyci-
nate groups (24 h, 1 mmol · l–1; 36 h, 0.5 mmol · l–1), 
also indicating increased iron absorption in IPEC 
cells, which might be attributed to higher expres-
sion of DMT1. We think that the iron concentration 
in IPEC cells gradually increased with the time, but 
that it was transported out of the cells to prevent iron 
overload when its concentration exceed the cell’s 
maximal needs. In the current study, expression of 
ferritin mRNA increased from 12 h to 24 h and then 
decreased at 36 h. This might indicate that the iron 
concentration reached the highest level at 24 h and 
needed to be down-regulated to prevent overload.

Another interesting finding in our study was that 
PepT1 mRNA levels and protein expression were 
higher in the presence of ferrous bisglycinate than 
ferrous sulphate. Iron ions from ferrous bisglycinate 
can be dissolved in the stomach or duodenum and 
become part of the non-haeme-iron pool, where they 
need to compete with ferrous sulphate for absorp-
tion because they share DMT1 transport into cells.  

There is, however, no competition if ferrous bisgly-
cinate was absorbed in the form of haeme iron via 
the PepT1 transporter (Pizarro et al., 2002). A pre-
vious study reported that ferrous bisglycinate was 
absorbed more easily than ferrous sulphate (Pineda 
and Ashmead, 2001). In men without anaemia, fer-
rous bisglycinate was fully absorbed in comparison 
with ferrous sulphate present in pure maize food 
(Bovell-Benjamin et al., 2000). In a mouse intesti-
nal ligation model, iron is transported from the mu-
cosa to the blood not only in the form of an iron ion 
or chelate, but also in low-molecular-weight ferro- 
polymers (Terato and Yoshino, 1973). In our study, 
the increased mRNA and protein expression of 
PepT1 in the ferrous bisglycinate groups indicated 
that the transport of ferrous bisglycinate was associ-
ated with PepT1, which may be one of the important 
reasons that ferrous bisglycinate can be absorbed 
more easily than ferrous sulphate. 

The Na+-dependent neutral amino acid trans-
port system, ASC, is expressed in the brush bor-
der membrane of intestinal epithelial cells (Palacin 
et al., 1998). ASCT1 and ASCT2 mediate glycine 
through the brush border membrane. ASCT2 is  
a broad-spectrum neutral amino acid carrier driven 
by the cross-membrane Na+ concentration gradi-
ent (Zerangue and Kavanaugh, 1996; Broer et al., 
1999). Its main function is to transport neutral ami-
no acids, such as glutamine and asparagine (Bode, 
2001). In our study, we found that both the expres-
sion of ASCT1 and ASCT2 were increased in the 
ferrous bisglycinate 1 mmol · l–1 treatment group 
after 36 h. It is possible that ferrous bisglycinate is 
partially dissolved to release glycine and the ferrous 
ion, which leads to an increased glycine concentra-
tion and induces expression of ASCT1 and ASCT2.

In summary, the results of the current study 
indicate that both DMT1 and PepT1 transporters 
modulate absorption of ferrous bisglycinate in IPEC 
cells, and that the more effective absorption of fer-
rous bisglycinate is associated with greater expres-
sion of DMT1 and PepT1, which provides a theo-
retical basic for the use of ferrous bisglycinate in 
animal/human nutrition.
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