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Abstract	
  

EFFECTS OF CARBOHYDRATES ON IRON METABOLISM IN INTESTINAL AND 
LIVER CELLS 

Iron deficiency and excess are worldwide public health problems. Studies suggest that 
carbohydrates such as fructose, and oligo-and polysaccharides (prebiotics), increase iron 
bioavailability, but results are inconclusive. There is also interest in whether iron and 
fructose contribute to the pathogenesis of colorectal cancer (CRC), hepatocellular 
carcinoma (HCC) and non-alcoholic fatty liver disease (NAFLD). Intake of sugars has 
increased in the past three decades, as has the prevalence and incidence of HCC and 
NAFLD, while CRC remains one of the top three occurring malignancies in the 
developed world, making these questions particularly relevant at this time. The aims of 
this thesis were to study iron-carbohydrate effects on: non-haem iron bioavailability, and 
on the expression of genes and proteins related to CRC, HCC and NAFLD. The principal 
carbohydrates investigated were fructose, the related sweetener high fructose corn syrup 
(HFCS), and fructo- and galacto-oligosaccharide prebiotics (FOS&GOS, respectively). 

It was hypothesised that fructose, HFCS, and FOS&GOS would increase non-haem iron 
bioavailability, and that iron and fructose would alter expression of genes and proteins 
related to the pathogenesis of CRC, HCC and NAFLD. 

Two human in vitro cell lines were used to investigate these questions: Caco-2 and 
HepG2 cells, models of the small intestine and liver, respectively. The Caco-2 in vitro 
digestion model was used to examine fructose, HFCS, and FOS&GOS effects on iron 
bioavailability with ferritin formation as a surrogate marker for iron uptake.  Ferritin 
formation was also utilised to assess iron uptake in HepG2 cells. Expression of iron 
homeostasis proteins was analysed by Western Blot and Polymerase Chain Reaction 
(PCR) to explore biological mechanisms underlying observed effects on iron 
bioavailability. Lastly, Caco-2 and HepG2 cells were treated with iron and fructose, and 
the effects on selected genes and proteins involved in CRC, HCC and NAFLD 
development were evaluated through microarray, PCR and Western Blot analysis.  

Results indicated that fructose in a water-based matrix with added ferric iron (FeCl3) 
significantly increased ferritin formation in Caco-2 and HepG2 cells by 40 and 35 %, 
respectively, in comparison with iron alone treated cells; this effect was negated in the 
Caco-2 cell line by phytates and polyphenols at 1:5 and 1:1 iron:inhibitor molar ratios, 
respectively. Fructose treatment alone did not significantly increase ferritin formation in 
either cell line. Fructose combined with FeCl3 in a pH 7 water-based matrix significantly 
increased ferrozine-chelatable ferrous iron levels by 320 % in comparison with FeCl3 

alone. Two liquid ferrous iron supplements with added fructose had significantly higher 
ferritin compared with dissolved ferrous sulphate tablets; Spatone Appleâ, the 
supplement that had the highest fructose to iron molar ratio (62:1), had the highest iron 
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bioavailability with ferritin levels 610 % higher compared with ferrous sulphate alone, 
although it is important to note that it also had the highest  concentration of ascorbic acid. 
Fructose added to ascorbic acid and FeCl3 in a water-based matrix had an additive effect 
on ferritin formation in Caco-2 cells, significantly increasing ferritin two-fold compared 
with FeCl3 and ascorbic acid alone. A high-fructose containing sweet potato (SP) infant 
complementary food with 240 % more fructose compared with a low fructose SP food 
had significantly higher ferritin levels by 30 %, but ferritin was still relatively low 
compared to a commercial weaning food (50 % less), possibly secondary to high levels of 
phytates and polyphenols in the SP-based foods. Lastly, a mixture of exogenous 
FOS&GOS prebiotics added to Young Child Formulae (YCF, milk-based products for 
toddlers) increased ferritin formation by approximately 25 %, and eliminated significant 
differences in ferritin levels in comparison to YCF with manufacturer added FOS&GOS. 
Gene and protein expression analysis did not support the hypothesis that the observed 
increase in fructose-induced ferritin was due to changes to iron transporter or homeostasis 
molecules. Caco-2 and HepG2 cell gene and protein analysis demonstrated significant 
changes in pathways related to CRC, HCC and NAFLD. Key significant findings of iron 
and fructose cell treatments were: 1.5 fold or greater changes in HepG2 gene expression 
of SMADs 2 and 3, STAT3 and NF-κb -- signalling proteins implicated in development 
of inflammatory liver disease; increased HepG2 mRNA expression of cell cycle related 
genes, Cyclin D1 and Cyclin D2, and the proto-oncogene Skp2; decreased mRNA 
expression of HNF4A, a key liver transcription factor,  but with increased HNF4A protein 
expression; increased HepG2 mRNA and protein expression of the “cancer chaperone” 
Heat Shock Protein 90; and significantly decreased  mRNA expression of the tumour 
suppressor gene APC by 1.3 fold in iron alone treated Caco-2 cells.  

In conclusion, fructose, HFCS, and a mixture of prebiotics increased iron bioavailability 
as assessed by ferritin formation in an in vitro intestinal cell model. The observed effects 
were negated by phyates and polyphenols in a water-based matrix, and also in a complex 
food matrix (sweet potato-based) containing high levels of these inhibitors, indicating that 
these carbohydrates would not increase gut iron uptake when eaten as part of a mixed diet 
containing polyphenols and phytates. Iron/mineral supplements with added fructose and 
ascorbic acid in a water-based matrix were associated with higher available iron in 
comparison with ferrous sulphate alone; fructose had an additive effect with ascorbic acid 
suggesting that iron supplement bioavailability could be improved with the addition of 
fructose. In a milk-based food matrix added prebiotics FOS&GOS significantly improved 
available iron suggesting that a mixture of FOS&GOS prebiotics could improve the 
nutritional benefits of YCF in relation to iron deficiency. Fructose added to iron solutions 
also increased ferritin in an in vitro hepatocyte cell model. Fructose-induced ferritin 
increases did not appear to be secondary to altered expression of iron homeostasis 
molecules, but rather to changed iron oxidation state to the more bioavailable ferrous 
form. Changes observed in genes and proteins associated with CRC, HCC and NAFLD 
with iron and fructose treatments related to multiple pathways implicated in these 
diseases, and require further study. All of the above were obtained in vitro, therefore in 
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vivo confirmation of these findings is required for further evaluation of their impact on 
human health and disease. 
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1 CHAPTER ONE: INTRODUCTION 
 

Iron is an essential nutrient required for oxygen transport, cellular energy generation and 
over 200 enzyme reactions in human beings, however excess iron is toxic; iron 
homeostasis is consequently highly regulated. Despite this, a significant number of people 
suffer from either iron deficiency or overload, and both these conditions have significant 
health sequelae.  

Iron deficiency is a global problem even though iron is one of the most plentiful elements 
on earth. This paradox arises, in part, because in its most abundant forms iron is poorly 
bioavailable - bioavailability is the proportion of a nutrient from the diet that can be 
digested, absorbed and metabolised (Wienk, Marx et al. 1999). 

Poor iron bioavailability may partly explain another iron paradox – that iron overload 
disorders are also a global problem (Fleming and Ponka 2012). The most common 
primary cause of iron overload in the Western world is Classic Hereditary 
Haemochromatosis (HH), and it has been suggested that in the early reproductive years 
HH confers a selective advantage because it produces resistance to dietary iron deficiency 
(Pietrangelo 2004, Ye, Cao et al. 2015), which may explain HH’s persistence in the 
population. However, long-term excess iron causes cellular and end organ damage and 
malfunction. Even in the absence of absolute overload, disordered regulation or 
compartmentalization of intracellular iron causes pathology. For example, in the disease 
Friedreich’s ataxia, a mutation in the iron handling protein frataxin that causes increased 
mitochondrial iron but without elevating total cellular iron levels, leads to progressive 
neurological and cardiac degeneration (Pandolfo and Pastore 2009). Total iron levels, 
location, and duration of overload determine toxicity. 

The body has a complex system of proteins and enzymes that regulate iron balance. There 
is no active form of body iron excretion; iron homeostasis is primarily maintained by 
regulation of the proteins involved in iron absorption (Miret, Simpson et al. 2003). 
However, the amount of iron available in the gut to be absorbed by those proteins can 
affect iron status. Various dietary constituents interact biochemically with iron, and either 
enhance or decrease its bioavailability (via mechanisms that will be discussed later in this 
thesis). In addition, recent research suggests that dietary factors may also alter the 
expression of gastrointestinal iron transport/absorption proteins, and therefore directly 
change iron uptake flux (Thomas, Gaffney-Stomberg et al. 2013). Iron absorption and 
iron stores reflect the balance between systemic regulation of absorption and iron 
bioavailability 

In summary, iron-related disorders are prevalent and have serious health implications, and 
diet impacts on iron status; it is therefore important to identify nutrients that affect iron 
bioavailability and consequently iron status in humans.  
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1.1:		 Iron	biochemistry	

Iron, a transition metal, typically has a coordination number - the number of ligands to 
which an element can bind - of six (Crichton 2009). 

Iron may exist in several oxidation states, but the most physiologically relevant states are 
Fe2+ (ferrous iron, the reduced form) and Fe3+ (ferric iron, the oxidized form); under 
physiological conditions iron redox state can rapidly and reversibly change depending on 
pH, redox potential, and ligand binding (Crichton 2009). Iron’s coordination chemistry 
and redox flexibility enable it to form complexes with many organic molecules and 
generate metallo-iron proteins involved in a wide range of metabolic reactions.  

Iron’s ability to easily alter its oxidation state is key to both its functionality in multiple 
redox reactions as an electron transporter, and it’s potential toxicity through Fenton 
chemistry generated free radicals (Pierre and Fontecave 1999).The Fenton reaction occurs 
when hydrogen peroxide (H2O2), a common byproduct of cellular processes, reacts with 
Fe2+ to form Fe3+ and the highly reactive hydroxyl radical; hydroxyl radicals may attack 
and damage membrane lipids, cellular proteins and DNA (Crichton, Wilmet et al. 2002). 
Furthermore, the generated Fe3+ can then go on to react with superoxide radicals 
(common byproducts of cellular metabolic processes) in the cell to regenerate Fe2+ and 
perpetuate the cycle in a reaction known as the Haber-Weiss cycle (Pierre and Fontecave 
1999) (Figure 1.1). 

	

Figure	1.1	The	Haber-Weiss	Cycle	including	the	Fenton	Reaction.	
The	Fenton	Reaction	is	the	left	side	of	the	reaction.		Small	amounts	of	Fe2+	react	with	hydrogen	
peroxide	and	produce	Fe3+	 and	 the	highly	 reactive	hydroxyl	 free	 radical	 (×OH);	 Fe3+	 in	 turn	 can	
react	 with	 the	 superoxide	 radical	 (×O2

-)	 and	 regenerate	 Fe2+	 and	 the	 cycle	 is	 perpetuated	
(adapted	from	Pierre	and	Fontecave	1999).	

Cells maintain “free” Fe2+ and Fe3+ at very low levels in order to protect against reactive 
oxygen species toxicity, but disturbed intracellular homeostasis or absolute iron excess 
may overload or over-ride these mechanisms leading to cell death and disease.  

1.2:		 Dietary	iron	

Iron in the diet is mainly found in two forms – haem and non-haem iron. The iron storage 
protein ferritin may also be a dietary source of iron (especially from plants), although 
there is currently little data available about what percent of iron in the human diet is 
derived from this source. 

197

Figure 3. Fe3+/Fe2+ redox potentials at pH: 7 (mV/NHE).

Figure 4. The Haber-Weiss cycle (left part: Fenton reaction).

overload, may act as a prooxidant (Borg & Schaich
1986)! It has been recently pointed out that, in the
presence of a Fe(II) chelator with a β > 103, the
effective redox potential of transferrin (Figure 3) was
shifted positive of NADH, and therefore can be re-
duced by this biological reducing agent (Kraiter et al.
1998).
When strong ferrous chelating agents with high

redox potentials (such as ferrozine or phenantroline),
are used as tools to evidence iron release from a fer-
ric complex via a reduction step, the release might be
essentially due to the presence of the ferrous chelating
agent: the tool itself thus greatly affects the process
under study!

Ferrous complexes and hydrogen peroxide:
hydroxyl radical or iron-oxo species?

As shown in Figure 2, two pathways may be envisaged
leading either to hydroxyl radicals (Fenton chemistry)

or to a ferryl species. The spin-trap DMPO usually
allows discrimination between the two, benzoate and
tBuOH do not. There is often an overestimation of
hydroxyl production when benzoate or tertiobutanol
are used as HO• scavengers: both hydroxyl radicals
and ferryl complexes are scavenged. Numerous papers
concerning the reaction of hydrogen peroxidewith fer-
rous complexes of EDTA, DTPA, nucleotides, citrate,
... led to fuzzy results. Recent papers (Yamazaki &
Piette 1990, 1991; Luzzatto et al. 1995) contribute
to clarify the situation. They make a distinction be-
tween free and masked hydroxyl radicals (hydroxyl
in strong interaction with the metal center) and, of
course, with ferryl species. The relative rates of the
processes depend on L, the stoichiometry, the solvent
and the pH: in acidic medium or with an excess of
H2O2 only hydroxyl radicals are formed, while with
higher [Fe2+],Fe(IV) = O species can be obtained at
physiological pH . In hydrophobicmedium, formation
of the ferryl species predominates (this may suggest
that in membranes, oxidative degradations are due to
ferryl species). Another cause of error is observed for
iron complexes with bulky hexacoordinating ligands:
the reaction of hydrogen peroxide with the ferrous
center may be very slow and, furthermore, the access
of the iron center by the spin-trap may be difficult.
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1.2.1:		 Haem	iron	

Haem iron is iron complexed with porphyrin (a naturally occurring aromatic compound 
consisting of four modified pyrrole rings) and is derived predominantly from the metallo-
iron proteins haemoglobin and myoglobin found in meat, poultry and fish (MFP). 

1.2.2:		 Ferritin	

 Ferritin is the main iron storage protein in plants and mammals.  It is a large protein 
consisting of peptide subunits arranged in a cage like structure around a central core of 
iron; ferritin can hold up to ≈ 4000 Fe3+ as iron hydroxide-phosphate complexes (Koorts 
and Viljoen 2007).  The actual iron content of plant ferritin may vary depending on soil 
iron levels (Oikeh, Menkir et al. 2003, Zielinska-Dawidziak 2015). Mammalian ferritin 
iron content differs depending on host iron status, and cellular/organ location of the 
protein; human ferritin will be further discussed in section 1.4.1 of this thesis. 

1.2.3:		 Non-haem	iron	

Non-haem iron consists of inorganic ferric or ferrous iron, bound to peptides, salts or 
organic acids (Miret, Simpson et al. 2003); it is the predominant dietary form of the 
mineral, and accounts for 70-90 % of dietary iron intake throughout the world – higher in 
developing countries and less in the developed world (Carpenter and Mahoney 1992). 
Non-haem iron is found in cereals, nuts, pulses, dark leafy green vegetables, and also in 
MFP (Hazell 1985). 

1.3:		 Physiological	roles	of	iron	

Iron is a functional component in over 200 metallo-enzymes or cofactors; these molecules 
are amongst the most diverse assortment of metallo-complexes in biological systems 
(Frey and Outten 2011).  Functions of iron include its role in:  reversible oxygen transport 
and storage as part of haemoglobin and myoglobin, respectively; energy generation 
through electron transfer in the electron transport chain via the haem proteins 
cytochromes a and c and the iron-sulphur cluster enzyme succinate dehydrogenase; cell 
replication as a cofactor for the enzyme ribonucleotide reductase (RR); central nervous 
function as the co-factor for several enzymes used in the generation of neurotransmitters; 
and the innate immune system in the generation of hypochloric acid by the  haem enzyme 
myeloperoxidase (Gkouvatsos, Papanikolaou et al. 2011). Table 1.1 lists some examples 
of iron-based proteins. 
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Table	1.1	Examples	of	Metallo-proteins	and	their	functions		
(Geissler	and	Singh	2011).	
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The oxygen released in the tissues from hemoglobin is used in oxidative metabolism. Hemoglobin 
binds carbon dioxide in the tissues and carries it to the lungs where it is exhaled.  

Table 1. Examples of functional iron-containing proteins in the body (75 kg man). 

Iron-containing protein Function Location Iron content 
(mg) 

Heme proteins    
Hemoglobin Oxygen transport Red blood cells 3,000 
Myoglobin Oxygen storage Muscle 400 
Heme enzymes  All tissues c 30 
Cytochromes a, b, c 
 
 
 
 
Cytochrome C oxidase 
Cytochrome P450 + b5 
Dcytb 
 
Catalase 
Peroxidases 
Myeloperoxidase 
 
Sulfite oxidase 
 
Tryptophan 2,3-dioxygenase 
Iodase (iodoperoxidase) 

Electron transfer 
Transfer of electrons to molecular oxygen at 
end of respiratory chain 
(also requires copper) 
 
Microsomal mixed function oxidases 
Phase I biotransformation of xenobiotics 
Ferrireductase (duodenal enterocytes) 
 
Hydrogen peroxide breakdown 
Peroxide breakdown 
Neutrophil bacteriocide 
 
Sulfites to sulfates 
 
Pyridine metabolism  
Iodide to iodate 

  

 
Non-heme iron enzymes 

  
All tissues 

 
c 30 

Ribonucleotide reductase 
 
(Iron-sulfur proteins) 
Aconitase 
Isocitrate dehydrogenase 
Succinate dehydrogenase 
NADH dehydrogenase 
 
Aldehyde oxidase 
Xanthine oxidase 
 
Phenylalanine hydroxylase 
Tyrosine hydroxylase 
Tryptophan hydroxylase 
 
Prolyl hydroxylase 
Lysyl hydroxylase 

Ribonucleotides → 2’-deoxyribnucleotides 
Synthetic phase of cell division 
 
Citric acid cycle and initial steps of oxidative 
phosphorylation 
 
 
 
Aldehydes to carboxylic acids 
Hypoxanthine-uric acid 
 
Catecholamine, neurotransmitters, and 
melanin synthesis 
 
 
Collagen synthesis, both dependent on 
ascorbic acid 
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1.4:		 Iron	metabolism	

Iron metabolism is tightly regulated as a consequence of the metal’s potential toxicity. In 
addition, iron use/re-use is efficient because iron is difficult to absorb, and therefore a 
scarce resource within the body. 

1.4.1:		 Body	Iron:	levels,	distribution	and	storage	

Body iron is distributed amongst four conceptual compartments: absorption, transport, 
functional, and storage. Total body iron levels are on average 40 mg/kg in women and 50 
mg/kg in men (Andrews and Schmidt 2007).  

The majority of iron is in the functional compartment with approximately 70 % of body 
iron found within red blood cells and haemoglobin, and a smaller fraction in iron metallo-
enzymes and myoglobin (Andrews and Schmidt 2007). 

 25 % of iron is in the storage compartment within the liver in the iron storage proteins 
ferritin and haemosiderin. Mammalian cytosolic ferritin consists of 24 subunits made up 
of light chains (L chains, important in maintaining protein structure), and Heavy chains 
(H chains) that are the site of the catalytic oxidase site that converts ferrous iron to ferric-
oxohydroxide complexes (Arosio, Ingrassia et al. 2009). Exactly how iron is released 
from intracellular ferritin stores in response to iron needs is not clear and an area of active 
research.  

A small percentage of ferritin is also found in the blood. The functional significance of 
serum ferritin, typically an iron-poor form of the protein, is unknown, although there is a 
constant mathematical relationship between serum and liver ferritin levels that allows 
serum ferritin levels it to be used, under normal physiological conditions, as a proxy 
measure of body iron stores (Wang, Knovich et al. 2010). Haemosiderin, the other iron 
storage protein, is a breakdown product of ferritin normally found in only small amounts 
in the liver and reticuloendothelial system (RES); in iron overload conditions 
haemosiderin level increase dramatically (Miyazaki, Kato et al. 2002).The function of 
haemosiderin is unknown, and it is not clear if iron can be retrieved from haemosiderin 
although some older studies suggest that it is an available iron form (Shoden, Gabrio et al. 
1953). 

The liver is defined as the main storage organ of iron, but this is only true in the 
passive/inert sense of storage; recycling macrophages of the RES of the liver and spleen 
phagocytize senescent red blood cells (RBCs), degrade their haemoglobin, and 
subsequently store the derived iron, to be released as needed (Knutson and Wessling-
Resnick 2003). Recycling macrophages provide the majority of iron for body needs 
exceeding both gut and liver contributions (Ganz 2011).  This is a dynamic part of the 
storage compartment with rapid fluxes; at any specific time point absolute amounts of 
stored iron in the RES are relatively small, but some 20 mg/day of iron are recycled and 
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used through this system, in contrast with the 1-2 mg/day absorbed through the gut (Ganz 
2011). 

The iron transport compartment primarily consists of transferrin – the major blood iron 
transporter (Gkouvatsos, Papanikolaou et al. 2011). Transferrin is a glycoprotein 
composed of one polypeptide chain folded into a bilobal structure; each “lobe” of the 
protein is able to bind one molecule of ferric iron - thus the whole molecule can carry two 
iron atoms ((Aisen, Leibman et al. 1978). Holotransferrin refers to the fully iron loaded 
form; apotransferrin is iron-free. Absolute levels of transferrin bound iron are low 
(approximately 30 µmol/L), but like the RES this is a high flux system and a large 
amount of iron goes through the transferrin cycle (Gkouvatsos, Papanikolaou et al. 2011).  

The body passively loses 1-2 mg of iron/day through sweat, hair loss, and epithelial cell 
sloughing primarily in the gut and urinary systems and, in women, menstrual blood 
losses. All the above losses are replenished through gut absorption. Figure 1.2 shows the 
iron cycle through the different compartments. 

	

Figure	1.2	The	iron	cycle.		
1-2	mg	of	 iron	 is	absorbed	by	enterocytes	 to	replenish	daily	 losses.	This	 iron	 is	 transported	by	
transferrin	 through	 the	 blood,	 and	 taken	 up	 primarily	 by	 the	 erythroid	 cells	 where	 it	 is	
incorporated	 into	 haem,	 and	 secondarily	 into	 storage	 cells	 of	 the	 reticuloendothelial	 system	
(RES)	 and	 liver.	 Storage	 iron	 can	 be	 released	 from	 RES	 or	 liver	 cells	 as	 needed	 for	 diverse	
metabolic	functions	-figure	from	(Fleming	and	Ponka	2012).	

Iron deficiency (ID) increases gut iron absorption, but there is considerable genetic 
variation in the amount of adaptation possible and absolute absorption does not exceed 
approximately 40 % of available iron at best (Mathers, Meplan et al. 2010); absorption 
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are regulated transcriptionally.8 Systemic regula-
tion of iron absorption is mediated by the hor-
mone hepcidin. Hepcidin binds to the iron ex-
porter ferroportin and induces its degradation, 
thus decreasing the transfer of iron from entero-
cytes to the circulation.9,10

Circulating Iron
Iron released from enterocytes (and macrophages, 
see below) binds to free sites on the plasma iron-
transport protein transferrin. Because transferrin-
binding capacity normally exceeds plasma iron 
concentrations (normal transferrin saturation is 
approximately 30%), transferrin-bound iron is the 
only physiologic source available to most cells 
(reticuloendothelial macrophages are notable ex-
ceptions, as discussed below). Cells regulate the 
intake of transferrin-bound iron by altering the 
expression of surface transferrin receptor 1 (TfR1). 
In contexts in which transferrin becomes highly 
saturated, additional iron released into the circu-

lation is bound to low-molecular-weight com-
pounds (e.g., citrate).11 This non–transferrin-
bound iron (NTBI) is readily taken up by certain 
cell types, including hepatocytes and cardiomyo-
cytes. The excess uptake of iron as NTBI contrib-
utes to oxidant-mediated cellular injury. A frac-
tion of the circulating NTBI is redox-active and 
designated labile plasma iron.12 Although there 
are methods for measuring serum NTBI and la-
bile plasma iron, insufficient standardization and 
clinical correlation currently limit routine clini-
cal use of them.

Erythroid Precursors
Erythroid precursors are the major sites of iron 
utilization. These cells express high levels of 
TfR1, which mediates the entry of iron-bound 
transferrin (ferri-transferrin) into recycling endo-
somes. On acidification of the endosomes, the 
iron is released and then exported by DMT1. The 
IRE–IRP system plays an important role in ery-
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Figure 1. Iron Cycle.

Duodenal enterocytes absorb approximately 1 to 2 mg of iron per day to offset losses. Absorbed iron circulates 
bound to transferrin and is used primarily by erythroid precursors in the synthesis of heme. Reticuloendothelial 
macrophages clear senescent erythrocytes and release the iron from heme to export it to the circulation or store it 
in ferritin. Hepatocytes are another site of iron storage as ferritin and the principal site of production of the peptide 
hormone hepcidin. Hepcidin blocks the release of iron from enterocytes and reticuloendothelial macrophages by 
degrading the iron exporter ferroportin.
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therefore may become the limiting factor in maintaining adequate body iron status. 
Conversely, if regulation of absorption is disordered and iron absorbed despite normal 
stores/need, overload may result. It is within the absorption compartment that dietary 
factors can affect iron homeostasis.  

1.4.2:		 Absorption	

The duodenum is the primary site of dietary iron absorption (Wheby and Crosby 1963). 
Iron is taken up through enterocytes, the absorptive epithelial cells of the gastrointestinal 
system. Iron absorption is favored in a low pH environment (for reasons which will be 
discussed further on); the duodenum has the lowest pH of the small intestine, which 
facilitates iron absorption. 

1.4.2.1:		 Haem	iron	

Haem and non-haem iron are absorbed through different pathways; mechanisms and 
regulation of haem iron absorption have not been fully characterized (Andrews and 
Schmidt 2007). Haem iron is postulated to enter the enterocyte either via endocytosis or 
its own specific carrier, or possibly both (Cremonesi, Acebron et al. 2002, West and 
Oates 2008). Haem Carrier Protein 1 or HCP1, an intestinal membrane transporter that 
transports haem, was identified in 2005 (Shayeghi, Latunde-Dada et al. 2005). Further 
work, however, has found that this protein primarily transports folate (Qiu, Jansen et al. 
2006), and research continues on identifying other enterocyte haem transporters. Haem 
absorption is less tightly regulated compared with non-haem iron (Hunt and Roughead 
2000, Roughead and Hunt 2000). Calcium is the only known dietary compound that 
decreases haem iron bioavailability (Hallberg, Brune et al. 1991, Hallberg, Rossander-
Hulten et al. 1992, Hallberg, Rossander-Hulthen et al. 1993) although two recent in vitro 
studies suggest that polyphenols may decrease haem-iron absorption by forming 
intracellular iron-polyphenol complexes that subsequently can’t egress from the 
enterocyte (Ma, Kim et al. 2010, Ma, Kim, et al. 2011). 

Once haem has entered the enterocyte it is broken down within cell endosomes by haem 
oxygenase, and the iron released from the protein enters the cell to join the non-haem iron 
pool (Andrews and Schmidt 2007). The recent discovery that Feline Leukemia Virus C1 
Receptor-related protein (FLVCR1), a haem-iron exporter, is expressed on the 
basolateral/blood surface of duodenal enterocytes, raises the possibility that some haem-
iron may be transferred intact into the circulation, although at this time the physiological 
significance of this pathway is unknown (Keel, Doty et al. 2008). 

1.4.2.2:		 Non-haem	iron	

In comparison with haem iron, more is known about the absorption of inorganic iron. 
Non-haem iron absorption is dependent on iron oxidation state and solubility; inorganic 
iron must be soluble and in the Fe2+ form to be absorbed by enterocytes (Miret, Simpson 
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et al. 2003).  Non-haem iron in food is mainly in the Fe3+ form; reduction of Fe3+ may 
therefore be considered the first step of absorption.  Fe3+ reduction is enhanced by low 
pH, gastric acid, and gut ascorbic acid derived from co-ingested foods. In addition, there 
is a luminal membrane-bound ferric reductase, Duodenal cytochrome b (Dcytb)(McKie, 
Barrow et al. 2001) that reduces iron to the bioavailable Fe2+ form. Dcytb levels increase 
in response to iron deficiency, hypoxia and increased erythropoiesis, and increased 
expression of Dcytb is associated with increased iron absorption in cell culture models 
(McKie 2008); Dcytb’s essentiality to human iron absorption, however, is not established.  
No human Dcytb mutations with associated disease phenotype have been documented in 
healthy human beings, and mouse targeted deletion studies of Dcytb don’t lead to 
disordered iron status (Gunshin, Starr et al. 2005). However, the extrapolation of results 
from mouse studies - animals that can synthesise ascorbic acid- to human beings for 
whom ascorbic acid is an essential nutrient, requires careful interpretation. Interestingly, a 
recently identified single nuclear polymorphism (SNP) Dcytb variant, with lower baseline 
enzyme activity, was found to be associated with lower iron stores in subjects with the 
iron overload disorder HH (Constantine, Anderson et al. 2009). Taken together, these 
studies suggest that human Dcytb essentiality may depend on levels of reducing agents 
versus oxidizing inhibitors in habitually consumed diets, and the individual’s genetic 
make-up in relation to other iron homeostasis-related proteins. 

Divalent Metal Transporter 1 (DMT1), also known as DCT1, NRAMP2 and SLC11A2, 
actively transports reduced Fe2+ across the apical enterocyte membrane and is the only 
currently identified gut transporter of non-haem iron (Gruenheid, Cellier et al. 1995, 
Fleming, Trenor et al. 1997, Gunshin, Mackenzie et al. 1997).  DMT1 iron transport is an 
active proton coupled process and functions best in a low pH environment such as that 
found in the duodenum (Gunshin, Mackenzie et al. 1997, Tandy, Williams et al. 2000). A 
large body of experimental evidence supports the role of DMT1 as the major apical non-
haem iron transporter of the gut: spontaneous mutations affecting DMT1 in two different 
mice strains are associated with iron deficiency anaemia (IDA) (Fleming, Feng et al. 
2011); the organ targeted ablation of the Slc11a2 gene in the gut of a mouse model was 
lethal secondary to profound iron deficiency (Gunshin, Fujiwara et al. 2005); and several 
human SLC11A2 mutations are associated with severe iron deficiency anaemia (Mims, 
Guan et al. 2005, Beaumont, Delaunay et al. 2006, Iolascon, d'Apolito et al. 2006). In 
contrast with DMT1 mutations in mice, DMT1 mutations in humans thus far are 
associated with hepatic iron overload despite IDA, an example of species-specific 
manifestation of disease. 

1.4.2.3:		 Ferritin	

How dietary ferritin iron is absorbed is an area of current research.  Recent work from 
several laboratory groups with in vitro cell lines, and human studies, suggests that ferritin 
is an available source of dietary iron (Davila-Hicks, Theil et al. 2004, Kalgaonkar and 
Lonnerdal 2008). A significant amount of plant iron is in ferritin; in plant-based diets 
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ferritin may be an especially important dietary source of the mineral(Lonnerdal 2009). It 
is proposed that a proportion of the iron in ferritin is released as non-haem iron during 
digestion and taken up via the non-haem iron pathway, while the remaining intact ferritin 
is endocytosed and the iron then released intra-cellularly (Kalgaonkar and Lonnerdal 
2009). How this pathway of iron uptake is regulated is also unknown. These questions, 
and the significance of this form of dietary iron in the diet, require further study. 

1.4.2.4:		 Intracellular	iron	transport		

How iron traverses the enterocyte to exit from the basolateral surface is unknown. Work 
using Caco-2 cells found that DMT1 was internalized after cell treatment with iron and 
co-localized with intracellular apotransferrin vesicles, which suggested that iron was 
transferred from DMT1 to transferrin to then be transported out of the cell (Ma, Specian 
et al. 2002). Two other studies also found DMT1 internalization after iron treatment, 
however this was interpreted as a regulatory response to decrease further iron uptake, 
rather than an intracellular transport mechanism (Sharp, Tandy et al. 2002, Johnson, 
Yamaji et al. 2005). 

Research continues on identification of intracellular chaperone proteins that transport iron 
through the enterocyte cytosol, analogous to the known chaperone proteins for other 
metals such as copper. Work in a yeast model found evidence that poly (rC)-binding 
protein 1 (PCB1) is an iron chaperone protein that delivers iron to ferritin (Shi, Bencze et 
al. 2008), and recent work from the same lab has found that its paralog PCB2 may be 
another iron chaperone  (Nandal, Ruiz et al. 2011). These results remain to be confirmed 
in vivo. 

1.4.2.5:		 Iron	egress	

Iron exits the enterocyte via ferroportin, also known as IREG1, MTP1 and SLC40A1, the 
only identified non-haem iron efflux transporter(Abboud and Haile 2000, Donovan, 
Brownlie et al. 2000, McKie, Marciani et al. 2000). 

Studies have localized ferroportin to the basolateral membrane of polarized intestinal 
cells, and shown that ferroportin expression in the gut is highest in the duodenum, the 
major site of iron absorption (McKie, Marciani et al. 2000).  Ferroportin is also expressed 
throughout the body including the liver and reticuloendothelial system. The exact 
functional effects of ferroportin expression vary depending on the organ system in 
question. This is illustrated in iron deficiency in which hepatic ferroportin is down 
regulated, whereas duodenal levels increase in order to facilitate iron absorption from the 
gut (Abboud and Haile 2000). The mechanism behind these different responses will be 
discussed later in this thesis. The essentiality of ferroportin is demonstrated by the fact 
that embryonic deletion is non-viable (Donovan, Lima et al. 2005); mutations in 
ferroportin classically lead to iron overload disorders, (Mayr, Janecke et al. 2010). 



	 10 | Page 

	

Ferroportin transports iron through the enterocyte basolateral membrane as Fe2+, but 
release of iron into the circulation requires oxidation of Fe2+ to Fe3.. In enterocytes it is 
believed that this is carried out by hephaestin, a membrane bound, copper dependent 
ferro-oxidase first identified in the sex linked anaemia (sla) mouse (Vulpe, Kuo et al. 
1999). Mice with this mutation are able to absorb iron from the gut lumen, however 
egress from the enterocyte is diminished; the mutated protein has reduced ferro-oxidase 
activity (Chen, Attieh et al. 2004). Further in vitro work has demonstrated that hephaestin 
and ferroportin co-localise on the basolateral membrane of intestinal cells suggesting that 
hephaestin and ferroportin act together (Han and Kim 2007). Caeruloplasmin, a 
circulating homolog of hephaestin, oxidises iron released through ferroportin from other 
cells in the body for subsequent transport by transferrin (Hellman and Gitlin 2002). 

In conclusion, luminal non-haem iron is reduced to Fe+2, taken up by DMT1, traverses the 
cell via an unidentified mechanism, and effluxes from the cell through the coordinated 
actions of ferroportin and hephaestin.  

Absorption of the three dietary forms of iron –non-haem, haem, and ferritin – is by 
different mechanisms. The pathways and regulation of absorption of the latter two forms 
of iron require further elucidation, and although much is known about non-haem iron 
absorption there are still significant knowledge gaps such as how iron traverses the 
enterocyte. A summary schematic of haem and non-haem iron absorption is shown 
Figure 1.3. 
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Figure	1.3	Iron	absorption.		
Dietary	 iron	 in	the	form	of	non-haem	iron,	 ferritin	or	haem	iron	 is	present	 in	the	gut	 lumen.	 If	
non-haem	 iron	 is	 in	 the	 Fe3+	 form	 it	 must	 be	 reduced	 to	 Fe2+	 either	 by	 dietary	 factors	 or	
Duodenal	cytochrome	b	(Dcytb)	 in	order	to	be	taken	up	 into	the	enterocyte	by	Divalent	Metal	
Transporter	1	(DMT1)	the	main	(if	not	only)	non-haem	iron	importer.	Haem	is	taken	up	by	Haem	
Carrier	protein	1(HCP1),	and	an	unidentified	transporter	or	alternative	mechanism;	haem	iron	is	
released	into	the	cell	by	haem	oxygenase.	Ferritin	uptake	is	proposed	to	occur	via	endocytosis;	it	
is	broken	down	with	release	of	 iron	 intracellularly.	Once	 in	the	enterocyte	 iron	may:	enter	the	
intracellular	 iron	 pool	 (also	 known	 as	 the	 labile	 iron	 pool,	 LIP);	 form	 ferritin;	 be	 used	 for	
synthesis	of	 intracellular	metabolic	proteins;	or	be	exported	out	of	the	gut	via	the	coordinated	
actions	of	 ferroportin	and	the	membrane	bound	ferro-oxidase	hephaestin.	 	Systemic	control	 is	
exerted	by	hepcidin,	a	hormone	made	by	the	liver	that	degrades	ferroportin	and	thus	blocks	iron	
egress.	 Released	 Fe3+	 is	 transported	 through	 the	 body	 by	 transferrin.	 Diagram	 adapted	 from	
(Fuqua,	Vulpe	et	al.	2012).	
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1.4.3:		 Iron	transport	and	cellular	uptake	

Once iron has been absorbed transferrin transports the oxidised metal (Fe3+) through the 
portal circulation to the liver. Circulating transferrin may have only one attached iron 
molecule (mono-ferric Tf), two (differic-Tf) or no iron (previously defined), and all three 
forms are found in the circulation. Circulating transferrin concentration in healthy 
individuals is in the range of 30 µM, and approximately 30 % of the molecules are 
saturated with iron (Gkouvatsos, Papanikolaou et al. 2012). Transferrin binding of iron 
serves three functions: it solubilises Fe3+ which under physiological pH conditions would 
otherwise precipitate; it prevents Fenton chemistry induced free radical toxicity; and it 
facilitates iron transport into cells. Transferrin is taken up into cells by transferrin 
receptors 1(TfR1) and 2 (TfR2) (Gkouvatsos, Papanikolaou et al. 2012).  All cells express 
TfR1, and it is the major route for iron uptake throughout the body; TfR2 is primarily 
expressed in the liver and is part of the iron homeostasis regulatory system and will be 
discussed further on in this thesis. A robust body of evidence in in vitro and animal and 
human studies has demonstrated that cellular iron deficiency causes an upregulation of 
TfR1 both transcriptionally and translationally resulting in increased cellular iron uptake 
and improved iron status; conversely high cellular iron decreases TfR1 levels (Ponka and 
Lok 1999, Gkouvatsos, Papanikolaou et al. 2012). Interestingly, TfR2 levels appear to 
increase in high iron states (Johnson and Enns 2004, Robb and Wessling-Resnick 2004, 
Rapisarda, Puppi et al. 2010) consistent with its proposed role as a regulatory rather than 
primarily absorptive receptor.  

Transferrin binds to TfR1 and enters the cell through clathrin-mediated endocytosis into 
the early endosome compartment. Transferrin iron binding is facilitated by high pH; 
within the endosome the pH drops via the action of a proton pump ATPase, transferrin 
then undergoes a conformational change and Fe3+ is released (Giannetti, Halbrooks et al. 
2005). Fe3+ is reduced by six-transmembrane epithelial antigen of the prostate 3 
(STEAP 3), an intra-endosomal reductase (Ohgami, Campagna et al. 2005), and exits the 
endosome via DMT1. DMT1 is thus necessary not only for gut iron absorption, but also 
for release of iron from the endosomal to the cytoplasmic compartment in cells 
throughout the body (Gunshin, Fujiwara et al. 2005). The apotransferrin/TfR1 complex 
remains within the endosome and is recycled to the cell membrane where TfR1 is 
reinserted and transferrin released into the general circulation (Mayle, Le et al. 2012). 
The transferrin cycle is shown in Figure 1.4. 
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Figure	1.4	The	transferrin	cycle.		
Circulating	holotransferrin	binds	to	TfR1	and	is	endocytosed	through	clathrin-coated	pits	to	form	
an	early	endosome.	The	endosomal	pH	is	decreased	through	the	action	of	a	membrane	bound	
proton	 pump	 ATPase,	 and	 with	 the	 change	 in	 pH	 transferrin	 undergoes	 a	 transformational	
reconfiguration	with	the	subsequent	release	of	iron.	Fe3+	is	reduced	to	Fe2+	and	released	into	
the	 cytoplasm	 through	 DMT1;	 the	 apotransferrin/TfR1	 complex	 is	 recycled	 back	 to	 the	 cell	
surface	 membrane	 and	 transferrin	 released	 into	 the	 circulation;	 the	 TfR1	 reinserted	 into	 the	
plasma	membrane.	Diagram	adapted	from	(Gkouvatsos,	Papanikolaou	et	al.	2012).	

The transferrin cycle is the main, but not the only, mode of cellular iron uptake. A small 
percentage of iron in the circulation is in the form of non-transferrin bound iron (NTBI); 
the chemical form of NTBI is unknown but evidence suggests iron is bound to both small 
anions such as citrate, and also the plasma protein albumin (Grootveld, Bell et al. 1989, 
Hider 2002). Under normal conditions blood levels of NTBI are 1 µmolar or less, but in 
certain pathological conditions associated with iron overload levels may reach up to 20 
µmolar (Brissot, Ropert et al. 2012). The precise chemical structure and cellular uptake 
mechanisms of NTBI are unknown, and uptake may differ between cell types. Research 
with in vitro liver cell lines and mouse models found that in the liver both zinc ion 
transporter 14 (ZIP14) and DMT1 can take up NTBI, although a recent paper showed that 
mice with DMT1 liver-specific deletions demonstrate normal liver iron metabolism – at 
least in the short time frames used in the study (weeks) (Shindo, Torimoto et al. 2006, 
Pinilla-Tenas, Sparkman et al. 2011, Nam, Wang et al. 2013). Hepatocyte uptake of NTBI 
does not appear to be inhibited by increasing levels of liver iron when tested in vitro with 
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rat hepatocytes and in vivo in rats (Brissot, Wright et al. 1985, Wright, Brissot et al. 
1986). This is consistent with the role of the liver as a buffer against excess iron, and also 
explains why many iron overload disorders are characterized by excess liver iron and 
disease (Deugnier, Brissot et al. 2008). 

1.4.4:		 Regulation	of	iron	homeostasis	

Iron metabolism is regulated at multiple levels, systemically and intracellularly, in order 
to balance local cellular need with overall body requirements, while avoiding iron 
overload toxicity. 

1.4.4.1:		 Systemic	iron	regulation	-	hepcidin		

Hepcidin, a 25 amino acid peptide made by the liver, is the major systemic iron 
regulatory molecule (Park, Valore et al. 2001). It was initially identified as part of the 
innate immune system – infection and inflammation markedly increase expression - and 
hepcidin has direct antimicrobial activities (Krause, Neitz et al. 2000). Further work in 
mouse hepcidin knock out (KO) models has demonstrated hepcidin’s role in iron 
regulation; mice with Hamp (the hepcidin gene) deletions developed massive iron 
overload (Nicolas, Bennoun et al. 2001), and excessive Hamp expression caused iron 
deficiency (Pigeon, Ilyin et al. 2001). Since its original discovery, the centrality of 
hepcidin to human iron metabolism has been confirmed by identification of many 
different human mutations involving either the HAMP gene, or other genes in HAMP 
expression pathways, leading to disordered iron homeostasis; the majority of primary iron 
overload disorders involve altered hepcidin expression (Pietrangelo and Trautwein 2004).  

Hepcidin regulates iron homeostasis by binding to the iron exporter ferroportin; this leads 
to the transporter’s internalization, ubiquitination and degradation, and subsequent 
diminished release of iron from absorption and storage cells (Nemeth, Tuttle et al. 2004). 
Hepcidin’s role in both iron metabolism and immunity is explained by pathogens’ need 
for iron, and iron sequestration as an adaptive immune response.  

Hepcidin is a negative iron regulator - under normal conditions hepcidin levels are 
inversely related to body iron levels, dietary iron load, and iron need. Infection and 
inflammation increase hepcidin levels relatively unrelated to iron status. This latter 
response appears to relate to hepcidin’s function as part of the innate immune system.  

Hepcidin levels change in response to iron load, iron need, hypoxia, erythropoiesis, and 
inflammation (Figure 1.5). Levels are adjusted through signalling pathways involving 
multiple molecules; there are some points of convergence between pathways. The 
different regulatory hepcidin pathways will now be considered individually. 
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Figure	1.5	Hepcidin	and	iron	homeostasis.	
In	response	to	liver	iron,	circulating	iron,	erythropoietic	needs,	or	inflammation,	hepcidin	levels	
adjust	to	either	decrease	or	 increase	the	uptake	and	release	of	 iron	from	gut	and	storage	cells	
through	the	“opening”	or	“closing”	of	ferroportin	iron	export.	Diagram	adapted	from	(Ganz	and	
Nemeth	2012).			

1.4.4.1.1:		 Hepcidin	&	inflammation	–	IL6	&	STAT3		

Inflammation increases hepcidin expression - this is, in part, the molecular basis for the 
clinically observed anemia of chronic disease (ACD), a disorder documented in the 
medical literature for decades. Inflammation primarily induces hepcidin expression via 
the inflammatory cytokine interleukin 6 (IL6) (Nemeth, Rivera et al. 2004). Other 
inflammatory cytokines including interleukin 1(IL1) and Tumour Necrosis Factor α 
(TNFα), also contribute to ACD, but it is unclear whether this is a hepcidin-dependent 
effect. 

1.4.4.1.2:		 Hepcidin	&	liver	iron	–	BMPs	&	SMADs		

Hepcidin expression changes in response to liver iron stores. This is mediated through 
activation of Bone Morphogenic Proteins (BMPs) - a group of proteins belonging to the 
Transforming Growth Factor Beta (TGFβ) superfamily; BMP6 is a key protein in 
hepcidin induction (Hentze, Muckenthaler et al. 2010). BMP6 interacts with its 
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receptor(s) causing phosphorylation of SMAD proteins 1, 5 and 8; this phosphorylated 
complex binds with co-factor SMAD4, and the entire complex translocates to the nucleus, 
binds to the hepcidin promoter and increases hepcidin expression (Hentze, Muckenthaler 
et al. 2010). SMAD 7, an inhibitory SMAD protein, is activated by low hepatic iron 
stores and suppresses hepcidin expression (Mleczko-Sanecka, Casanovas et al. 2010). 
BMP6 itself is not an iron sensor, and the initiating signal in this pathway is unknown. 

1.4.4.1.3:		 Hepcidin	&	plasma	iron	–	HFE,	HJV,	TfR1,	TfR2,	TMPRSS6	

Hepcidin levels adjust in response to changes in circulating iron levels (Hentze, 
Muckenthaler et al. 2010). The main signal to the liver of circulating iron load is diferric 
–Tf - a large body of evidence has shown that as diferric-Tf levels increase so does 
release of hepcidin; low levels of diferric-Tf suppress hepcidin (Gkouvatsos, 
Papanikolaou et al. 2012). The pathway(s) initiated by this signal, are incompletely 
understood. Mutations in human genes coding for haemochromatosis protein (HFE), 
haemojuvelin (HJV), TfR1, TfR2, and Matriptase 2 (TMPRSS6) result in abnormal iron 
homeostasis. All these proteins appear to be essential for the liver to sense systemic iron 
levels and appropriately adjust hepcidin production and release. What is incompletely 
defined is how these proteins interact to achieve this.   

HFE was the first protein involved in iron homeostasis to be identified; mutations in the 
gene for HFE cause Classic Hereditary Haemochromatosis (HH), a disorder of low 
hepcidin levels and excessive body iron absorption and stores (Feder, Gnirke et al. 1996). 
HFE is a membrane protein that can bind to both TfR1 and TfR2; it has a higher affinity 
for TfR1 and under basal or low iron conditions is primarily bound to TfR1 (Gkouvatsos, 
Papanikolaou et al. 2012). The transferrin receptor site on TfR1 overlaps with the HFE 
binding site, and research supports that high diferric-Tf levels saturate TfR1 causing it to 
dissociate from HFE; it is purposed that HFE is then freed to bind to TfR2, and the HFE-
TfR2 complex starts a signalling cascade that induces hepcidin (Gkouvatsos, 
Papanikolaou et al. 2012).  

HJV, coded for by HFE2, is another trans-membrane bound protein critical in iron 
homeostasis; people with HFE2 mutations develop massive body iron overload at an 
early age (Papanikolaou, Samuels et al. 2004). HJV is a BMP co-receptor and homolog of 
the Repulsive Guidance Molecule (RGM) family; it interacts with BMP6 and induces 
hepcidin expression through SMAD signalling (Hentze, Muckenthaler et al. 2010). As 
with activation of the BMP6 pathway by intracellular liver iron levels, the actual 
mechanism by which systemic iron levels activate this pathway is unknown.  

Matriptase or transmembrane serine protease matriptase-2 (TMPRSS6) is a proteolytic 
enzyme expressed on liver cell membranes that is a negative hepcidin regulator; when 
iron levels are low it cleaves HJV from the membrane thus disrupting this hepcidin 
activating pathway (Lee 2009). Mutations of TMPRSS6 in people lead to iron resistant 
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refractory anaemia associated with inappropriately high hepcidin levels (Lee, Yong Song 
et al. 2005). How TMPRSS6 senses iron levels is unknown.  

Figure 1.6 provides a summary schematic of the molecular regulation of hepcidin by the 
above named pathways. 

	

Figure	1.6	Molecular	control	of	hepcidin	by	circulating	iron,	liver	iron,	and	systemic	
inflammation.		
Holotransferrin	 is	 postulated	 to	 signal	 circulating	 iron	 levels,	 and	 alter	 hepcidin	 expression	 by	
activating	BMPs/SMAD	signalling	pathways.	Liver	iron	levels,	sensed	by	an	as	yet	undetermined	
iron	 sensor,	 also	 activate	 the	 BMPs/SMAD	 signalling	 pathways	 and	 may	 also	 initiate	 other	
undetermined	 pathways	 altering	 hepcidin	 expression.	 Inflammation	 is	 a	 strong	 inducer	 of	
hepcidin	through	IL6/STAT3	signalling.	Diagram	adapted	from	(Ganz	and	Nemeth	2012).	

1.4.4.1.4:		 Hepcidin	&	erythropoiesis	

Erythropoiesis suppresses hepcidin, even when total body iron is elevated. The 
mechanisms and pathways involved are currently being elucidated with recent work from 
the Ganz lab suggesting that a peptide hormone produced by differentiating erythroblasts 
(initially named as Fam132B but now also identified as erythroferrone) may be a key 
molecule in this signalling pathway (Kautz, Jung et al. 2014). 
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1.4.4.1.5:		 Hepcidin	&	hypoxia	–	HIFs,	PHD,	HREs	

Hypoxia (low oxygen levels) decreases hepcidin expression. Iron metabolism is directly 
linked to cellular oxygen status, because iron is essential for oxygen transport and storage 
- deficiency leads to hypoxia. Cellular hypoxia increases levels of Hypoxia-inducible 
factors (HIFs), a family of transcription factors essential to cellular adaptation to altered 
oxygen availability that act by binding to hypoxia responsive elements (HREs) in target 
genes (Wenger 2002). HIFs are dimers composed of two protein subunits: the 
constitutively expressed HIF-β, and the hypoxia regulated HIF-α’s. Three HIF-α’s have 
been described: HIF-1α, HIF-2α and HIF-3α; HIF-α’s are degraded under normal oxygen 
conditions, but stabilised by hypoxia - the active transcription factor is formed when HIF-
α binds with HIF-β, and HIF-2 α appears to be the primary HIF associated with iron 
homeostasis (Chepelev and Willmore 2011). 

The hepcidin gene, HAMP, has HREs in its promoter, and there is evidence in murine 
models that HIF-HRE binding to the HAMP promoter decreases hepcidin production 
(Chepelev and Willmore 2011).  

1.4.4.2:		 Cellular	iron	regulation	

Intracellular iron is found in iron storage proteins, as a functional component of metallo-
proteins, and as “free iron” in the labile iron pool (LIP) (Kakhlon and Cabantchik 2002). 
The LIP is a small fraction of total cellular iron, and not well characterized. Research 
suggests that iron in the LIP is in the reduced (ferrous) form complexed with 
glutathionine with an iron concentration of approximately 10-7 to 10-6 M (Hider and Kong 
2011), and that this is a rapid flux pool (Zanninelli, Loreal et al. 2002).  

Regulation of intracellular iron levels is complex –there must be enough iron for cellular 
needs whilst avoiding excess, and at the same time absorptive and storage cell iron 
homeostasis needs to be able to adjust to provide enough iron for whole body 
metabolism. Regulation occurs at transcriptional, translational and post- translational 
levels. Final cellular iron reflects the balance between local and systemic requirements 
within the context of habitual dietary intake. 

1.4.4.2.1:		 Transcriptional	control		

HIFs are important transcriptional regulators of cellular and systemic iron levels beyond 
their effects on hepcidin  – expression of several iron related proteins changes in response 
to HIF regulation.  Evidence supports that the increased expression of gut Dcytb, DMT1 
and ferroportin seen in iron deficiency is induced by HIF-2α; hypoxia also strongly 
stimulates erythropoiesis through HIF mediated increased expression of erythropoietin 
(the major hormone that stimulates red blood cell production), and expression of the 
related iron proteins transferrin and TfR1 to provide the iron for haemoglobin synthesis 
(Chepelev and Willmore 2011). 
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Another iron-oxygen connection exists because iron is a powerful pro-oxidant, and a 
number of iron-related genes have anti-oxidant response elements (AREs), which form 
part of the cellular defense system against oxidative stress (Chepelev and Willmore 
2011). Figure 1.7 illustrates the relationship between iron and oxygen. 

 

	

Figure	1.7	Hypoxia	and	iron	homeostasis.		
Hypoxia	 induces	 HIF	 associated	 erythropoiesis	 –	 this	 increases	 the	 need	 for	 iron	 for	 haem	
synthesis.	HIFs	 increase	Dcytb	and	DMT1	levels	 increasing	the	absorption	of	 iron	from	the	gut.	
Transferrin	 also	 has	 an	 HRE	 and	 therefore	 HIFs	 increase	 transferrin	 levels	 to	 transport	 iron.	
Hepcidin	production	is	suppressed	by	erythropoiesis,	low	iron	and	hypoxia	ensuring	ferroportin	
levels	are	maintained	to	release	iron	from	the	gut	and	storage	cells.	If	intracellular	iron	levels	fall	
too	low	the	IRP/IRE	system	inhibits	the	HIF	system.	Diagram	adapted	from	(Haase	2010).		

1.4.4.2.2:		 Translational	control		

The main control point of intracellular iron homeostasis is at the translational level, 
primarily via the Iron Responsive (IRE) and Iron Regulatory Protein (IRP) system. IRPs 
are RNA-binding proteins that bind to conserved RNA motifs on messenger RNA 
(mRNA) known as IREs; there are two known IRPs – IRP1 and IRP2 (Muckenthaler, 
Galy et al. 2008). IRP1 functions as an aconitase when iron levels are adequate, but when 
iron is low the Fe-S cluster of the enzyme is degraded opening up the IRE binding 
pocket; IRP2 is degraded by the proteasome when cellular iron is high (Anderson, Shen et 
al. 2012). Thus, the net effect of low iron levels is increased intracellular availability of 
both IRPs. The binding of IRPs to different iron-related mRNAs alters the mRNA 
stability, increasing or decreasing protein translation depending on the location of the 
IRE:  IRP binding to 5’ IREs destabilizes the mRNA and thus decreases protein synthesis, 
whereas IRP binding to the 3’ IREs stabilizes mRNA leading to increased protein 
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synthesis (Muckenthaler, Galy et al. 2008). With the exception of Dcytb, all the major 
iron-related proteins have IRE isoforms differentially expressed depending on the 
tissue/organ. This provides a fine tuned system to adjust cellular iron requirements 
specific to organ need. DMT1 and TfR1 have 3’ IREs and in cells expressing the IRE + 
isoform of the protein levels are increased in iron insufficiency secondary to IRP-IRE 
binding; conversely, ferritin and ferroportin protein levels decrease with iron 
insufficiency because of 5’ IRP-IRE binding and subsequent mRNA degradation - thus 
favoring both cellular iron retention and availability of “free iron” for cellular needs 
(Anderson, Shen et al. 2012). The puzzle of why in iron deficiency gut ferroportin levels 
increase is explained both by the discovery of a primarily non-IRE splice variant isoform 
of ferroportin expressed in the gut (Zhang, Hughes et al. 2009), and evidence that gut 
ferroportin has an HRE activated by HIF-2α secondary to low iron status associated 
hypoxia (Taylor, Qu et al. 2011). In contrast, when hepatocyte iron concentration falls, 
levels of the predominantly 5’ IRE ferroportin found in hepatocytes decreases; iron egress 
from the cell is decreased and thus conserved for use by the metabolically active liver 
cells. Similarly, erythroid cells need high iron levels in order to make haemoglobin; the 
predominant ferroportin form in mature cells has a 5’ IRE such that intracellular iron 
levels are maintained to ensure adequate supply for haemoglobin synthesis. Interestingly, 
immature erythroid cells – those with the highest iron needs- have a non-IRE ferroportin 
form and low levels of basal ferroportin expression to further maximise retention of 
intracellular iron for haem synthesis (Cianetti, Gabbianelli et al. 2010). 

IRP control of iron metabolism is further refined by differential IRP binding to IREs – 
two mRNAs both with 5’ IREs, but coding for different proteins, may be suppressed to 
differing degrees by the IRP system depending on the strength of IRP-IRE binding 
(Anderson, Shen et al. 2012)  
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Figure	1.8	Cellular	iron	translational	control:	IRP/IRE	system.		
Under	cellular	iron	replete	conditions	non-aconitase	IRP1	and	IRP2	levels	are	low.	Translation	of	
proteins	with	an	mRNA	5’	IRE,	such	as	ferritin	and	HIF2α,	are	not	suppressed	by	IRP/IRE	binding.	
Conversely,	under	low	intracellular	iron	conditions	available	IRP	levels	increase	and	there	is	IRP-
IRE	binding.	Translation	of	proteins	with	an	mRNA	3’	IRE,	such	as	transferrin	receptor	1	(TfR1),	is	
enhanced,	 while	 ferritin	 and	 HIF2α	 translation	 is	 suppressed.	 If	 increased	 TfR1	 results	 in	
increased	iron	uptake,	IRP	levels	re-adjust	to	altered	cellular	iron	levels.	Diagram	adapted	from	
(Hentze,	Muckenthaler	et	al.	2010).	

1.4.4.2.3:		 Post-translational	control		

Cellular and systemic regulation of iron metabolism meet at the ferroportin/hepcidin axis, 
the major post-translational control point in iron homeostasis. As previously described, 
hepcidin binding to ferroportin decreases ferroportin levels by inducing post-translational 
degradation of the hepcidin-ferroportin complex. When body iron levels are high, 
hepcidin levels increase. Release of absorbed gut and stored iron is suppressed; 
subsequently intracellular iron levels increase in these cells, and interact with the IRE/IRP 
and HIF/HRE systems. In the gut, DMTI and Dcytb levels fall so less iron is taken up into 
the enterocyte, and ferritin levels increase (as it has a 5’ IRE) to protect the cells from 
iron toxicity. In addition, as enterocytes are shed every two-three days this sequence of 
events is also a means of passive iron excretion from the body, and important in the 
prevention of body iron overload (Sharp and Srai 2007). 
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1.5:		 Iron	disorders	

Iron related disorders are prevalent worldwide; both iron deficiency and iron excess 
negatively affect growth, development and health. 

1.5.1:		 Iron	deficiency	

The World Health Organization (WHO) estimates that some two billion people suffer 
from anaemia, and that iron deficiency (ID) is the major cause of this disorder accounting 
for at least 50 % of cases (World Health Organization 2008). The highest incidence and 
prevalence of iron deficiency anaemia (IDA) is in the developing world, but IDA also 
exists in the developed world (World Health Organization 2008). In the United Kingdom 
3 % of men and 8 % of women have haemoglobin levels consistent with iron deficiency 
anaemia and, in certain vulnerable subgroups, the estimated incidence is considerably 
higher (Hoare, Henderson et al. 2004, Swan 2004).  

The most common cause of iron deficiency is nutritional inadequacy; nutritional iron 
deficiency may be a result of: increased iron needs relative to energy intake, as occurs 
during periods of rapid growth and pregnancy; low absolute dietary iron levels; low iron 
bioavailability; or a combination of all these factors (Zimmermann and Hurrell 2007).  

Iron deficiency has a wide clinical spectrum. The functional significance of depleted iron 
stores without frank anaemia, technically a state of iron deficiency, is unknown. Iron 
deficiency severe enough to produce anaemia is the other end of this spectrum and is 
associated with significant morbidity and mortality including fatigue, decreased work 
ability, impaired immunity, impaired fertility, complications in pregnancy and at its most 
severe high output congestive heart failure and death (Zimmermann and Hurrell 2007, 
Scientific Advisory Committee on Nutrition 2010). In between these two extremes exist a 
range of clinical and biochemical findings such as impaired cognition possibly related to 
depletion of central nervous system iron dependent enzymes, and delayed psychomotor 
and cognitive development in infancy  that may not improve even if iron is replenished 
later in life (Grantham-McGregor and Ani 2001, Grantham-McGregor 2003). 

Toddlers, teenagers - especially teenage girls - pregnant women, premenopausal women, 
and the elderly are all high-risk groups for iron deficiency (Scientific Advisory 
Committee on Nutrition 2010). 

Public health strategies to improve iron status include: supplementation, fortification, and 
biofortification (the breeding of nutrient enriched plants). In particular, there is great 
interest in plant breeding to increase plant bioavailable iron as a sustainable way to 
reduce iron deficiency worldwide (Mayer, Pfeiffer et al. 2008, Hoekenga, Lung'aho et al. 
2011). 
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1.5.2:		 Iron	overload		

Iron overload may be primary or secondary. Secondary iron overload is caused by 
disorders of increased but ineffective erythropoiesis. This most commonly occurs either 
directly as a result of inappropriately low hepcidin and high iron absorption in the face of 
excess total body iron secondary to erythropoietic signals, or indirectly because of iron 
received through blood transfusions for patients’ anaemia; or a combination of the two 
factors. The most common diseases associated with secondary iron overload are the 
haemoglobinopathies β thalassemia and sickle cell anaemia (Taher 2005). 

Primary iron overload disorders arise from mutations in one of the iron homeostasis-
related proteins, and are grouped under the name haemochromatosis. The most common 
primary iron excess syndrome is HH, in which HFE is mutated (Feder, Gnirke et al. 
1996); 90 % of HH mutations in Europeans are caused by a single base change from 
cysteine to tyrosine (C282Y) (Adams and Barton 2007). This recessive disorder is the 
most frequently occurring single point mutation amongst white northern Europeans, 
affecting one in 200 people (Merryweather-Clarke, Pointon et al. 1997). Other more rare 
causes of haemochromatosis result from loss of function mutations in TfR2, HJV and 
HAMP; these conditions cause iron overload of increasing severity with an earlier age of 
onset compared with HH (Pietrangelo 2005, Pietrangelo 2006). Ferroportin mutations 
lead to an interesting array of outcomes depending on the exact functional consequence of 
the mutation, and which organ systems/cells are iron overloaded (Detivaud, Island et al. 
2013).  

HH has incomplete penetrance; not all people with HH will develop overt disease. The 
phenotypic penetrance of HH is a matter of debate - estimates range from 1-60 % (!) 
depending on the criteria used to define disease, and probably also on which population is 
screened.  The question is complicated by the fact that currently treatment for HH is 
typically started early in the patient’s life, because of greater awareness of the disease and 
also familial screening after proband identification. Penetrance varies even within 
families; men are at higher risk for disease, and women’s’ risk increases after menopause 
(Fleming and Ponka 2012). An incompletely answered question is to what extent does 
diet affects phenotypic expression? Alcohol is the only undisputed dietary risk factor for 
disease progression; some studies have found that ascorbic acid (vitamin C, a known 
enhancer of iron uptake) and red meat also increase risk, but this is not a consistent result 
across all studies (McCune 2008). A recent systematic review concluded that iron 
bioavailability of the usually consumed diet did affect disease expression, however lack 
of prospective randomized trials available for analysis limit the implications of these 
findings (Moretti, van Doorn et al. 2013). 

Whether carbohydrates alter HH phenotypic expression is unknown – no published 
observational studies have identified sugars as a risk factor, although one study did find 
that non-citrus fruit (and therefore perhaps fructose) protected against HH disease 
expression (Milward, Baines et al. 2008). 
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Current dietary recommendations for people with HH are to avoid iron supplements and 
limit vitamin C supplements to ≤ 500mg/day, and to have only moderate amounts of red 
meat and alcohol (Adams and Barton 2010, Bacon, Adams et al. 2011). Although HH 
can’t be treated by dietary therapy alone, the suggestion is that the above modifications 
may decrease the need for phlebotomy, the mainstay of therapy, and possibly 
delay/decrease phenotypic disease expression. 

1.5.3:		 High	iron	intake	&	status,	and	disease	

There is interest in whether elevated intracellular iron levels (though still within normal 
physiological parameters), high dietary iron intake, and disordered intracellular iron 
regulation, are involved in the pathogenesis of several non-communicable diseases 
including colorectal carcinoma (CRC), hepatocellular carcinoma (HCC) and non-
alcoholic fatty liver disease (NAFLD) (World Cancer Research Fund 2007, Dongiovanni, 
Fracanzani et al. 2011, Fujita and Takei 2011, Torti and Torti 2013, Kew 2014).   

1.5.3.1:		 Iron	and	NAFLD		

NAFLD is a disorder with a wide clinical spectrum ranging from uncomplicated 
hepatosteatosis to non-alcoholic steatohepatitus (NASH) that in 10-20 % of cases 
progresses to cirrhosis, liver failure or hepatocellular carcinoma (HCC) (Starley, 
Calcagno et al. 2010). It is considered to be the liver expression of the metabolic 
syndrome— a cluster of conditions related to insulin resistance, central/truncal obesity, 
hyperglycemia and hyperlipidemia. NAFLD is the leading cause of liver disease in the 
developed world, and its incidence is increasing worldwide (Williams, Stengel et al. 
2011). Type two diabetes mellitus (T2DM) and obesity are major risk factor for 
development of NAFLD, but why NAFLD progresses in only a certain percentage of 
people is unknown (Williamson, Price et al. 2011).   

Elevated iron stores as measured by serum ferritin and transferrin saturation have been 
frequently described in patients with NAFLD, with approximately 35 % of patients with 
the condition found to have histologically confirmed elevated liver iron (Nelson, Wilson 
et al. 2011). The term dysmetabolic iron overload syndrome (DIOS) was coined to 
describe the condition of excess liver iron (documented by either MRI or liver biopsy) 
with the above mentioned biochemical indices in the setting of insulin resistance (Fargion 
1999, Jezequel, Laine et al. 2015). The question is whether the iron is actually causal in 
disease progression to NASH and cirrhosis (Corradini and Pietrangelo 2012). It is 
postulated that iron-generated reactive oxygen species (ROS) interact with hepatic lipids 
and oxidise them, which in turn causes inflammation and liver disease progression 
(Mouzaki and Allard 2012). Iron may also interfere with insulin signalling in the liver 
leading to hepatic insulin resistance (IR) (Fargion, Dongiovanni et al. 2005); IR then 
contributes to worsening hepatosteatosis. Sharp has proposed a model that connects iron 
metabolism and NAFLD. He suggests that both hepatic steatosis, and increased free fatty 
acid flux as seen with excess energy intake and insulin resistance, increase inflammation 
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and endoplasmic reticulum stress, which in turn increase hepcidin expression; 
consequently, hepatic ferroportin decreases and traps iron within hepatocytes leading to 
increased liver iron stores that cause oxidative stress, and the cycle is perpetuated (Sharp 
2010)(Figure 1.9). 

 

		

Figure	1.9	Proposed	role	of	iron	in	NAFLD.	
Increased	 inflammation	within	 the	 liver,	 and	 increased	 leptin	 levels	 from	 adipocytes,	 leads	 to	
release	of	hepcidin.	 Increased	hepcidin	decreases	 ferroportin	 levels	and	 iron	 is	 trapped	within	
liver	cells;	this	causes	increased	production	of	ROS	increasing	inflammation	within	the	liver	and	
perpetuating	the	inflammatory	cycle.	Diagram	used	with	kind	permission	(Sharp	2010).	

A recent, small phase II clinical trial in patients with NAFLD using phlebotomy as a 
therapeutic intervention suggested improved liver pathology, although the effects were 
modest (Beaton, Chakrabarti et al. 2013). Two larger randomised control intervention 
trials evaluating therapeutic phlebotomy in the management of NAFLD, however, 
demonstrated opposite findings. (Valenti, Fracanzani et al. 2014, Adams, Crawford et al. 
2015). The trial conducted by Valenti et al demonstrated improved hepatosteatosis 
documented by biopsy after phlebotomy that correlated with decreased stainable 
hepatocyte iron as well as decreased ferritin and transferrin saturation. Patients who had 
undergone phlebotomy also had lower levels of liver damage as assessed by liver enzyme 
measurements. In contrast, Adams et al found no benefit from phlebotomy as evaluated 
by Magnetic Resonance Imaging (MRI) measurement of hepatic steatosis, and blood 
levels of liver enzymes, nor was insulin resistance improved. Of note, the studies were 
conducted in different populations (the Adams study was carried out in Australia, the 
Valenti study in Italy), and the Adams study did not obtain liver biopsies, and  therefore 
may have missed subtle improvements in hepatosteatosis and liver inflammation. 

It is difficult to draw firm conclusions about the role of iron in NAFLD for several 
reasons: much of the evidence about increased iron being associated with NAFLD comes 

Excess cholesterol is cytotoxic and therefore it is
essential that mechanisms are in place to either use or
export cholesterol once it has been synthesized. Bile
acid synthesis is the major metabolic route for hepatic
cholesterol. However, the rate-limiting enzyme in the
main bile acid synthetic pathway, cholesterol-7a-mono-
oxygenase (Cyp7a1), as well as other key enzymes in
this metabolic pathway, were not correlated with liver
nonheme iron. This suggests that cholesterol synthe-
sized in response to elevated liver iron is not diverted
into the bile acid synthetic pathway. There was limited
evidence that some cholesterol may be exported to
other organs; however, the lack of correlation between
plasma cholesterol and either liver iron or liver choles-
terol levels suggests that much of the cholesterol syn-
thesized in response to iron loading remains within the
liver. These data contrast with previous findings by
Brunet et al.,10 in which iron-loaded rats developed
hypercholesterolemia but showed no significant change
in hepatic cholesterol concentration. One explanation
for these differences may be the feeding programs used
in the respective studies. Graham et al. argue that the
longer feeding regimen used by Brunet et al. (12 weeks
on a high-iron diet) may have generated significant
levels of oxidative stress resulting in inflammation. In
contrast, in the study by Graham et al., in which mice
were fed a high-iron diet for 3 weeks, there was no
histological evidence of fatty deposits or inflammation
in the livers of these animals.
The studies by Graham et al.9 provide important

new insights into the relationship between iron, lipid
metabolism, and the etiology of NAFLD/NASH.
Recent work has revealed that the so-called unfolded
protein response (UPR), which arises as a result of
endoplasmic reticulum (ER) stress, may also be impor-
tant in mediating aberrant changes in iron and lipid
metabolism seen in a number of conditions. Hepato-
cytes are major storage and redistribution centers for a
number of nutrients and have abundant networks of
rough ER to facilitate the secretion or export of their
cargo. Although the ER are highly adaptive, they come
under enormous stress following overnutrition11 or
inflammation.12 As a result, the secretory network can
be compromised, leading to the accumulation of
unfolded proteins within the lumen of the ER.13 The
UPR results in a number of metabolic changes includ-
ing increased production of cholesterol (and triglycer-
ides) in hepatocytes.14 In addition, several recent pieces
of evidence link the UPR to changes in iron metabo-
lism. HFE mutations, which lead to hereditary hemo-
chromatosis and iron overload, are associated with acti-
vation of the UPR.15 Furthermore, induction of the

UPR stimulates the production of hepcidin,16,17 the
major regulator of iron homeostasis.18

Based on these recent advances, a hypothetical
model for the development of NAFLD can be pro-
posed, which encompasses the roles of both iron and
cholesterol (Fig. 1). Overnutrition, a leading factor in
the development of obesity, IR, and the metabolic syn-
drome, results in increased lipid deposition in the liver.
IR is associated with an increased flux of FFAs from
the adipose tissue to the liver, which further exacer-
bates steatosis. It is well documented that obesity is
associated with chronic low-grade inflammation,
impaired iron homeostasis,19 and elevated production
of the adipokine leptin, which in turn increases hepatic
hepcidin production.20 Both overnutrition and inflam-
mation are associated with ER stress and the induction
of the UPR.11,12 Recent work has shown that this
leads to enhanced production of hepcidin,16,17 which,
once released from hepatocytes into the circulation,
interacts with the iron efflux protein ferroportin and
blocks iron release from a number of cell types,
including hepatocytes,18 resulting in elevated intracel-
lular iron levels. The present study by Graham et al.
shows that increased intracellular iron is significantly
and positively associated with elevated hepatic

Fig. 1. Hypothesized roles of cholesterol and iron in the develop-
ment of NAFLD.
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from epidemiological studies, and from studies using ferritin as an iron status marker – 
and elevated ferritin may reflect inflammation rather than actual iron overload. 
Intervention trials using iron reduction as therapy have been few, and are hampered by 
the need for invasive liver biopsies to categorically demonstrate that disease modifying 
results are secondary to decreased liver iron (rather than some other effect related to 
phlebotomy); even in the Valenti et al study only some 50 % of participants agreed to 
post treatment follow up liver biopsy. Animal and in vitro studies that have shown 
increased liver oxidative stress with iron treatments have typically used non-
physiologically high iron doses. For example, a study using mice to look at visceral fat 
and insulin resistance fed the animals 3750 times more iron (!) compared with controls 
(Dongiovanni, Ruscica et al. 2013). Although there is evidence that NAFLD is associated 
with mild liver iron overload, whether iron is causal in disease or simply associated with 
it remains unanswered. 

1.5.3.2:		 Iron	and	hepatocellular	carcinoma		

Hepatocellular carcinoma (HCC) is a common cancer worldwide and accounts for 
significant cancer-related mortality; the incidence has increased in the developed world in 
the past two decades (El-Serag and Rudolph 2007). HCC typically develops within a 
diseased, cirrhotic liver, and the most common predisposing factors worldwide are 
chronic viral infections such as Hepatitis B and C (El-Serag and Rudolph 2007).  

HCC can also occur in untreated HH patients, with or without underlying liver cirrhosis, 
although HCC in HH without cirrhosis is relatively rare; surveys carried out before 
screening and increased awareness of HH (pre 1992) document that HCC occurred in 
approximately 8-10 % of patients, and accounted for up to 45 % of deaths in untreated 
HH (Fargion, Valenti et al. 2010).  A more recent study, however, found the incidence of 
HCC to be only 1.7 % suggesting that the previously documented high rates of HCC 
related to the very high liver iron levels that can occur in untreated HH (Elmberg, 
Hultcrantz et al. 2003). Evidence suggests that treatment of even mild iron overload in 
HH improves mortality (Elmberg, Hultcrantz et al. 2003). In summary, there is good 
evidence that the very high iron levels in untreated HH increase the risk of liver disease 
and HCC; conversely treatment of iron overload decreases mortality and morbidity. 

The question remains, however, whether mildly elevated liver iron load in patients 
without frank iron overload disorders (such as HH) contributes to risk of HCC in patients 
with NAFLD/ NASH (Pietrangelo 2009, Sorrentino, D'Angelo et al. 2009). 

The elevated hepatic iron levels in NAFLD are typically mild in comparison with those 
seen in HH-associated HCC. Furthermore, it is not clear if elevated liver iron in either 
condition is a primary or secondary event. In other words, is there an underlying factor 
that leads both to increased risk for HCC and increased liver iron in people with NAFLD.  
A study by Sorrentino et al attempted to address this question (Sorrentino, D'Angelo et al. 
2009). The investigators retrospectively analysed liver iron deposits in 153 people with 
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NASH-related cirrhosis, of whom 50 had HCC versus 103 HCC-free matched controls; 
they found that liver iron stores were higher in patients with HCC-NASH versus the 
matched controls. Interestingly, excess iron was detected in sinusoidal cells (Kupffer cells 
of the RES) rather than in hepatocytes. HCC is a hepatocyte-derived malignancy, thus 
these results suggest that cells of the RES may participate in hepatocyte malignant 
transformation although the study did not explore mechanisms. Nonetheless, as this was a 
retrospective case-control study neither causality nor directionality of effect can be 
confirmed.  

HH associated liver disease is a result of iron-induced oxidative stress damaging, among 
other intracellular components, DNA; consequent DNA mutations in genes involved in 
HCC-related signalling or tumour suppression pathways may then lead to HCC.  Whether 
mildly elevated liver iron, as seen in DIOS or NAFLD, is causative in malignant 
transformation of liver cells remains to be established. 

1.5.3.3:		 Iron	and	colorectal	cancer		

A strong body of epidemiological evidence supports an association between both dietary 
iron intake and iron status, and colorectal cancer (CRC) development and progression (for 
example, (Nelson 1992, Knekt, Reunanen et al. 1994, Wurzelmann, Silver et al. 1996, 
Nelson 2001).  Migration studies have demonstrated that adoption of a high red meat 
“Western” diet is associated with increased risk of CRC (Parkin 1992). However, 
although the majority of epidemiological studies demonstrate an association between iron 
and CRC, there are some studies that have found no association (Benito, Stiggelbout et al. 
1991, Herrinton, Friedman et al. 1995, Kabat, Miller et al. 2007). 

Differences in studies may be as of a result of multiple factors: whether use of iron 
supplements was recorded; study participant characteristics such as ethnicity and age; 
accuracy of iron status markers used to measure body iron stores; accuracy of methods 
used to assess iron intake such as food frequency questionnaires versus 24 hour recall; 
use of other other multi-nutrient supplements that affect cancer risk; and differentiation 
between iron and meat intake and whether other components in meat such as saturated 
fats were measured. Lastly, as with all epidemiological evidence, unaccounted for 
confounders may complicate the interpretation of findings, and limit the ability to truly 
confirm causation.  

Animal, in vitro and human tissue studies, have suggested molecular mechanisms to 
support the hypothesis that excess iron may be carcinogenic and/or promote CRC 
progression (reviewed in (Chua, Klopcic et al. 2010). CRC cells are metabolically active, 
and like other malignant cells have high iron requirements; adequate iron is thus needed 
as a nutrient to support growth and replication. Tumour cells generally express high 
levels of iron acquisition proteins, especially transferrin receptor one (TfR1)(Brookes, 
Hughes et al. 2006, Daniels, Bernabeu et al. 2012); furthermore, in vitro studies have 
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demonstrated that cancer cells may alter expression of iron-homeostasis related proteins 
such that intracellular iron levels are increased (Brookes, Hughes et al. 2006). 

A recent study in mice demonstrated that loss of the tumour suppressor gene 
adenomatous polyposis coli (Apc) led to increased expression of the iron acquisition 
proteins DMT1 and TfR1, even in the setting of increased cellular iron levels – elevated 
intracellular iron would be predicted to decrease these proteins; conversely, in the same 
study, it was found that depletion of gut luminal iron levels suppressed intestinal 
tumourigenesis (Radulescu, Brookes et al. 2012). Previous work from this same group, 
using colonic tissue resected from patients diagnosed with CRC, found overexpression of 
the iron transport proteins DMT1, DcytB and TfR1, and associated increased iron in CRC 
cells compared with normal tissue (Brookes, Hughes et al. 2006). The colon is potentially 
exposed to sustained, high levels of luminal iron as only approximately 10-15 % of 
ingested iron is absorbed, thus the other 85-90 % passes through the colon. Therefore, this 
portion of the gastro-intestinal tract would be predicted to be especially vulnerable to any 
iron-associated tumourogenesis effects.  

There have been no intervention trials, to the author’s knowledge, specifically evaluating 
whether phlebotomy-induced iron depletion decreases either occurrence or progression of 
CRC. A phlebotomy intervention trial aimed at decreasing peripheral vascular disease 
through iron reduction found a significant reduction in all gastro-intestinal malignancies. 
However, this occurred within the first 6 months of the trial, thus it is not clear that it 
directly relates to decreased iron status as CRC normally takes decades to develop 
(Zacharski, Chow et al. 2008). 

Although iron reduction intervention trials are lacking in CRC prevention and 
management, there have been studies evaluating the use of iron chelators in the treatment 
of several cancers. Results have been mixed and potential benefits have also been limited 
by treatment generated side effects, but iron chelators for cancer treatment remains a very 
active area of research (reviewed in (Yu, Gutierrez et al. 2012). 

Suggested mechanisms by which iron may promote CRC include ROS induced mutations 
in the APC and Wnt/beta-catenin signalling pathway (Brookes, Boult et al. 2008), and 
improved nutrient availability through alteration in iron transport proteins (Boult, Roberts 
et al. 2008). 

In conclusion, there is a significant body of epidemiological evidence that suggests an 
association between iron and CRC, and in vitro and in vivo work provides plausible 
pathogenic mechanisms. However, definitive evidence is still lacking in this field. 

1.5.3.4:		 Iron	and	fructose	in	NAFLD	and	HCC		

Several carbohydrates have been linked to the development and progression of NAFLD, 
although the greatest amount of work has focused on fructose as a causative agent. 
Fructose is a monosaccharide naturally abundantly present in fruits and honey, but also 
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commercially produced as a sweetener; throughout the developed world it is now most 
commonly consumed in the form of high fructose corn syrup (HFCS) used as an added 
sweetener in foods and beverages. The other major source of fructose intake is through 
sucrose consumption; sucrose is a disaccharide composed of glucose and fructose that is 
metabolised in the gut by the enzyme sucrase to the individual monosaccharides glucose 
and fructose (Hunziker, Spiess et al. 1986) that are then absorbed through sodium-
dependent glucose transporter 1 (SGLT1) (Hediger and Rhoads 1994) and fructose 
transporter GLUT5 (Davidson, Hausman et al. 1992, Rand, Depaoli et al. 1993), 
respectively. 

Epidemiological evidence links fructose and development of NAFLD , and there are both 
animal studies and human intervention trials demonstrating increased hepatic steatosis 
with high fructose feeding (reviewed in (Nomura and Yamanouchi 2012, Moore, Gunn et 
al. 2014). 

Several mechanisms have been proposed for this effect including: increased hepatic de 
novo lipogenesis (reviewed in (Moore, Gunn et al. 2014, Softic, Cohen et al. 2016);  
increased direct activation of liver inflammatory pathways (reviewed in (Nomura and 
Yamanouchi 2012); fructose induced liver copper depletion leading to increased liver 
iron, and decreased cellular anti-oxidant enzymes (Song, Zhou et al. 2011, Song, 
Schuschke et al. 2012); and fructose-induced alterations to the gut microbiome leading to 
systemic and liver inflammation (Bergheim, Weber et al. 2008, Spruss, Kanuri et al. 
2009). 

As previously stated patients with NAFLD have an increased risk for HCC, and thus 
fructose may indirectly increase the risk for HCC through the above discussed related 
metabolic effects. There is less evidence about whether fructose directly increases the risk 
of HCC. A recent large cohort study consisting of some 477,000 individuals in Europe 
found a positive association between HCC and fructose (Fedirko, Lukanova et al. 2013), 
however another large cohort study  found no association between intake of any sugars 
and cancer once confounding factors such as obesity and type 2 diabetes mellitus (T2DM) 
were adjusted for in the analysis (Tasevska, Jiao et al. 2012) 

A recent study in rats found that fructose enhanced precancerous cell transformation 
initiated by diethylnitrosamine (a known hepatocarcinogen) suggesting that fructose may 
support oncogenesis rather than initiate it (Kumamoto, Uto et al. 2013). However, as in 
many studies involving fructose, intake of the sugar grossly exceeded what would occur 
in a natural diet – fructose accounted for 60 % of energy intake in experimental animals, 
far above the 5-15 % that would occur naturally.  

Whether fructose and iron together interact within the liver and increase the risk of 
NAFLD and HCC has been explored in a limited number of studies. Work from the lab of 
PJ O’Brien conducted in in vitro hepatocyte cell lines suggests that fructose causes liver 
cell damage by increasing cellular oxidative stress and protein carbonylation facilitated 
by iron (for example, (Shangari and O'Brien 2004, Feng, Wong et al. 2009, Dong, Yang 
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et al. 2010). In their model, oxidation of fructose facilitated by iron leads to production of 
the toxic metabolites glyoxal and methylglyoxal, and these metabolites then go onto to 
damage the cell leading to increased inflammation, cellular organelle damage, and disease 
progression. 

Studies examining whether fructose and iron together synergistically specifically increase 
the risk of HCC have not, to the author’s knowledge, been conducted. 

1.6:		 Iron	nutrition		

The main dietary sources of iron vary between and within populations. The diet, food 
source, and form of iron eaten by the population is important because iron bioavailability 
(discussed in depth in sections 1.7.- 1.8 of this chapter) differs significantly depending on 
these factors. Non-haem iron has low bioavailability, ranging from 1 – 10 % (Hallberg 
1981) haem iron, in contrast, is highly bioavailable (20-30 %) and although it contributes 
a relatively low absolute amount of dietary iron may be responsible for up to 50 % of 
absorbed iron in the developed world where it is more frequently consumed (Carpenter 
and Mahoney 1992).The bioavailability of ferritin is an area of ongoing research; recent 
studies both in vitro and in vivo suggest that plant-derived ferritin may have relatively 
high iron bioavailability (Lv, Zhao et al. 2015). 

In the developing world plant-based foods are the primary sources of iron, whereas in the 
developed world fortified cereal products and animal derived tissue are the main sources. 
Different diets lead to different iron bioavailability because of the plethora of food factors 
that can decrease or increase non-haem iron availability in the gut. Total iron 
bioavailability from mixed, Western diets in industrialised countries is usually estimated 
at 12-15 % although a recent systematic review found that it may vary from 0.7–22.9 % 
(Collings, Harvey et al. 2013); in primarily plant based diets bioavailability is estimated 
at 1-12 % because of the large amounts of iron uptake inhibitors, such as phytates and 
polyphenols, in plants (Hurrell and Egli 2010). 

Population level recommendations for iron intake are based upon a factorial method 
taking into account population variances (such as age, pregnancy, lactation, and gender) 
combined with measurement of iron status indices (to indicate what percentage of the 
population is deficient or at risk for deficiency); along with the iron bioavailability of the 
general diet of that population. The goal of public health body guidelines is to provide 
iron to meet the requirements of 97.5 % of the population. Recommendations vary 
between countries because of differing evidence bases and selection criteria of evidence 
used to determine needs (Doets, de Wit et al. 2008). The WHO has developed the most 
extensive recommendations taking into account not only life stage, but also dietary 
bioavailability of different diets for different life stages and populations (Harvey, Berti et 
al. 2013).  
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1.6.1:		 	Iron	status	

As stated previously approximately two billion people throughout the world suffer from 
anaemia, however, the WHO estimates that only 50 % of this is secondary to ID (World 
Health Organization 2008); giving iron to iron replete people with anaemia does not 
correct the anaemia, and there is evidence that it may actually be harmful in the setting of 
populations suffering from chronic infections with malaria and gut pathogens (Sazawal, 
Black et al. 2006, Zimmermann, Chassard et al. 2010). Conversely, iron deficiency may 
be masked in the setting of inflammation, because the interrelationship between iron 
homeostasis and immunity/inflammation makes interpretation of iron status blood tests 
complex. This may either lead to delayed treatment or inappropriate forms of treatment.  
It is therefore essential to be able to accurately determine iron status – ie the amount of 
iron present in the body relative to need. Unfortunately, it is also challenging to correctly 
assess iron status. 

There is no single good marker of iron status in deficiency, adequacy or overload except 
in extreme states; an array of direct and indirect biochemical measurements exist but each 
has limitations. Iron status marker levels may fluctuate secondary to illness, diurnal 
variation, and in women, phase of menstrual cycle (Laine, Angeli et al. 2015). 
Assessment of iron status depends on an integrated interpretation of several tests within 
the context of the environment in which the tested subjects live (for example, areas of 
chronic infection and malnutrition). Key iron status markers currently in use are discussed 
below. 

1.6.1.1:		 Haemoglobin		

Anaemia is defined as a condition in which the blood does not have enough RBCs, 
haemoglobin or total combined. Haemoglobin, which refers to both the oxygen transport 
iron-containing protein, and in blood tests to the concentration of that protein contained 
within the blood (usually expressed as grams/decilitre), will be low if iron deficiency is 
severe enough - the definition of IDA.  However, anaemia is a non-specific finding that 
can be due to a multitude of conditions and occurs late in the development of iron 
deficiency. Furthermore, iron excess does not lead to elevated levels of haemoglobin. 

1.6.1.2:		 Serum	iron	

Blood iron levels change little in response to physiological dietary iron intakes, are 
subject to host iron status and transferrin levels, and may be increased or decreased non-
specifically because of disease. Furthermore, blood iron levels normally fluctuate and 
demonstrate diurnal variation (Sinniah, Doggart et al. 1969) and therefore measurement 
time should be recorded (but often isn’t).  
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1.6.1.3:		 Transferrin	saturation	

In low iron states transferrin saturation falls, whilst in iron overload transferrin saturation 
increases (transferrin saturation of > 50 % does not typically occur in individuals without 
an underlying iron overload disorder such as HFE regardless of dietary iron intake) 
(Beutler, Felitti et al. 2002). 

However, transferrin levels fluctuate under normal conditions, and may fall in chronic 
illness especially in diseases of the liver since that organ synthesizes transferrin. If both 
serum iron and transferrin levels fall similar amounts related to underlying disease, 
saturation will appear normal even in iron deficiency, and if transferrin concentration 
decreases and iron is unchanged the saturation will appear erroneously elevated.  

1.6.1.4:		 Total	iron	binding	capacity	(TIBC)	

This is a measure of blood iron binding capacity; it may be calculated directly through the 
addition of iron to blood samples, or inferred based on transferrin saturation; in IDA, 
TIBC will be low, however it suffers from similar limitations to transferrin saturation 
(Beutler, Felitti et al. 2002). 

1.6.1.5:		 Serum	ferritin	

In healthy individuals with no underlying inflammatory conditions, serum ferritin is 
proportional to liver (storage) ferritin and a good marker of iron status. Serum ferritin, 
however, is also an acute phase reactant (APR) and may be elevated secondary to 
inflammation even when iron stores are depleted (Mburu, Thurnham et al. 2008, 
Thurnham, McCabe et al. 2010). Conversely, elevated blood ferritin levels in 
inflammatory conditions such as infection or autoimmune disorders, may suggest iron 
overload when iron status is actually normal (Thurnham, McCabe et al. 2010). As 
discussed previously, other disorders that we are only now beginning to understand as 
inflammatory conditions, for instance obesity and T2DM, may cause elevated ferritin 
levels unrelated to iron overload. A surprisingly large number of studies, especially older 
studies,  assess iron status based on ferritin and haemoglobin alone without adjustments 
for inflammation (for example (Tuomainen, Nyyssonen et al. 1997, Hua, Stoohs et al. 
2001); results from these studies need to be interpreted cautiously in settings or 
conditions in which there is a high prevalence of inflammation. Iron deficiency often 
occurs in settings where chronic inflammatory disorders are rife – studies in these 
environments should measure multiple markers for inflammation such as erythrocyte 
sedimentation rate (ESR) and chronic reactive phase protein (CRP) to adjust for 
inflammation in the interpretation of ferritin results to rule out “masked” iron deficiency. 
For the same reason, serum ferritin alone should not be used to decide if iron stores are 
high in chronic inflammatory conditions such as NAFLD. Low ferritin, however, is very 
sensitive and specific for iron deficiency (Lopez, Cacoub et al. 2016).  
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1.6.1.6:		 Soluble/Serum	transferrin	receptor	(sTfR)	

Transferrin receptor levels increase with iron deficiency, and a percent of these receptors 
are shed into the serum (sTfR). There is evidence that sTfR is a good iron status marker 
especially when used in combination with ferritin (Beguin 2003). Hemolysis and 
ineffective erythropoises also increase sTfR levels; in conditions of increased red blood 
cell turnover and production, such as malaria, this needs to be taken into account to avoid 
erroneous diagnosis of ID (Beguin 2003). Furthermore, at the moment, there is a degree 
of laboratory variability in sTfR blood test results because of different assays used 
(Infusino, Braga et al. 2012), thus it remains important to interpret this test within the 
context of other iron status markers.  

In conclusion, in otherwise healthy individuals suffering from iron deficiency anaemia 
the diagnosis is relatively straightforward: low haemoglobin in combination with low 
serum ferritin and transferrin saturation is diagnostic of iron deficiency anaemia. Very 
high transferrin saturation combined with very high ferritin levels is also essentially 
diagnostic of iron overload disorders. The underlying cause of anaemia in populations 
exposed to chronic infections, such as malaria or helminthic gut infections, is much more 
challenging to diagnose.  Inflammation-related elevated ferritin levels may conceal an 
underlying iron deficiency, and conversely, individuals with chronic inflammation 
secondary to non-communicable diseases such as T2DM and NAFLD, may be 
misdiagnosed with iron overload. 

Table 1.3 shows the major iron status markers in clinical use, normal range values, 
expected range change (i.e. direction of change) in IDA compared with IDA with 
inflammation, and expected range change in iron overload. 
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Table	1.3	Iron	status	markers	in	adults	
(Adapted	from	Zimmermann	2008,	Camaschella	2015).	

Status	indicator	 Normal	
range	 IDA	 IDA	with	

inflammation	 Comments	

Serum	ferritin	
(µg/litre;	typically		
1	µg/litre	=	10mg	
tissue	stored	
ferritin)	

30	-	300	 Most	
laboratories	
<	20	

Most	
laboratories	
20	-	200	

Acute	phase	reactant	
therefore	may	be	elevated	
despite	low	iron	stores	

Serum	iron	
(µmol/litre)	

10	-	30	 Most	
laboratories	
<	10	

Most	
laboratories		
<	10		

Diurnal	variation,	may	also	
be	increased	secondary	to	
cell	death	and	release	of	
iron	into	the	circulation		

Transferrin	
saturation	(%)	

16	-	45	 Most	
laboratories	
<	15	

Most	
laboratories		
10	-30	

May	be	normal	even	with	
iron	deficiency	if	synthesis	
of	transferrin	decreased	
secondary	to	illness		

Erythrocyte	zinc	
protoporphyrin		
µmol/mol	haem	
	

Varies	but	
typically		
<	80	

>	80	 >	80	 Increased	by	haemolysis	
and	increased	
erythropoietic	cell	
turnover	

Serum	transferrin	
receptor	(sTfR)	
(mg/litre)	

2.8	-	8.5	but	
varies	across	
laboratories	

>	8.5	 2.8	-	>	8.5	 Increased	by	conditions	of	
increased	red	cell	turnover	
as	may	occur	in	
thalassemias	and	malaria	;	
values	still		not	
standardised	across	
different	laboratories	

sTfR/Log	ferritin	 Varies		 >2	 >2	 Values	used	to	calculate	
ratio	not	standardized	
across	labs	
More	evidence	regarding	
diagnosing	iron	deficiency	
versus	iron	overload	
Will	also	be	affected	by	
conditions	with	increased	
red	cell	turnover	

Haemoglobin	
(g/dl)	
	

Men	
13	-	18	
Women	
12	-	18	

Men	
	<	13		
Women	
<	12		

Men	
	<	13		
Women	
<	12	

Non-specific,	late	finding	
in	the	course	of	iron	
deficiency	

Mean	corpuscular	
volume	
(femtolitres)	

80	-	95	 <	80	 Variable		 Red	blood	cell	size	may	be	
a	mixture	of	small	and	
normal	sized	cells	
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1.6.2:		 Iron	bioavailability	

Bioavailability, the amount of a nutrient that is absorbed and used by the body in relation 
to the amount ingested, depends on multiple factors that impact to a greater or lesser 
degree on the specific nutrient. These factors include: absolute amounts of ingested 
nutrient; the food matrix within which the nutrient is found or co-ingested; food storage 
and preparation; digestion; absorption; enhancers and inhibitors of absorption; bio-
conversion; body distribution and body utilisation including homeostatic controls (Wienk, 
Marx et al. 1999, Hurrell and Egli 2010, Degerud, Manger et al. 2015).   

Iron bioavailability is influenced by all of the above. Systemic, dietary and gut luminal 
factors interact and have strong effects on iron absorption; the amount of iron absorbed 
and used by the body cannot be estimated simply by knowing how much iron is in eaten 
foods.  

Systemic control of iron absorption is very tight, and will be the primary determinant of 
iron absorption under normal physiological states with an iron adequate diet (Hunt and 
Roughead 2000). Age, gender, genetic variation – both normal and pathological –, 
disease, inflammation and body iron status in turn determine systemic regulation.  
Bioavailability becomes important for individuals with increased iron needs; even if 
systemic regulation is set to “maximal absorption” if there is not enough available iron to 
absorb deficiency will develop. Bioavailability also matters in conditions of 
inappropriately elevated iron absorption; iron overload may only manifest if the diet 
provides the available iron with which to overload (Cade, Moreton et al. 2005, 
Greenwood, Cade et al. 2005, Moretti, van Doorn et al. 2013) In summary, in situations 
of dietary iron insufficiency (absolute or relative to need), or disordered iron regulation, 
bioavailability can influence iron status.  

Dietary factors affect non-haem iron bioavailability by altering: metal oxidation state; 
solubility; chelation; intracellular sequestration; and iron-related protein expression. 
Haem iron, because it is contained within the porphyrin ring, is shielded from the effects 
of the majority of dietary factors that affect non-haem iron bioavailability – only factors 
that hinder digestion and release of haem from food, or change iron egress from the 
enterocyte, would be predicted to alter haem iron bioavailability. The specific effects of 
dietary factors on iron bioavailability are discussed below. 

Dietary iron intake depends on how much iron is present in the diet eaten, but absorption, 
outside of systemic controls, depends on bioavailability. Foods high in iron but in which 
the iron is poorly bioavailable may not provide adequate intakes to prevent deficiency, a 
situation seen in the largely plant based and monotonous diet of the developing world 
(World Health Organization 2008).  

The two major enhancers of iron absorption are meat and ascorbic acid; other organic 
acids may also enhance iron absorption under laboratory conditions but have unknown 
significance in mixed diets (Salovaara, Sandberg et al. 2002). 
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The major inhibitors of iron absorption are phytates, fibre, polyphenols (such as caffeine 
and tannins), zinc, calcium, and certain proteins in milk, eggs and soy.  These enhancers 
and inhibitors will now be discussed individually. 

1.6.2.1:		 Dietary	factors	and	iron	bioavailability	
1.6.2.1.1:		 Enhancers	
1.6.2.1.1.1: “Meat	factor”	

There is very strong evidence from in vitro models, animal, and human studies that meat, 
poultry and fish (MPF) increase non-haem iron absorption (Bjorn-Rasmussen and 
Hallberg 1979, Gangloff, Glahn et al. 1996, Huh, Hotchkiss et al. 2004). The exact 
factor(s) in MFP that enhance absorption have not been elucidated although various 
components of MFP such as sulphur rich amino acids (Taylor, Martinez-Torres et al. 
1986), glycosaminoglycans (Laparra, Tako et al. 2008), and L-α–Glycerophosphocholine 
have been proposed (Armah, Sharp et al. 2008). This remains an area of active research. 

1.6.2.1.1.2: Ascorbic	acid	

Ascorbic acid increases iron absorption even at concentrations as low as 8 µmol/L 
(Hallberg, Brune et al. 1989), and appears to be “the most important luminal accessory 
for iron” absorption (Miret, Simpson et al. 2003). Ascorbic acid, in a dose dependent 
manner, increases iron bioavailability both by reducing iron from Fe3+ to Fe2+, and by 
chelating low molecular weight iron and thus increasing its solubility (Crichton 2009).  
Ascorbic acid may also increase iron uptake by acting as an electron donor to the 
membrane bound ferri-reductase Dcytb and thus increasing its activity (Wyman, Simpson 
et al. 2008). 

Ascorbic acid overcomes, to varying degrees, the inhibitory effects of phytates, 
polyphenols and calcium on non-haem iron absorption, although the molar ratio of 
ascorbic acid to inhibitor, and the precise biochemical form of  inhibitors, modulates this 
effect (Hallberg, Brune et al. 1989, Hallberg, Brune et al. 1989, Walczyk, Muthayya et al. 
2014) In order for ascorbic acid to promote absorption in the presence of high levels of 
inhibitors it needs to be at least at an AA:iron molar ratio ≥ 4:1 (Teucher, Olivares et al. 
2004), and in study conducted with a farina based meal increased ferrous sulphate iron 
uptake was only seen with an AA:iron molar ratio of approximately 5:1 (Forbes, Arnaud 
et al. 1989). Furthermore, there is evidence that the enhancing effect of ascorbic acid 
plateaus in the presence of inhibitors, and that it is not additive with the increased uptake 
seen from MFP (Cook and Monsen 1977, Gillooly, Bothwell et al. 1984, Gillooly, 
Torrance et al. 1984). 

Some studies have failed to show that chronic high dietary vitamin C intakes increase 
iron status in free-living subjects eating mixed meals (Cook and Reddy 2001). This may 
be secondary to a threshold effect - once a certain amount of ascorbic acid is present in 
the diet going above this level has no added benefit (Fleming, Jacques et al. 1998). 
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Alternatively, it may relate to when the vitamin is ingested; in order to enhance dietary 
iron absorption ascorbic acid must be eaten with or within one hour of a meal (Cook and 
Monsen 1977). In the “Framingham Heart Study: dietary determinants of iron stores”, 
total intake of vitamin C was not correlated to iron absorption but there was a positive 
correlation with mealtime vitamin C intake and improved iron stores as determined by 
ferritin levels (Fleming, Jacques et al. 1998). 

1.6.2.1.1.3: Vitamin	A	and	carotenoids	

The effect of vitamin A on iron bioavailability is uncertain; there is more consistent 
evidence that carotenoids improve iron bioavailability. Vitamin A deficiency (VAD) 
causes anaemia although how it does so is unclear. Studies have found that VAD impairs 
iron status (for example, (Bloem, Wedel et al. 1989); this has lead to research on 
interactions between the two nutrients. VAD is postulated to directly cause anaemia by 
impairing erythropoiesis (West Jr 2007), but the question is whether vitamin A also 
affects iron bioavailability and thus deficiency indirectly causes anaemia – the evidence 
for this is inconclusive. This is an important question as deficiencies of both nutrients are 
major public health problems, there is overlap between risk groups, and ideally the two 
micronutrients would be supplied together (Black 2003) 

Two Venezuelan human studies found that vitamin A added to baked goods fortified with 
iron increased iron absorption (Garcia-Casal, Layrisse et al. 1998, Layrisse, Garcia-Casal 
et al. 2000) however a study by Walczyk et al found no such effect (Walczyk, Davidsson 
et al. 2003). The food matrix and uptake measurement methods used were similar in the 
studies, however subjects in the studies by Layrisse and Garcia-Casal et al were more 
likely to be both iron and vitamin A deficient, whereas the subjects in the later, negative 
study, were healthy young adults without evidence of any nutrient deficiency. An 
experiment looking at vitamin A and iron interactions, using both mice and the in vitro 
Caco-2 cell line, suggested that VAD leads to iron sequestration in the liver and spleen – 
either directly through increased hepcidin production, or indirectly because of oxidative 
stress/inflammation induced hepcidin expression and iron sequestration (Citelli, 
Bittencourt et al. 2012); treatment of Caco-2 cells with retinoic acid (RA, the active form 
of vitamin A) increased ferroportin expression. Increased ferroportin did not lead to 
increased ferritin, which was interpreted as RA having no effect on gut iron 
bioavailability (Citelli, Bittencourt et al. 2012) but in vivo increased ferroportin would 
allow for improved iron egress out of the gut thus potentially improving iron absorption 
without changing gut cell ferritin levels. An alternative explanation of the results of the 
study by Citelli et al suggests that release of sequestered iron, and increased transport 
from the gut, may explain how vitamin A repletion in VAD improves iron status, and this 
effect might only be seen in vitamin A deficient subjects. 

The evidence regarding whether carotenoids improve iron bioavailability is more 
consistent compared with the effects of vitamin A. 



	 38 | Page 

	

Both in vitro work with the Caco-2 cell digestion model, and in vivo studies, suggest that 
carotenoids increase non-haem iron absorption (Garcia-Casal, Layrisse et al. 1998, 
Layrisse, Garcia-Casal et al. 2000, García-Casal 2006).  Furthermore, a study that 
developed an algorithm to predict bioavailability of iron from vegetarian diets found that 
β-carotene was a positive modulator of iron bioavailability in the model (Chiplonkar and 
Agte 2006). 

The mechanism(s) by which β-carotene improves iron bioavailability is unknown, but it 
is postulated that carotenoids improve absorption by chelating non-haem iron and 
improving its solubility; the specific isomer form of β-carotene may therefore be 
important in relation to its effects on iron bioavailability. 

1.6.2.1.2:		 Inhibitors	
1.6.2.1.2.1: Calcium	

In single meal human studies, and in multiple in vitro studies, calcium decreases the 
bioavailability of haem and non-haem iron – it is the only well established inhibitor of 
both dietary iron forms (Lonnerdal 2010). The inhibitory mechanism(s) are unclear; 
inhibition is only seen when the nutrients are co-ingested within 1-2 hours and is also 
dose dependent – 40 mg or less of calcium in a meal does not inhibit iron uptake, and 
once levels are higher than approximately 300 mg no further inhibition is seen (Hallberg, 
Brune et al. 1991, Walczyk, Muthayya et al. 2014). Earlier work suggested that calcium 
forms complexes with iron in the gut that prevent it being taken up by the enterocyte, 
however, this proposed mechanism does not explain how calcium would decrease 
bioavailability of both haem and non-haem iron - they are structurally different 
complexes and taken up by different pathways. Furthermore, the iron in haem is 
imbedded within the molecule and not readily available for calcium binding. More recent 
research suggests that calcium may decrease membrane expression of the iron transporter 
DMT1 (Thompson, Sharp et al. 2010), but it is not clear how this would explain the 
mechanism by which haem iron absorption is decreased by calcium since haem is not 
taken up by DMT1. It is possible that calcium alters iron absorption through multiple 
mechanisms; the fact that both haem and non-haem iron absorption is decreased suggests 
that at least one mechanism may involve the trapping of iron intracellularly. 

The interaction between iron and calcium is of particular concern because risk of 
deficiency of both nutrients occurs in the same populations (Ramakrishnan 2002); 
excluding calcium from iron containing meals/supplements/fortified products is not a 
practical solution and efforts to treat deficiency of either nutrient would be simpler if they 
could be given together. Interestingly, a recent study found that ascorbic acid almost 
entirely negated the inhibitory effects of calcium on non-haem iron absorption indicating 
that in supplements addition of ascorbic acid could potentially overcome calcium-related 
inhibition (Walczyk et al., 2014). 
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Despite the negative effect of calcium on iron bioavailability in multiple studies as 
discussed above, the majority of both epidemiological and long term calcium 
supplementation intervention studies find that over the long term calcium intake does not 
negatively affect iron status (Lonnerdal, 2010) suggesting that homeostatic mechanisms 
adjust to the short term effects of calcium on iron absorption.  

1.6.2.1.2.2: Zinc	

Analogously with calcium, zinc and iron deficiency often co-exist within the same 
vulnerable populations and in the same parts of the world (Black 2003), therefore the 
same supplementation/fortification/food issues arise; there has been much research on 
whether zinc decreases iron absorption. Results of both in vitro and in vivo studies have 
been inconsistent – this is primarily because iron-zinc interactions depend on relative 
concentrations of the two minerals, their chemical forms, and the food matrix in which 
they are ingested and digested, and all these parameters can vary between studies 
(Arredondo, Martinez et al. 2006, Olivares, Pizarro et al. 2007, Olivares, Wiedeman et al. 
2012). When iron and zinc are given together in an aqueous solution to fasted subjects, as 
might happen if they were taken together as a multi-mineral supplement with water and 
without food, zinc does inhibit iron absorption; the degree of inhibition increases with 
increasing amounts of zinc relative to iron (Olivares, Wiedeman et al. 2012). Zinc in a 
milk based food matrix, such as supplemented infant formula, did not decrease iron 
absorption at a 1:4 Fe:Zn (wt/wt ) ratio (Friel, Serfass et al. 1998). These results suggest 
that within the appropriate food matrix, and with appropriate relative amounts of the two 
nutrients, iron and zinc can be given together. How zinc inhibits iron absorption, as 
occurs in aqueous solutions of the nutrients, is unclear. Earlier work suggested that zinc 
competes with iron for uptake by DMT1, but recent studies do not support this hypothesis 
(Kordas and Stoltzfus 2004). 

1.6.2.1.2.3: 	Phytates	

Phytates, a storage form of energy for plants, are the salts of inosital hexaphosphates 
(IP6); they are abundant in cereals, grains, and some vegetables, and although not the 
most potent inhibitors of non-haem iron absorption in an absolute sense are probably the 
most important because of their ubiquitous presence in the diet. Inhibition of iron 
absorption is significant at phytate:iron molar ratios >1:1 in single food studies, and >6:1 
in mixed meals that contain AA or meat enhancers (Hurrell and Egli 2010). Processing, 
storing, cooking and digestion may lead to hydrolysis of IP6 and generation of lower 
phosphorylated derivatives such as IP5,IP4,1P3; the fewer phosphate groups the less effect 
on iron bioavailability (Hallberg, Brune et al. 1989, Brune, Rossander-Hulten et al. 1992).  

Phytates inhibit iron absorption by forming insoluble chelates such as diferric and 
tetraferric phytate complexes (Crichton 2009). The inhibitory effects of phytates are 
partially counteracted by ascorbic acid (Hallberg, Brune et al. 1989), although the extent 
of improved iron availability is a matter of debate with some investigators arguing that 
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this effect may only be seen in experimental conditions. Cook and Reddy studied whether 
ascorbic acid could ameliorate the negative effects of phytates on iron absorption (Cook 
and Reddy 2001). They used iron-labeled bread rolls eaten as part of a free living diet to 
assess iron absorption within complete meals, with instructions to participants to either 
eat high or low ascorbic acid foods, and they found that the high ascorbic acid diet only 
increased iron absorption by approximately 35 % ; significantly less than in single meal 
studies.  Iron status was determined for the study, and low iron status predicted increased 
iron absorption. However, dietary ascorbic acid levels were estimated based on subjects’ 
reported intakes, therefore it is possible that the observed lack of effect in this study 
occurred because actual dietary ascorbic acid was lower than reported.  

1.6.2.1.2.4: Polyphenols	

Polyphenols are a diverse group of compounds found in vegetables, fruits and commonly 
consumed beverages such as wine, tea and coffee – examples include quercetin, 
epicatechin and tannins (Bravo 1998).  Polyphenols consist of large organic molecules 
characterized by multiple phenyl groups with varying numbers of attached hydroxyl 
groups; iron binds to the hydroxyl groups and may also be oxidized by them. (Bravo 
1998). When polyphenols are evaluated either in single meal studies or in in vitro cell 
lines they powerfully inhibit non-haem iron absorption; ascorbic acid only partly reverses 
this effect even at high doses (Gillooly, Bothwell et al. 1983, Siegenberg, Baynes et al. 
1991, Jin, Frohman et al. 2009, Petry, Egli et al. 2010).Polyphenols chelate iron and 
render it unavailable for absorption; recent research suggests that certain polyphenols, 
such as quercetin, may in addition decrease iron absorption by decreasing ferroportin 
levels and thus trapping the iron intracellularly to be lost with sloughing of the enterocyte 
(Lesjak, Hoque et al. 2014). This phenomenon may also explain the finding of another 
recent study that polyphenols decreased haem iron absorption in an in vitro model system 
– there is no evidence that polyphenols bind haem iron in the gut lumen, but if the iron 
released from haem were trapped intracellularly the net effect would be decreased 
absorption (Ma, Kim et al. 2010, Ma, Kim et al. 2011). However, the studies by Ma et al 
and Lesjak et al were carried out in in vitro cell lines and rodent models, and their 
findings need to be confirmed in vivo in human beings. 

Hallberg speculates that much worldwide iron deficiency relates to the common practice 
of drinking tea with all meals, but the impact of polyphenols on iron absorption when 
eaten as part of a mixed diet, is not clear. The inhibitory effect varies with chemical 
structure (Brune, Rossander et al. 1989), and part of the problem of assessing the effects 
of polyphenols on iron bioavailability in a mixed, free living diet probably relates to the 
grouping together of all polyphenols into one category without discriminating between 
stronger and weaker inhibitory types. However, in populations, or in vulnerable groups 
within populations, with marginal iron intakes and/or increased needs, even small 
inhibitory effects on iron absorption secondary to polyphenols may have a clinical impact 
(Mennen, Walker et al. 2005). 
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1.6.2.1.2.5: Egg,	soy	and	milk	based	proteins				

In vitro and in vivo studies of the effect milk and milk-based products have indicated that 
milk proteins (specifically the proteins casein and whey) decrease iron absorption 
(Hurrell, Lynch et al. 1989). Interestingly, dephosphorylation and hydrolysis of casein 
decreases this effect (Bernos, Girardet et al. 1997), and an in vitro study using 
enzymatically hydrolysed casein added to fruit juices actually found improved iron 
bioavailability (Garcia-Nebot, Alegria et al. 2010). Digestion itself, at least in the mature 
gut, may therefore lessen the in vivo impact of milk proteins on iron bioavailability. 
Interestingly, a recent short term study conducted in rats found that high intake of casein 
protein (40 % of total energy) increased gene expression of the iron-absorption related 
proteins DMT1, Dcytb and TfR1, and this was correlated with increased iron absorption 
in the animals as measured by fecal iron balance measurement (Thomas, Gaffney-
Stomberg et al. 2013). The study did not document increased protein expression of 
DMT1, Dcytb or TfR1, nor did animal iron status markers change though this may have 
related to the short study duration.  

Numerous studies have shown that egg proteins decrease non-haem iron absorption (for 
example, (Ishikawa, Tamaki et al. 2007); it is suggested that the protein phosphovitin is 
responsible for binding iron and decreasing its bioavailability. 

Soybeans have been shown to decrease non-haem iron bioavailability in multiple studies 
(Hurrell and Egli 2010). Legumes, including soybeans have high phytate levels, but the 
additional inhibitory effect of soybeans appears to be due to the soy-derived protein 
conglycine (Hurrell, Juillerat et al. 1992); fermentation may decrease the inhibitory effect 
of soy products on iron uptake (Baynes, Macfarlane et al. 1990). 

1.6.2.1.3:		 Possible	enhancers	
1.6.2.1.3.1: Carbohydrates			
1.6.2.1.3.1.1: Sugars	

The effect of mono and disaccharides (simple sugars) on iron bioavailability is 
undetermined. Charley et al initially investigated this question in the 1960’s (Charley, 
Sarkar et al. 1963). This group demonstrated that in the test tube simple sugars were able 
to chelate iron and form stable, low molecular weight complexes, which remained soluble 
even at a pH of 9 (where normally ferrous iron would form ferrohydroxy precipitants) 
(Charley, Sarkar et al. 1963). They also found that these complexes were more easily 
absorbed across the rat intestinal mucosa compared with iron alone, and that their 
ingestion was associated with increased liver iron deposits (Stitt, Charley et al. 1962). In 
their seminal paper “Chelation of Iron by Sugars” (1963) Charley et al observed that an 
excess of sugar over iron favored the formation of stable complexes, and that the “relative 
sequestering ability of … sugars” was fructose>glucose>sucrose”. Work by others 
suggested that iron to carbohydrate molar ratios of at least 1:50 were required for optimal 
complex formation (Davis and Deller 1967). 
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However, further experiments in rodents produced conflicting findings. Several studies 
found that fructose increased iron absorption (Pollack, Kaufman et al. 1964, Bates, Boyer 
et al. 1972), but in other studies sugars either had no effect (Beynen, Brouwer et al. 
1992)or actually decreased iron absorption (Brouwer, Lemmens et al. 1993). The 
methods used to assess iron bioavailability varied between these studies, as did iron status 
of the study animals, and the form in which the iron and sugars were administered– 
experiments in which the iron and sugars had been premixed and then fed to fasted 
animals gave the most consistently positive results.  One study with negative results 
induced diarrhea (related to carbohydrate load) and decreased food intake in the study rats 
(Brouwer, Lemmens et al. 1993) - both of which would have led to decreased iron 
absorption not actually related to bioavailability. 

Human studies to date have been small and results also inconclusive. Davis and Deller, 
using radioiron absorption measurement, gave a prepared iron-sugar complex and showed 
that fructose increased iron uptake; another study using the foecal balance method also 
found that fructose increased iron absorption (Davis and Deller 1967, Holbrook, Smith et 
al. 1989). But work by two other labs found either no effect of sugars on iron uptake 
(Heinrich, Gabbe et al. 1974) or a decrease – although similarly to the animal studies in 
the study with decreased iron uptake test subjects developed diarrhea (Ivaturi and Kies 
1992). Subject iron status and dietary back ground varied in these studies, and there was 
no screening for genetic iron disorders. 

Review of the evidence suggests that fructose may increase non-haem iron 
bioavailability, although this has not been definitively demonstrated, nor a mechanism 
clearly identified. O’Dell hypothesizes that fructose, a reducing sugar, reduces ferric iron 
to the bioavailable ferrous form; as discussed previously, earlier work suggests that 
fructose increases iron bioavailability by forming iron-sugar chelates that keep the metal 
soluble (O'Dell 1993). Recent research with fructo-oligosaccharides demonstrated that 
these non-digestible fructose polymers increased the expression of colonic iron transport 
proteins in a porcine model (Tako, Glahn et al. 2008); although a follow up study did not 
find an associated increase in colonic iron absorption (Patterson, Rutzke et al. 2009). 
Studies on the effects of fructose or other simple sugars on iron transport protein 
expression have not, to the author’s knowledge, been carried out. 

Recent epidemiological studies looking at fruit and iron interactions found differing 
results with two showing that fruit consumption predicted higher iron stores, and another 
two that increased fruit intake was protective against iron overload (Fleming, Jacques et 
al. 1998, Fleming, Tucker et al. 2002, McCune, Ravine et al. 2006, Milward, Baines et al. 
2008)  McCune, Ravine et al. 2006, Milward, Baines et al. 2008). But although fruits are 
a source of fructose they clearly also contain many other compounds that could alter iron 
bioavailability. 
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1.6.2.1.3.1.2: Prebiotoics	

Prebiotics are defined as non-digestible (by the host animal) dietary factors that are 
reported to confer health benefits to the host (Gibson and Roberfroid 1995, Gibson, 
Probert et al. 2004); all identified prebiotics thus far are carbohydrates such as fructo-and 
galacto-oligosaccharides (FOS and GOS, respectively) (Slavin 2013). There has been 
extensive research on whether prebiotics improve iron bioavailability and absorption, 
however results remain inconclusive. For example, work in chickens, pigs, rats, and 
infants found that prebiotics increased iron absorption or improved iron status (Lopez, 
Coudray et al. 2000, Yasuda, Roneker et al. 2006, Sazawal, Dhingra et al. 2010, Tako and 
Glahn 2012); whereas other studies showed no change in iron absorption after addition of 
the prebiotic inulin (a heterogenous blend of fructo-oligosaccharides) in young iron 
deficient women (Petry, Egli et al. 2012), or in a porcine model (Patterson, Rutzke et al. 
2009). Proposed mechanisms by which prebiotics might alter iron bioavailability include 
up regulation of iron transporter proteins (Lobo, Gaievski et al. 2014), and increased gut 
luminal acidity through prebiotic fermentation products (such as short chain fatty acids) 
thereby favoring the reduction of Fe3+ to the more bioavailable Fe2+ (Laparra, Tako et al. 
2008, Yasuda, Dawson et al. 2009). Both of these mechanisms assume that significant 
amounts of iron are absorbed in the colon – a question that has not been answered for 
human beings. In addition, recent work indicates that prebiotics may reduce gut 
inflammation, and thus reduce systemic hepcidin levels, which would be predicted to 
improve iron absorption (Yasuda, Dawson et al. 2009). Laparra et al suggest that the 
conflicting results seen for different studies evaluating the effects of prebiotics relate to 
the specific prebiotics being evaluated, and their differing abilities to reduce 
inflammation; they fed rats an iron supplement with the addition of two novel prebiotics 
not commonly used in other studies (kojibiose and lactulose derived GOS) and showed 
improved iron absorption that correlated with decreased levels of both inflammatory 
markers and hepcidin (Laparra, Diez-Municio et al. 2014). If the effect of prebiotics on 
iron absorption is through alteration of systemic iron homeostatic mechanisms, this may 
also explain why research looking at prebiotics and iron carried out in vitro cell lines have 
been negative, as typically systemic effects of iron absorption are not a part of these 
models (this issue will be discussed later in this thesis). 

1.6.2.2:		 Methods	to	assess	iron	bioavailability	

There is no simple causal relationship between dietary iron content, iron absorption and 
subsequent host iron status. As iron deficiency is prevalent worldwide many methods 
have been developed to assess iron bioavailability, with the goal being to improve iron 
nutriture by identifying good dietary or supplemental sources of bioavailable iron. These 
methods can be broadly categorized as follows: 
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In Vivo studies 

In vivo absorption studies – single meal or short term  

o Chemical balance 
o Isotope tracers  
o Plasma iron 
o Depletion-repletion studies   

 
• Long term population studies  

 
• Algorithms  
• Animal models  

 

In Vitro Studies 

• Solubility studies  
• Dialysability studies  
• Mechanical gastro-intestinal models  
• In vitro cell culture studies  

 

The advantages and limitations of these methods are discussed below. 

1.6.2.2.1:		 In	vivo	absorption	studies	

In vivo absorption studies are typically conducted over a short time period; duration can 
vary from one single meal (assessing a supplement, single nutrient or a composite meal) 
to a period of several weeks.  

1.6.2.2.1.1: Chemical	balance	

Chemical balance studies were the earliest type of absorption study used to measure iron 
bioavailability. Subjects receive a known amount of iron, and then apparent iron output is 
measured in the stool; typically urine and sweat losses are presumed to be negligible and 
not measured (Wienk, Marx et al. 1999). Iron chemical balance studies are accurate if 
performed correctly, and in theory are straightforward. The method depends on accurate 
measurement of intake and can be affected by miss/under/over reporting and also by 
inaccurate measurement of iron in the ingested substance caused by soil iron 
contamination. Assumptions must be made about iron losses through mucosal sloughing 
into the gastrointestinal tract, and are typically also made about the amount of iron lost in 
sweat and urine. Finally, subjects’ iron status needs to be taken into account. Accuracy is 
greatest in studies in which a supplement or prepared meal is given under supervision and 
stool collected in a controlled environment, and probably worst in assessing free living 
usual diets and intake (Wienk, Marx et al.1999). 
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1.6.2.2.1.2: Isotope	studies	

Iron is primarily used for haemoglobin synthesis, therefore human iron absorption can be 
evaluated by measuring the incorporation of labeled iron (using radioactive or stable iron 
isotopes) into RBCs. Uptake of radioactive or stable iron isotopes is a commonly used 
method to assess bioavailability; radioisotopes are considerably less expensive but can’t 
be used in groups where exposure to radioactivity is a concern such as pregnant women 
and children – groups in whom iron deficiency is common. For both types of isotope the 
labeled iron must be incorporated into the nutrient of interest, and one of the limitations 
of the method relates to incomplete extrinsic isotope-intrinsic food iron 
equilibration/exchange (Jin, Cheng et al. 2008, Glahn 2015, Glahn, Cheng et al. 2015). 
After ingestion of the isotope, whole body counting in the case of radioisotopes, or blood 
measurement for stable isotopes, is used to measure uptake (Wienk, Marx et al.1999).  

1.6.2.2.1.3: Depletion-repletion	studies		

Depletion-repletion studies may be carried out in animals or people. Animals are made 
ID, fed the food/nutrient/supplement of interest, and subsequent change in haemoglobin 
measured against a known “gold standard” iron replacement typically ferrous sulphate 
(Wienk 1999). Animal depletion-repletion studies show good correlation with radio-iron 
uptake in the same animal models, but extrapolation and applicability to humans depends 
on the animal. 

In humans, a form of depletion-repletion study can be conducted using an iron 
intervention (food, supplement or fortified product), followed by either measurement of 
short-term plasma iron levels, or in longer-term studies subsequent changes in iron status 
in the tested subjects.    

Food iron levels are not typically high enough to change iron levels after a meal, however 
plasma iron levels may change after ingestion of pharmacological doses of iron (such as 
those found in a supplement). Plasma iron concentration is measured over selected time 
periods after ingestion, and then the area under the curve calculated or the peak 
concentration used to assess bioavailability (Barrett, Whittaker et al. 1994). 

Blood iron levels can be used to compare differing bioavailability from iron supplements 
given at pharmacological doses, but assumptions about plasma volume, compartment 
distribution and underlying iron status are necessary (Wienk, Marx et al.1999).    

1.6.2.2.1.4: Single	meal	studies	

Single meal studies may be used to assess iron bioavailability from foods, and 
identification of iron absorption enhancers and inhibitors. Evidence consistently shows 
that single meal (whether in vitro or in vivo), or brief (weeks) intervention trials, 
overestimate dietary components’ effects on iron bioavailability in comparison to when 
that nutrient or food factor is eaten as part of a free-living diet (Collings, Harvey et al. 
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2013). All of the above discussed balance methods, when used within the context of a 
single meal or short duration (1-2 weeks), will be prone to this specific limitation. 
Research suggests that there are homeostatic mechanisms that affect iron absorption over 
the long term, related both to host iron status, and overall iron bioavailability of the 
typically consumed diet. This may be one reason underlying discrepancies between short 
and long term studies. 

1.6.2.2.2:		 Long	term	population	studies	

Perhaps the most valid assessment of the effect of a dietary factor/food on iron 
bioavailability and iron status is to monitor a population eating that factor over the long 
term. This is time consuming, expensive and still prone to errors because both 
measurement of iron intake and iron status is challenging. For example, contamination of 
foods by soil iron may be an unrecorded source of iron intake, and different soil 
conditions, climate and food processing, in genetically variable populations, mean that 
even the “same” diet may have different levels of bioavailable iron in foods grown in 
different geographical conditions. In order to accurately interpret the effects of dietary 
factors on iron bioavailability in long term population studies there need to be adequate 
absolute amounts of iron in the whole diet, correction of other nutrient deficiencies, 
interpretation of results within the context of inflammation and blood loss, and the 
intervention must be of sufficient duration. 

1.6.2.2.3:		 Algorithms/Predictive	models	

Whole diet iron bioavailability may be calculated by setting up computer algorithms with 
information about usual diet along with demographics such as ethnicity, average age, 
gender. Older algorithms used iron uptake enhancer data only, but newer studies have 
increased the complexity of factors analysed with improvement in accuracy; the addition 
of iron status data appears to be especially important for accuracy (Lynch 2005). 

These models provide information at a population level, and rely on certain assumptions: 
this is the “average” diet and it has been accurately measured; the population is well 
described with similar underlying iron status; information about iron content and 
bioavailability, enhancers and inhibitors is accurate for the local geographical conditions; 
cooking methods will be similar and not alter levels of enhancers, for example, ascorbic 
acid and haem, or inhibitors; diet analysis software is accurate; and dietary factors effects 
on bioavailability are simply additive. Each of these assumptions is inaccurate in specific 
circumstances; for example, the enhancing effect of ascorbic acid is reduced in meals 
with meat (Lynch 2005), and phytate inhibition of iron bioavailability is decreased by 
phytase (an enzyme that degrades phytates) (Drakakaki, Marcel et al. 2005). The more 
these sources of error are taken into account the better the predictive value of the 
algorithm. 
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1.6.2.2.4:		 Animal	models	

Various animal models have been used to study iron bioavailability; the majority of 
studies use rats, pigs/piglets or chickens, and of these rats are the most frequently used 
animal – probably because of availability and cost. 

Qualitatively there is agreement between rats and human studies for ascorbic acid, soy 
and fibre; iron deficient rats appropriately increase iron absorption, although the 
efficiency of this is higher compared with human beings (Reddy and Cook 1991). There 
are limitations, however, with the rat model (Reddy and Cook 1991). Rats, unlike 
humans, can synthesize ascorbic acid; this makes it difficult to assess ascorbic acid-
related improvements in iron bioavailability for humans when using the rat model. It also 
probably explains why in rats, compared with humans, ferric iron is well absorbed and 
phytates only minimally decrease iron bioavailability.  All rodent models have the 
limitation of a different gastrointestinal tract  anatomy, gut microbiome and nutritional 
requirements compared with human beings. 

Pigs and piglets are a relatively good model for studying iron bioavailability in human 
beings (Patterson, Lei et al. 2008). Diet and nutritional requirements are similar between 
the two species and they share the same iron transporter proteins (DMT1 and ferroportin). 
The pig and human GIT are structurally similar, although the absolute sizes and 
anatomical arrangement are different. The effect of iron deficiency, iron form, and dietary 
factors on iron bioavailability is the same in pigs as in humans with the exception of 
ascorbic acid – like rats, pigs can synthesize ascorbate and thus the effects of added 
ascorbic acid may be masked in this model (Patterson, Lei et al. 2008). Limitations of 
using pigs to study iron uptake include the possibility that the pig colon may be a site of 
iron absorption in deficiency states (Blachier, Vaugelade et al. 2007), something not 
demonstrated in humans. Finally, direct validation of results from the porcine model 
compared with human studies is limited. 

The Glahn group have recently used domestic chickens to study iron bioavailability 
(Tako, Rutzke et al. 2010). The chicken gastrointestinal tract is different compared with 
humans, but the small intestinal layout is similar and the duodenum, as in humans, is the 
major site of iron absorption. Expression of gut iron transporters is the same as in people, 
and transporter expression changes in response to dietary iron manipulations in a 
predictable manner based on human studies (Tako, Rutzke et al. 2010). The model agrees 
with Caco-2 cell in vitro digestion results (Tako and Glahn 2010, Tako, Blair et al. 2011). 
Limitations of the poultry method include limited data on the effects of dietary factors on 
poultry iron absorption, and lack of direct human validation studies to date.  

Iron uptake in animal models can be evaluated with absorption methods as used in human 
subjects (previously discussed). In addition, animal models allow for study of organ 
specific iron deposition from supplemental or dietary iron. 
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1.6.2.2.5:		 Solubility	and	dialysability	studies	

Solubility and dialyzability studies give information on iron bioaccessibility – the amount 
of iron released from food and available for absorption – but not on how much iron is 
taken up or used in the body.  

The basic assumption behind solubility studies is that iron must be soluble in order to be 
absorbed, and that all soluble iron will be absorbed. Only non-haem iron bioavailability 
can be measured with this method. 

Typically, the food and/or dietary factors of interest are subjected to an in vitro digestion 
process – at its simplest, the sequential addition of digestive enzymes in pH appropriate 
solutions to mimic digestive conditions in the stomach and small intestine – and the end 
products are called digestates (Wienk, Marx et al.1999). Mechanical gut models have also 
been developed to simulate the digestive process.  For example, the TIM model is an 
artificial gut model (consisting of stomach, small intestine and colon compartments) that 
uses a computer to manage transit times through the model and the addition of enzymes, 
emulsifiers, and other gut secretions (Larsson, Minekus et al. 1997).  Digestates from 
either simple or mechanical systems are centrifuged, and the iron in the supernatant 
measured and compared with total iron in the original food to provide relative levels of 
availability. Iron may be measured using colorimetric assays, atomic mass spectroscopy 
or inductively coupled plasma spectroscopy (Wienk, Marx et al.1999). 

Comparison of solubility results with human studies shows that for selected nutrients 
solubility predicts bioavailability, but there are significant exceptions. The model does 
not account for small molecular weight iron-food complexes that are soluble but still not 
absorbed because of iron chelation or inappropriately changed oxidation state (for 
example ferric citrate is soluble but has poor bioavailability (Heinrich 1987), nor is it 
accurate in predicting absorption of large MW iron complexes, which though soluble 
aren’t absorbed because they can’t cross through the protective mucus layer that lines the 
gut – size matters. Ferric-phytate complexes are an example of large compounds that are 
almost completely non-available for absorption despite being soluble (Brune, Rossander 
et al. 1989). 

In order to address size specific solubility study limitations, dialysis membranes with 
molecular weight cut offs (MWCO) that mimic the gut mucus layer are now routinely 
used in conjunction with solubility studies; only the soluble iron that can dialyse through 
the membrane is considered available. Iron dialysability studies correlate fairly well with 
human studies re relative bioaccessibilty of iron from different foods, and the effects of 
enhancers and inhibitors; they do not always provide accurate information about the 
strength of the effect (Wienk, Marx et al. 1999), and markedly underestimate iron 
available for absorption from large intact iron-protein complexes such as lacto-ferrin and 
ferritin, for which there is strong evidence that physiological absorption does occur. 
Furthermore, iron solubility and dialysability studies are usually carried out with isolated 
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dietary factors/foods or iron supplement forms, thus the impact of the food matrix in 
which the iron would normally be co-ingested is not investigated (Fairweather-Tait, 
Lynch et al. 2005). 

Dietary factors that alter iron bioavailability either by chelating intracellular iron and thus 
preventing its release from the cell, or by changing the expression of iron related 
transporters, can not be assessed by dialysability studies at all.  The method has execution 
issues as well with even very small variations in pH adjustments at various steps altering 
results between labs (Luten 1996). The impact of systemic control of iron homeostasis on 
absorption is also clearly lacking in both solubility and dialysability studies. 

1.6.2.2.6:		 In	vitro	cell	lines	

In vitro cell line models have been used for decades for analysis of iron absorption 
mechanisms, kinetics and bioavailability; although originally derived from cancer cells 
these models have been extensively studied and results validated in comparison with 
human results. 

1.6.2.2.6.1: Caco-2	cells	

Caco-2 cells are amongst the original in vitro cell lines used to measure iron 
bioavailability; work using this cell line in the context of iron bioavailability began in the 
1990s (Sharp 2005). Because the cells absorb iron they do assess bioavailability rather 
than just bioaccesibility (the fraction of the total amount of a substance that is potentially 
available for absorption) – but only partly since egress from the cells is not typically 
evaluated, nor are the effects of systemic iron homeostatic controls included in the 
normally used in vitro digestion method.  

Typically, Caco-2 cells are coupled with an in vitro digestion system in which foods are 
treated with a series of intestinal digestive enzymes to mimic the human digestive 
process, and then the digestion products (digestates) are “fed” to Caco-2 cells 
(Figure 1.10, Caco-2 cell in vitro digestion model as developed by R Glahn); iron uptake 
is then measured either through direct measurement of radio-labelled iron within cells, or 
through the measurement of ferritin an iron storage molecule as a proxy measure of iron 
uptake (Gangloff, Glahn et al. 1996, Glahn, Lee et al. 1998). 
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Figure	1.10	Caco-2	cell	in	vitro	digestion	model	as	developed	by	R	Glahn.		
The	dietary	factor	or	supplement	of	interest,	either	with	intrinsic	iron	or	added	extrinsic	iron,	is	
subjected	 to	 a	 simulated	 in	 vitro	 digestion	 process	 with	 gastric	 and	 small	 bowel	 digestive	
enzymes.	The	processed	food	or	supplement	now	known	as	the	digestate	is	then	placed	in	the	
upper	chamber	of	the	model	formed	by	the	placement	of	a	dialysis	membrane	over	a	Transwell	
insert	minus	its	inherent	membrane;	the	added	dialysis	membrane	both	protects	the	cells	from	
the	 enzymes,	 and	 also	mimics	 the	 size	 barrier	 of	 the	 small	 intestinal	mucosal	 surface.	 After	 a	
total	of	24	hours	the	cells	growing	on	the	bottom	of	the	wells	are	harvested	for	ferritin	analysis	
(adapted	from	(Glahn,	Lee	et	al.	1998).	

Caco-2 cells are derived from a human adenocarcinoma of the colon (Fogh, Fogh et al. 
1977), but when grown in appropriate conditions they differentiate and develop many 
phenotypic features of small bowel enterocytes; they become polarized, develop 
microvilli and glands, and express many enterocyte nutrient-related membrane receptors, 
transporters and enzymes including but not limited to: Sodium Linked Glucose 
Transporter 1(SLGT1)(Khoursandi, Scharlau et al. 2004); DMT1 (Tandy, Williams et al. 
2000); DcytB (McKie, Latunde-Dada et al. 2002); ferroportin (McKie, Marciani et al. 
2000); sucrase (Chantret, Rodolosse et al. 1994); and GLUT 5 and GLUT 2 (Mahraoui, 
Rousset et al. 1992). 

Caco-2 cells have been used to study both iron transport kinetics and absorption, and iron 
bioavailability (Jumarie and Malo 1991, Halleux and Schneider 1994) with validation of 
these results in several human studies (Garcia, Flowers et al. 1996, Au and Reddy 2000).  
Au and Reddy conducted a comparison study of iron bioavailability results from 
published human trials with results obtained in their lab using a modified version of the  
Caco-2 cell in vitro model with digestates made up of the same foods as those used in the 
human trials. They demonstrated excellent correlation of results between the two methods 
(r=0.97), with the exception of ascorbic acid and bovine serum albumin (BSA) – both 
known enhancers of iron uptake. As the reducing effect of ascorbic acid is pH dependent 
the authors investigated whether the higher small intestinal phase pH at which Caco-2 in 
vitro digestions are typically carried (6.9-7 versus the expected pH of the duodenum of 
6.4) may have explained this discrepancy, and indeed found that decreasing the pH 

Transwell 


insert


Dialysis membrane


15K MWCO


Caco-2


Cells


Apical


Chamber


(With food


Digest)


Basolateral


Chamber


Culture well


Harvest cells for ferritin, metallothionein


determination 24 h post start of Panc/Bile digestion





Food preparation





Pepsin digestion


pH 2.0, 1hr, 37C





Pancreatic-Bile digestion


pH 6.8-7.0, 2hr, 37C




	 51 | Page 

	

improved the effects of ascorbic acid on iron bioavailability in the Caco-2 cell model (Au 
& Reddy, 2000). In addition, Au and Reddy treated the samples for an additional 
30 minutes in a 37°C water bath, placed them on ice, and then only used the supernatant 
of test meal digestates to apply onto Caco-2 cells; these additional steps may also have 
affected results compared with the method as developed by Glahn et al in which the entire 
digestate is applied to a dialysis membrane suspended over the Caco-2 cells. Another 
study used replicate meals, as prepared in a human trial of iron absorption, in the Caco-2 
cell in vitro digestion model, and found good correlation between the two maize-based 
meals, but lack of correlation with results that compared red-skin bean and white-skin 
bean iron bioavailability (Beiseigel, Hunt et al. 2007). In the human trial iron absorption 
from the two bean varieties was equivalent, whereas red-skinned beans were not a 
bioavailable source of iron in the Caco-2 model. The authors’ suggested that polyphenols 
present in the colored-bean skins may have been inhibitory to iron uptake in the in vitro 
model but not in human beings, but although they measured total polyphenol levels 
(gallic acid equivalents) they did not actually identify specific polyphenols present in the 
tested foods. In a later study conducted by the Glahn lab, evidence suggested that the 
extrinsic radio-iron isotope used in the human trial of the Beisengel et al study did not 
equilibrate with the red-bean intrinsic iron, and thus gave an inaccurate assessment of 
iron uptake in the human trial (Jin, Cheng et al. 2008).  

Review of the above evidence suggests that testing parameters in the Caco-2 cell model 
including pH, exactly how the digestates are prepared and used, and duration of 
incubation times, may affect results. The cause of the difference in results with red versus 
white beans remains unclear, although problems with equilibration between extrinsic and 
intrinsic food iron has been demonstrated in another recent  study (Glahn, Cheng et al. 
2015), and may underlie the apparent difference in results in the Beiseigel study. 

Evaluation of iron uptake with the Caco-2 model depends on the expression of iron-
transport related proteins including DMT1 and Dcytb. Caco-2 cells experience mutagenic 
drift with documented changes in protein expression and enzyme activity related both to 
cell passage number, and also days in culture (Briske-Anderson, Finley et al. 1997, 
Sambuy, De Angelis et al. 2005). Therefore, bioavailability studies that use the model 
need to be conducted with defined parameters including initial cell passage number, 
number of times cells are passaged and used, and number of days in culture. The Glahn 
lab, who have worked extensively with this model, conduct experiments with early-mid 
passage cells, and at 14 days post seeding (Gangloff, Glahn et al. 1996); and Sharp et al 
have documented that this coincides with maximal and stable DMT1 expression (Sharp, 
Tandy et al. 2002). Regardless of these measures, Caco-2 cells have relatively low innate 
expression of Dcytb (Latunde-Dada, Simpson et al. 2008) – thus for meals/foods with low 
levels of ascorbic acid, or high levels if inhibitors, absorption will be underestimated 
compared to human studies.  

Some researchers have also questioned the gastric phase pH at which experiments are 
conducted, suggesting that the actual pH of the stomach during digestion is 4 rather than 
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2 (Dokoumetzidis, Kalantzi et al. 2007). However, stomach pH will vary depending on 
the age of the person, and the meal composition and therefore buffering capacity of the 
food. Furthermore, certain substances are recommended to be ingested without food, for 
example iron supplements, in which case the gastric pH would be expected to be 2. 
Lastly, validation of the model has been conducted at gastric pH of 2, therefore if the pH 
were to be changed in experiments re-validation should also be conducted. 

The Caco-2 cell model uses fixed digestive phase times, in contrast with the gut in which 
transit times will vary depending on meal composition, and this might be predicted to 
introduce a confounding variable if meal types being tested with the model are very 
different from one another. Generally, however, similar type foods or supplements are 
tested in the model as it is often used to compare similar foods but with altered levels of 
iron, or decreased levels of inhibitors (as in many of the biofortification studies, for 
example (Glahn, Cheng et al. 2002, Wortley, Leusner et al. 2005).  Iron bioavailability in 
these cases is expressed in relative terms, thus the fixed digestion phase times would 
impact equally on all the foods being tested, and should not alter relative iron 
bioavailability results. 

The preparation and storage conditions of test meals may also artificially alter results; a 
recent study found that in foods with native iron, levels of soluble, available iron 
increased after food freezing and thawing compared with fresh food samples (Thompson, 
Sharp et al. 2010). This is particularly significant as many Caco-2 cell in vitro digestion 
studies use frozen/freeze dried food samples for analysis; primarily related to 
convenience and lab operating hours (Ray Glahn, personal communication). Optimal 
evaluation of iron bioavailability of foods will occur if meals, or foods, being tested are 
prepared as they would actually be eaten, thus not introducing preparation and storage 
artifacts; and indeed research demonstrating good correlation between human studies and 
the Caco-2 cell model has used replicate meals, for example (Au and Reddy 2000, Yun, 
Habicht et al. 2004) 

As stated previously, iron uptake by Caco-2 cells was initially measured using radioactive 
iron isotopes, however Glahn et al developed a method using ferritin formation as a proxy 
measure for iron uptake. This method has been validated in human studies and used 
extensively (Glahn, Lee et al. 1998, Yun, Habicht et al. 2004), however, there is the 
possibility that cells may make ferritin in response to oxidative stress or inflammation and 
one laboratory demonstrated that ascorbic acid alone may also induce ferritin formation 
(Scheers and Sandberg 2008, Scheers and Sandberg 2011). Thus, when using the in vitro 
digestion system, where possible, an iron free treatment of the Caco-2 cells with the 
substance of interest – for example, ascorbic acid alone, or prebiotics alone, should be 
conducted to eliminate non-iron related ferritin formation. Recent work carried out with 
the Caco-2 cell model demonstrated a good correlation between Caco-2 cell ferritin levels 
and cellular iron levels as measured by inductively coupled plasma atomic emission 
spectroscopy- mass spectroscopy (Glahn 2009), a highly sensitive and specific method 
for analysis of mineral concentrations. Other work with Caco-2 cells has shown that 
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ferritin increases with increasing iron dose and use of iron-uptake enhancers in test 
digestates, and decreases with inhibitors (Jin, Frohman et al. 2009).  

Body iron status affects dietary iron absorption, but this variable is not assessed in the 
combined Caco-2 cell in vitro digestion system, as cellular egress of iron isn’t measured. 
Exit of iron from Caco-2 cell monolayers can be measured by growing the cells on inserts 
suspended over culture wells; this creates two chambers representing the apical and 
basolateral surfaces of the enterocyte (Figure 1.11). Iron is added to the apical/luminal 
chamber and the basolateral/blood side may be treated with hepcidin, for example, 
mimicking circulating signals involved in iron homestasis. Iron levels in media collected 
from the basolateral chamber represents iron that has egressed from the Caco-2 cells  

 

 

	

Figure	1.11	Caco-2	cell	in	vitro	system	with	Transwell	insert	to	assess	iron	absorption	in	
combination	with	a	model	of	systemic	regulation.		
Cells	 are	 grown	 until	 differentiated	 on	 permeable	 membrane	 supports	 creating	 a	 bicameral	
system.	The	iron	and/or	dietary	factor	of	interest	are	placed	in	the	apical	chamber	representing	
the	 gut	 lumen;	 systemic	 controls	 on	 iron	 absorption,	 such	 as	 hepcidin,	 are	 placed	 in	 the	
basolateral	 chamber.	 Media	 is	 collected	 from	 both	 chambers	 and	 iron	 measured	 in	 both	 to	
calculate	the	percentage	of	iron	absorbed	relative	to	that	applied	to	the	system.	The	formation	
of	tight	cell	junctions	between	cells	is	essential	so	that	materials	pass	through	cells	rather	than	
between	 them;	 studies	 using	 this	 method	 should	 measure	 transepithelial	 electrical	
resistance(TEER)	to	demonstrate	suitable	permeability	(diagram	produced	by	T.	Christides).	

This method would differentiate dietary factors that increase ferritin but actually decrease 
iron absorption -for example, a study of the polyphenol quercetin found that it increased 
apical iron uptake and ferritin formation, but inhibited basolateral iron egress, thus 
decreasing iron bioavailability in the setting of increased enterocyte ferritin (Lesjak, 
Hoque et al. 2014). 
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The in vitro digestion system developed by Glahn et al doesn’t work with Caco-2 cells 
grown on inserts, because the digestive enzymes used are toxic if placed directly on the 
cells (in the Glahn system the cells are grown in the bottom of the well and separated by 
the dialysis membrane.  

Some research groups have circumvented this problem by preparing food digestates, 
using various methods to inactivate the digestive enzymes such as ice, or high 
temperature heating and/or centrifuging the samples, and then applying the “inactivated” 
digestates directly onto the cells growing on the inserts for 1-4 hours (for an example 
see(Au and Reddy 2000). This introduces unknown effects into the system, as there is the 
possibility that the inactivating process itself may artificially change iron bioavailability 
depending on the dietary factor being tested. In addition, if the Caco-2 cell transepithelial 
electrical resistance (TEER; a measure of the integrity of cell-cell adhesion)) is low this 
may allow paracellular transport of nutrients that in normal physiological conditions can 
only traverse the gut through the enterocyte rather than paracellularly; thus if nutrient 
absorption is being assessed with cells grown on inserts TEER must be checked to ensure 
integrity of the cell layer. This is not an issue with the in vitro digestion method as 
developed by Glahn et al in which the cells are grown as a monolayer, and the 
intracellular protein ferritin is used to measure iron uptake. 

Perhaps the most important drawback to the use of Caco-2 cells is one shared with single 
food or single meal human studies – measuring in isolation the impact of a specific 
dietary factor or food on iron bioavailability may not accurately reflect the effects that 
would be seen if that food or factor were eaten within a general mixed diet over a long 
time period. 

In summary, the Caco-2 cell in vitro digestion model is a useful tool for initial screening 
and ranking of foods and iron supplements in terms of relative iron bioavailability. It is 
relatively inexpensive compared with animal and human trials (Glahn 2009), and large 
numbers of samples can be analysed simultaneously. Use of this model may also 
minimise unnecessary testing in vulnerable groups such as pregnant women and young 
children in whom iron deficiency is a major public health problem. However, the method 
requires experienced workers and good cell culture facilities, and quality control of many 
variables that can affect results including: the pH at which experiments are conducted; 
cell passage number and days in culture; food preparation and storage; and ensuring that 
non-iron related increases in ferritin are ruled out.   

1.6.2.2.6.2: HepG2	cells	

HepG2 cells have also been used to study iron bioavailability in the broadest definition of 
the word – the metabolism and use of iron within the body. Studies looking at dietary 
factors and their iron uptake in this cell line, to the author’s knowledge, have not been 
done; HepG2s are used to measure liver iron uptake from different (typically intravenous) 
iron preparations. Ferritin formation in HepG2 cells changes in response to different iron 
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formulations and correlates with iron uptake in a dose dependent manner; levels also 
decrease in response to iron chelators as would be predicted (Scheiber-Mojdehkar, Sturm 
et al. 2003, Sturm, Goldenberg et al. 2003, Popovic and Templeton 2004). Validation 
compared with human studies, however, is scarce, and typically inferred (by haemoglobin 
response, for example) because of the ethical and health issues associated with liver 
biopsy. 

1.6.2.2.6.3: Combined	Caco-2	and	HepG2	cell	culture	model	for	evaluating	iron	
absorption.	

Recently, Scheers et al have proposed a modified in vitro model to measure iron 
absorption that uses Caco-2 and HepG2 cells grown together (Scheers, Almgren et al. 
2014). Liver derived HepG2 cells produce hepcidin, and thus in this model use of both 
cell lines is proposed to add one of the elements of systemic control of iron absorption. 
The model uses ferritin as a marker for iron uptake. The modified model was responsive 
to increasing levels of iron, Caco-2 cell ferroportin levels decreased as HepG2 hepcidin 
levels increased in response to iron loading, and two different breads tested for iron 
bioavailability gave the same results as with the original Caco-2 cell model. These results 
suggest that this modified model may be a more physiological method to assess iron 
absorption in selected circumstances. The model remains to be validated against human 
studies, and questions about timing may also be important since the evidence suggests 
that in vivo liver hepcidin release in response to dietary iron load may occur several hours 
after meal ingestion or may fluctuate (Chung, Chaston et al. 2009, Hwang, Lee et al. 
2011). 
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1.7:		 Aims	

The aims of this thesis were to study the effects of carbohydrates on non-haem iron 
bioavailability, and iron and fructose effects on colon and liver cell gene and protein 
expression in relation to pathways implicated in CRC, HCC and NAFLD. The principal 
carbohydrates to be investigated were the monosaccharide fructose and the related 
sweetener high fructose corn syrup (HFCS), and the prebiotics FOS and GOS. 

The specific objectives of this thesis are outlined below: 

1. To determine the effects of sugars and sugar-derived compounds, on iron 
bioavailability in Caco-2 and HepG2 in vitro cells as models of the human gut and 
liver, respectively. 

2. To determine if fructose as an additive in iron supplements was associated with 
improved iron bioavailability. 

3. To determine if fructose as a naturally occurring dietary factor in a staple crop 
food matrix, as exemplified by sweet potatoes, improved iron bioavailability. 

4. To determine if FOS and GOS improved iron bioavailability in a milk-based food 
matrix. 

5. To examine biological mechanism(s) by which sugars might affect iron 
bioavailability in Caco-2 and HepG2 cells by analysing iron-homeostasis related 
protein and gene expression. 

6. To determine the effects of iron and fructose treatments on Caco-2 and HepG2 
cell gene and protein expression in relation to CRC, NAFLD and HCC.  

1.8:		 Hypothesis	

It was hypothesised that fructose, HFCS, and FOS and GOS would increase non-haem 
iron bioavailability in Caco-2 cells, and that fructose would similarly increase non-haem 
iron uptake by HepG2 cells. It was further hypothesized that iron and fructose treatments 
in both cell lines would be associated with changes in CRC-, HCC- and NAFLD-
associated gene and protein expression.  



	 57 | Page 

	

2 CHAPTER TWO: CELL CHARACTERIZATION OF 

CACO-2 AND HEPG2 CELLS. 

2.1:		 Introduction	

In vitro cell line characteristics may change with cell passage number.  This appears to be 
especially true in Caco-2 cells; growth rate, transporter expression and enzyme activity 
vary between different passages and also different clones (Briske-Anderson, Finley et al. 
1997, Sambuy, De Angelis et al. 2005). For this reason the cell lines used in this report, 
the original Caco-2 cell line (HTB 37), the Caco-2 TC7 clone, and HepG2 cells, were 
characterised for properties felt to be relevant to the planned studies prior to initial 
experiments. In particular, Caco-2 iron homeostasis proteins DMT1, ferroportin, and 
DctyB were assessed to ensure that expression levels were optimal for the planned days 
that in vitro digestion experiments were to be conducted. The in vitro digestion method as 
developed and refined by the Glahn lab uses Caco-2 cells 13-15 days (over the entire span 
of the protocol) status post seeding (Gangloff, Glahn et al. 1996)  therefore one of the 
aims of these studies was to ensure that iron transport proteins were present and stable 
over the proposed time period of experiments. In addition, as the proposed work involved 
investigations with sugars, expression of sucrase, the enzyme that metabolises sucrose, 
were also conducted in the two Caco-2 cell lines.  

2.2:		 Materials	and	methods	

2.2.1:		 Reagents	

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich, UK or Fisher 
Scientific. Glassware used in the sample preparation and analyses was treated with 10 % 
(v/v) of concentrated Nitric acid (65 %) for 24 h and then rinsed with 18 MΩ purity water 
before use.  All water used in experiments was18 MΩ purity. 

2.2.2:		 Cell	culture	

The Caco-2 cell original clone (herein referred to as HTB 37) was obtained from ATCC 
at cell passage 18; experiments were carried out with cell passages 25-35. The TC7 Caco-
2 cell clone (developed in the labs of Rousset and others (Caro I 1995) was obtained from 
the lab of Dr. Paul Sharp and used from passages 35-47. HepG2 cells were obtained from 
ATCC at cell passage 28 and passages 30-40 were tested. All cells were tested over three 
separate passages. 

Caco-2 cells were maintained in cell culture treated T75 flasks (Corning Inc., Costar) and 
sub-cultured every 5-7 days. Cells were grown in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, 41965) supplemented with 10 % (v/v) foetal bovine serum (LCG 
Standards, 30-2020), 1 % penicillin-streptomycin, 4 mM L-glutamine, 1 % non-essential 
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amino acids, and Plasmocin 5 µg/ml (Source Bioscience). For experiments, Caco-2 cells 
were seeded at 1x104 cells/cm2 in 96, 12 or six-well plates (Corning Inc., Costar). 

HepG2 cells were cells were maintained in cell culture treated T75 Tissue Culture Flasks, 
and seeded at a density of 1x105 cells/cm2. Cells were sub-cultured every 48-72 hours. 
Cells were grown in DMEM supplemented with heat inactivated 10 % (v/v) foetal bovine 
serum, 1 % penicillin-streptomycin, 2 mm glutamine, 1 % non-essential amino acids. 
Experiments with HepG2 cells were carried out in cell culture treated 12 or six-well 
plates seeded at 1x105 cells/cm2. 

2.2.3:		 Cell	growth		

Cell growth of both Caco-2 cell clones and the HepG2 cell line was assessed using two 
different methods – cell counts by haemocytometer, and cell viability using the MTT 
assay. 

2.2.3.1:		 MTT	assay	

HTB37 and TC7 Caco-2 cell viability was determined by MTT assay ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole) (Mosmann 
1983). MTT is a tetrazolium salt that is metabolized to visible blue formazan crystals by 
mitochondrial dehydrogenase enzymes – only live cells can process MTT and formazan 
production is directly proportional to live cell number and viability. 

Cells were seeded in 96-well culture plates; after seeding selected cells were treated with 
20 µl MTT solution (5 mg/ml MTT in PBS, sterile filtered) and incubated for 4 hours at 
37°C. The MTT and media were then carefully aspirated and 100 µl DMSO (dimethyl 
sulfoxide) added to dissolve cell membranes and ensure formazon crystals were fully 
dissolved.  Absorbance was read at 540 nm on a Thermo Multiskan Ascent 
spectrophotometer. Cells were grown for 21 days and assayed on days 3, 5, 7, 10, 14, and 
21 (n=8 for each time point). 

2.2.3.2:		 Cell	counts	

Cell growth of both Caco-2 cell clones, and HepG2 cells, was assessed by cell counts. 
Cells were grown in either 6 well (Caco) or 12 well (HepG2) plates at the previously 
stated seeding densities.  After seeding cells were released from selected wells by trypsin, 
diluted with Trypan Blue 1:1 to ensure viability (viability was always ≥ 90 %) and 
counted using a haemocytometer. HepG2 cells were counted from days 1-5 (n=3 for each 
time point); Caco-2 cells on days 3, 5, 7, 10, 14, and 21 (n=2 for each time point). 

2.2.4:		 Sucrase	activity	

Sucrase is an enterocytic membrane-bound enzyme that breaks sucrose down into its 
constituent monosaccharides glucose and fructose. HTB 37 and TC7 Caco-2 cell sucrase 
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activity was analyzed using a modified version of the glucose oxidase (GO) method 
developed by Dahlqvist (Messer and Dahlqvist 1966). GO oxidizes glucose to hydrogen 
peroxide (H2O2) and gluconic acid; in the presence of peroxidase and o-dianiside (a 
chromogenic reagent) a pink colored solution results whose intensity of color is directly 
proportional to the amount of glucose produced.  The underlying assumption of the assay 
is that one molecule of produced glucose represents the breakdown of one sucrose 
molecule. Sucrase activity is expressed as micro-units/µg cell protein (one micro-unit = 
the enzyme activity that hydrolyzes one µmole sucrose/minute). 

Cells were grown in 6 well plates and used for experiments from days 5-21 (days 
5,7,10,14,21; n=3 for each time point). On the day of the experiment selected wells were 
rinsed with sterile PBS and then treated with 1.5 ml 28 mM pH 6.5 sucrose solution 
(made up in PBS, sterile filtered) for 20 minutes. The applied solution was collected, and 
40 µl aliquots in duplicate placed in a 96-well plate alongside with aliquots of known 
glucose concentration standards. 80 µl of glucose oxidase/peroxidase/o-dianisidine 
reagents (Sigma-Aldrich Glucose (GO) Assay Kit GAGO-20) were added to each well 
using a multi-channel pipettor as the assay is very time sensitive, and the plate was 
incubated in a 37°C water bath for 30 minutes. The reaction was stopped with 80 µl 12N 
H2SO4 (sulphuric acid stops the reaction and stabilises the colored product), and the 
absorbance read at 540 nm in a Thermo Multiskan Ascent spectrophotometer. Cell layers 
were harvested for protein analysis with ice cold CelLytic (Sigma) with added 1% 
protease inhibitor and protein levels were measured using the Pierce Protein 
bicinchoninic acid (BCA) assay (Fisher 23227). Sucrase activity is expressed as a 
function of total cellular protein. 

2.2.5:		 Western	blot	analysis		

Cells were grown in 12 or 6-well plates for 1-5 days (HepG2 cells) and 5-21 days (Caco-
2 cells) and analyzed for baseline protein expression of several iron-related proteins. On 
the appropriate day selected cells were twice washed in ice cold phosphate buffered saline 
(PBS); ice cold CelLytic with 1 % protease inhibitor was added to each tissue culture 
well.   Cell monolayers were removed with a cell scraper and placed in 1.8 ml Eppendorf 
tubes that were shaken for 15 minutes on a Stuart microtitre plate shaker at 1250 RPM 
and then spun at 6,000 g for 6 minutes in a 5804R Eppendorf centrifuge. The supernatant 
was aspirated and stored at -80°C until Western Blot analysis. Protein concentration was 
measured by Pierce Protein BCA Assay. 2x Laemmli buffer [62.5 mm Tris-HCl (pH 6.8), 
25 % glycerol, 2 % SDS, 0.01 % bromophenol blue with 10 % beta-mercaptoethanol 
(BME) was added in equal volume to a test sample containing approximately 40 µg of the 
relevant protein, mixed and then loaded onto a precast 10 % SDS-polyacrylamide gel. 
The gel was run for 1 hour and 30 minutes, at 40 mA per gel. 

Separated proteins were electro-transferred to a nitrocellulose membrane (Amersham 
bioscience) at 40 volts for 90 minutes, and then the membrane was pre-incubated with 
blocking solution (5 % fat-free milk in PBS containing 0.1 % Tween 20 - PBST) for one 



	 60 | Page 

	

hour at 37°C followed by overnight incubation at 4oC with the primary antibody of 
interest in 1 % fat-free milk in PBST.  Primary antibodies used were: anti-DMT1 (Santa 
Cruz Biotechnology) at 1/5000 dilution; anti-DMT1 Abnova (1:2000); anti-Dcytb Santa 
Cruz (1:500); anti-ferroportin Genetex (1:1000), anti – TfR1 and TfR2 1:1000 (Santa 
Cruz); anti-villin Genetex (1:2500), and anti-β-actin (Abcam) at 1/2500 dilution. After 
incubation, the membranes were washed and incubated with the appropriate Horseradish 
Peroxidase (HRP)-linked secondary antibody (1/2000) for 1 hour at room temperature 
and blots were detected by ECL chemiluminescence (ECL, Amersham Place, 
Buckinghamshire, England).  

The TC7 Caco-2 cell clone was analysed for DMT1, DcytB, ferroportin and villin protein 
expression. 

The HepG2 cell line was analysed for TfR1 and TfR2 protein expression. 

Image J software was used to semi quantify the band corresponding to each antibody and 
all were normalized to β-actin. 

2.2.6:		 Statistical	analysis	

Statistical analysis of the data was performed using GraphPad Prism (v.6.0 GraphPad 
Software, San Diego, CA).  Statistical analysis was conducted according to the methods 
of Motulsky (Motulsky 2010). Data are presented as means ± S.E.M. Data were analysed 
by one way ANOVA followed by Tukeys multiple comparisons tests post-hoc analysis 
other than sucrase expression and growth curve analysis which used False Discovery 
Rates (FDR).  The desired false discovery rate (Q) value was set to 1.000 %.  Where 
results were compared on various days, each day was analyzed individually, without 
assuming a consistent standard deviation. A p-value less than Q was deemed to be a 
discovery (and therefore statistically significant) if, and only if, the p-value was less than 
Q divided by the number of comparisons multiplied by the rank of the p value. 

2.3:		 Results		

2.3.1:		 Caco-2	cells:	comparison	of	Caco-2	cell	characteristics	between	different	cell	
passages.	

Growth and sucrase activity of three different cell passages (assessed both by MTT assay 
and cell counts) did not significantly differ between passage numbers for either HTB37, 
or TC7 Caco-2 cells (Figure 2.1). 
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Figure	2.1	Comparison	of	growth	and	sucrase	activity	between	three	different	cell	passages	for	
Caco-2	HTB37	and	Caco-2	TC7	cells.		
Figure	 2.1(A):	 TC7	MTT	Assay	 of	 cell	 passages	 (CP)	 44,	 45,	 and	 46;	Figure	 2.1(B):	 TC7	Growth	
Curves	 of	 CP’s	 45,	 47,	 and	 49;	 Figure	 2.1(C):	 TC7	 sucrase	 activity	 of	 CP’s	 45,	 46,	 and	 47;	
Figure	2.1(D):	HTB37	MTT	Assay	of	CP’s	27,	28,	and	29;	Figure	2.1(E):	HTB37	Growth	Curves	of	
CP’s	27,	29,	and	35,	Figure	2.1(F):	HTB37	sucrase	activity	of	CP’s	28,	29	and	30.		Cells	were	tested	
for	growth	on	days	3,5,7,10,12,14	and	21	(n=2	for	cell	counts,	n=8	for	MTT	assay;	sucrase	activity	
was	 measured	 on	 days	 5,	 7,	 10,	 12,	 14,	 21	 (n=3).	 There	 were	 no	 statistically	 significant	
differences	between	the	tested	cell	passages,	for	either	HTB37	Caco-2	cells	or	TC7	Caco-2	cells,	
for	growth	measured	both	by	MTT	assay	and	cell	counts,	or	sucrase	activity	(based	on	FDR	rate	
with	Q=1.000	%).		

2.3.2:		 Caco-2	cells:	comparison	of	Caco-2	cell	characteristics	between	HTB37	and	TC7	
Caco-2	cell	clones.	

Growth: TC7 Caco-2 cell growth rate was more rapid compared with the HTB37 
parental cell line as measured by both MTT assay and cell counts; the doubling time of 
TC7 cells was approximately 48 hours versus 60 hours for HTB37 cells (Figure 2.2). 
Growth started to stabilize for both cell lines at approximately 13-15 days post seeding 
and cells numbers of both cell lines were essentially the same by day 21 (Figure 2.2).  

Enzyme activity: Sucrase activity differed significantly between HTB 37 and TC7 Caco-
2 cells. HTB 37 sucrase activity became detectable late (after day 10) and was 
approximately 60 % less compared with sucrase activity of the TC7 clone at day 21 
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(Figure 2.2(C)). TC7 sucrase activity was detected from day 7 and continued to increase 
until day 21.  

 

 

	

Figure	2.2	Comparison	of	HTB37	Caco-2	and	TC7	Caco-2	cell	characteristics.		
Figure	 2.2(A): Growth	 assessed	 by	MTT	 assay;	 Figure	 2.2(B):	 Growth	 assessed	 by	 cell	 counts;	
Figure	 2.2(C):	 Sucrase	 activity:	 HTB37	 results	 shown	 in	 red,	 TC7	 data	 in	 blue.	 Results	 are	 the	
average	 of	 three	 different	 cell	 passages	 within	 the	 cell	 passage	 number	 of	 cells	 used	 for	
experiments.	Cell	growth	was	measured	for	days	3,	5,	7,	10,	12,	14,	21	(n=2	for	cell	counts,	n=8	
for	MTT	assay);	sucrase	activity	was	measured	on	days	5,	7,	10,	12,	14,	21	(n=3).	TC7	cells	grew	
more	rapidly	compared	with	HTB37	Caco-2	cells	as	measured	both	by	MTT	assay	and	cell	counts	
(growth	rates	differed	significantly	at	day	7	and	absorbance	differed	significantly	at	days	5	and	7,	
both	 based	 on	 false	 discovery	 rate	 with	 Q=1.000	 %);	 by	 day	 14	 growth	 and	 cell	 density	 had	
equalized	between	the	two	cell	lines	(there	was	no	statistical	difference	beyond	day	10,	in	either	
the	absorbance	or	the	cell	count	based	on	false	discovery	rate	with	Q=1.000	%).	HTB37	Sucrase	
activity	was	not	present	until	day	10	and	remained	low	relative	to	TC7	Caco-2	cells	until	day	21.		
From	day	10	onwards	sucrase	activity	between	the	two	cell	lines	differed	significantly	based	on	
the	false	discovery	rate	with	Q=1.000	%. 
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2.3.3:		 Caco-2	cells:	expression	of	selected	proteins	

DMT1 expression was assessed by two different antibodies – Santa Cruz and Abnova 
(Figure 2.3). Western blot analysis of results from both antibodies demonstrated that the 
TC7 Caco-2 cell line was expressing DMTI protein by day 5, and that expression 
continued to increase until day 14. Levels significantly decreased as measured by the 
Abnova antibody after day 14, but remained stable as assessed by the Santa Cruz 
antibody.  

	

Figure	2.3	Western	blot	analysis	of	DMT1	expression	as	a	measure	of	differentiation	relative	to	
days	in	culture.		
TC7	 Caco-2	 cells	 were	 grown	 on	 6	 or	 12	 well	 tissue	 culture	 plates;	 cells	 were	 harvested	 for	
analysis	days	5,	7,	10,	12,	14,	21	and	DMT1	expression	measured	using	two	different	antibodies	
(Santa	 Cruz,	 Abnova).	 β	 actin	 was	 used	 as	 the	 loading	 control	 protein.	 DMT1	 expression,	
normalized	to	β	actin	and	semi-quantified	using	Image	J	software,	peaked	at	days	14	as	assessed	
by	both	antibodies;	DMT1	expression	 remained	elevated	up	 to	day	21	when	measured	by	 the	
Santa	Cruz	antibody,	however	as	assessed	using	the	Abnova	anti-DMT1	assay	levels	had	dropped	
by	day	21.	 	 	Representative	Western	blot	result	 for	a	21	day	cycle	 for	each	antibody	 is	shown.	
Experiments	 were	 repeated	 three	 times	 (n=3)	 for	 each	 antibody.	 All	 results	 are	 expressed	 as	
relative	expression	 levels	 following	normalisation	and	are	 in	arbitrary	units	 (a.u.).	Based	on	an	
ANOVA	 (p<0.0001)	 with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-	
pairwise	basis,	bar	values	with	no	letters	in	common	are	significantly	different	(p	≤	0.05).	
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The TC7 Caco-2 cell line started expressing DcytB protein on day 5, expression 
continued to increase until day 21(Figure 2.4). 

 

 

	

Figure	2.4	Western	blot	analysis	of	DcytB	expression	as	a	measure	of	differentiation	relative	to	
days	in	culture.		
TC7	 Caco-2	 cells	 were	 grown	 on	 6	 or	 12	 well	 tissue	 culture	 plates;	 cells	 were	 harvested	 for	
analysis	 days	 5,	 7,	 10,	 12,	 14,	 21.	 β	 actin	 was	 used	 as	 the	 loading	 control	 protein.	 DcytB	
expression,	normalized	to	β	actin	and	semi-quantified	using	Image	J	software,	continued	to	rise	
through	 to	 day	 21.	 	 Representative	 Western	 blot	 result	 for	 a	 21	 day	 cycle	 is	 shown.	 The	
experiment	 was	 repeated	 three	 times	 (n=3).	 All	 results	 are	 expressed	 as	 relative	 expression	
levels	 following	normalisation	and	are	 in	arbitrary	units	 (a.u.).	Based	on	an	ANOVA	(p<0.0001)	
with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-	 pairwise	 basis,	 bar	
values	with	no	letters	in	common	are	significantly	different	(p	≤	0.05).	
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Ferroportin expression was minimal at day 5 and continually increased until day 21 
(Figure 2.5). 

 

 

 

	

	

Figure	2.5	Western	blot	analysis	of	ferroportin	expression	as	a	measure	of	differentiation	
relative	to	days	in	culture.		
TC7	 Caco-2	 cells	 were	 grown	 on	 6	 or	 12	 well	 tissue	 culture	 plates;	 cells	 were	 harvested	 for	
analysis	days	5,	7,	10,	12,	14,	21.	Cells	were	tested	for	one	three	week	growth	cycle.	β	actin	was	
used	 as	 the	 loading	 control	 protein.	 Ferroportin	 expression,	 normalized	 to	 Actin	 and	 semi-
quantified	using	 Image	 J	 software,	 continued	 to	 rise	 through	day	21.	 	Representative	Western	
blot	 result	 for	 a	 21	 day	 cycle	 is	 shown.	 The	 experiment	 was	 repeated	 three	 times	 (n=3).	 All	
results	 are	expressed	as	 relative	expression	 levels	 following	normalisation	and	are	 in	 arbitrary	
units	 (a.u.).	 Based	 on	 an	 ANOVA	 (p<0.0008)	 with	 Tukey’s	multiple	 comparisons	 test	 post-hoc	
analysis	 done	on	 an	 all-	 pairwise	basis,	 bar	 values	with	no	 letters	 in	 common	are	 significantly	
different	(p≤0.05).	
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The expression of villin, a structural enterocyte protein, increased until day 14 and then 
stabilized (Figure 2.6).  

 

 

	

Figure	2.6	Western	blot	analysis	of	Villin	expression	as	a	measure	of	differentiation	relative	to	
days	in	culture.		
TC7	 Caco-2	 cells	 were	 grown	 on	 6	 or	 12	 well	 tissue	 culture	 plates;	 cells	 were	 harvested	 for	
analysis	 days	 5,	 7,	 10,	 12,	 14,	 21	 and	 villin	 expression	 measured	 using	 Gene	 Tex	 anti-Villin	
antibody.	 β	 actin	was	 the	 loading	 control	 protein.	 Cells	were	 tested	 for	 a	 three	week	 growth	
cycle.	 Villin	 expression,	 normalized	 to	 β	 actin	 and	 semi-quantified	 using	 Image	 J	 software,	
peaked	at	day	14	and	remained	stable	through	day	21.		Representative	Western	blot	result	for	a	
21	day	cycle	is	shown.	Experiment	was	repeated	three	times	(n=3).	All	results	are	expressed	as	
relative	expression	 levels	 following	normalisation	and	are	 in	arbitrary	units	 (a.u.).	Based	on	an	
ANOVA	 (p<0.0001)	 with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-	
pairwise	basis,	bar	values	with	no	letters	in	common	are	significantly	different	(p	≤	0.05).	
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2.3.4:		 HepG2	cell	growth	and	comparison	of	growth	between	different	cell	passages	

HepG2 cells grew rapidly with a doubling time of 24 hours; growth started to level out at 
approximately 4 days. Growth did not significantly vary between tested cell passages 
(Figure 2.5). 

	

	

Figure	2.7	Comparison	of	growth	between	three	different	cell	passages	for	HepG2	Cells.		
HepG2	cell	growth	using	cell	counts	was	measured	on	culture	days	1,	2,	3,	4,	5.	Cell	growth	was	
rapid	with	a	doubling	time	of	approximately	24	hours.	Cell	numbers	had	started	to	stabilize	by	
day	4.	Growth	characteristics	did	not	differ	significantly	between	tested	cell	passages	(based	on	
FDR	rate	with	Q=1.000	%).	
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2.3.5:		 HepG2	cells:	expression	of	selected	proteins	

HepG2 cells expressed TfR1 and TfR2 from day 1 status post seeding; levels peaked at 
day 4 for both receptors but remained present until day 5 (Figure 2.8).   

	

Figure	2.8	Western	blot	analysis	of	HepG2	transferrin	receptors	1	and	2	(TfR1,	TfR2)	expression	
as	a	measure	of	differentiation	relative	to	days	in	culture.		
HepG2	cells	were	grown	in	12	well	plates	and	harvested	for	WB	analysis	on	days	1-5.	β	actin	was	
the	loading	control.	TfR1	expression	was	present	from	day	one	and	peaked	at	day	4	after	which	
levels	fell;	TfR2	expression	was	also	present	from	day	one	and	similarly	peaked	at	day	4	and	then	
decreased.	 Protein	 expression	 was	 normalized	 to	 β	 actin	 and	 semi-quantified	 using	 Image	 J	
software.	 	Representative	Western	blot	 result	 for	a	5	day	cycle	 is	 shown.	The	experiment	was	
repeated	 three	 times	 (n=3).	 All	 results	 are	 expressed	 as	 relative	 expression	 levels	 following	
normalisation	 and	 are	 in	 arbitrary	 units	 (a.u.).	 Based	 on	 an	 ANOVA	 (p≤0.0001)	 with	 Tukey’s	
multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-pairwise	 basis,	 bar	 values	with	 no	
letters	in	common	are	significantly	different	(p	≤	0.05).	

2.4:		 Discussion	

2.4.1:		 Caco-2	cells	

Consistent with previous reports in the literature the early passage HTB37 Caco-2 cell 
line displayed initial slow growth rates, and minimal sucrase activity even at 21 days 
(Briske-Anderson, Finley et al. 1997, Sambuy, De Angelis et al. 2005). In contrast, the 
TC7 clone had a brisk growth rate and sucrase activity comparable with human 
enterocytes as was originally described by the Rousset lab in which the clone was 
developed (Chantret, Rodolosse et al. 1994). Given that the research for this PhD 
involved the effects of sugars on iron bioavailability, a cell line that metabolises 
carbohydrates in the most physiological way was assessed to be the most suitable cell line 
in which to conduct experiments. All further analysis was therefore carried out on the 
Caco-2 TC7 Caco-2 cell clone, which was the clone used for experiments conducted in 
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this thesis.  DMT1 expression profile over time was consistent with reports in the 
literature with levels peaking at days 14 (Sharp, Tandy et al. 2002), although the 
difference in findings between the two anti-DMT1 antibodies post 14 days suggests that 
either different transcripts, or different post-translational changes, may have  occurred 
with cell maturation that were only recognized by the Santa Cruz antibody. The more 
rapid growth rate in the TC7 clone in comparison with the HTB37 clone would also be 
expected to facilitate work with this cell line, as a longer growth time prior to 
experiments increases contamination risk (although by day 14 these differences were 
gone and therefore probably would not have an impact on contamination risk at later 
experimental stages).  

The protein expression of TC7 Caco-2 cell DcytB, ferroportin, and villin were also at 
stable and maximal levels by day 14 and thus suitable for the planned timeframe of 
experiments as proposed in the established in vitro digestion protocol.  

2.4.2:		 HepG2	Cells	

HepG2 cells reached confluence between 48-72 hours after seeding at which point growth 
significantly slowed; this is consistent with previous studies results that HepG2 growth is 
rapid and density dependent (Kelly and Darlington 1989). As previously reported in the 
literature HepG2 expression of transferrin receptors 1 and 2 was seen within 24 hours 
after seeding (Johnson and Enns 2004) and continued at similar levels through all days 
tested.  

The above results support the use of HepG2 cells 24-72 hours after seeding (depending 
on confluence) as at that point growth stabilizes and expression of both transferrin 
receptors is present. 

2.5:		 Conclusion		

Characterization of cell lines indicated that the TC7 Caco-2 cell clone was the most 
appropriate model for use in experiments on the effects of sugars on iron bioavailability; 
DMT1, DcytB, and ferroportin results also supported using cells for experiments from 
days 13-15 when expression is maximal and stable.  Similarly, the proposed time period 
of HepG2 cell experiments would be compatible with transferrin receptor expression.  

.  
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3 CHAPTER THREE: Sugars Increase Non-Haem Iron 

Bioavailability in Human Epithelial Intestinal and Liver Cells 
 

This chapter presents work and evidence related to the effects of sugars and sugar 
compounds on iron bioavailability in Caco-2 and HepG2 in vitro cells as models of the 
human gut and liver, respectively. The chapter is based on the published manuscript: 
“Sugars Increase Non-Heme Iron Bioavailability in Human Epithelial Intestinal and Liver 
Cells”; Christides and Sharp (2013), PLoS ONE 8(12): e83031 (Doi: 
10.1371/journal.pone.0083031). 

3.1:		 Introduction	

Evidence that simple sugars such as glucose and fructose affect iron bioavailability first 
arose in the 1960s from work showing that sugars were able to chelate inorganic iron and 
form stable, low molecular weight soluble complexes (Charley, Sarkar et al. 1963). These 
sugar-iron complexes were readily absorbed across the intestinal mucosa of rodent 
models (Charley, Stitt et al. 1963, Pollack, Kaufman et al. 1964). Given that intake of 
fructose and sucrose has increased worldwide in the past 40 years, especially in the 
Western world, while at the same time iron deficiency and iron excess remain significant 
public health concerns (McLean, Cogswell et al. 2009, Wood, Skoien et al. 2009, 
Fleming and Ponka 2012), understanding the nutritional implications of iron-sugar 
interactions is particularly relevant. 

Excess sugar is blamed for a myriad of modern health problems, but whether sugars 
might actually be protective against iron deficiency, or contribute to either total body or 
cellular iron overload is unknown. Insufficient body iron levels are associated with 
significant health consequences, and affect some one billion people (McLean, Cogswell 
et al. 2009). Furthermore, iron overload related  to  either  primary  (e.g. hereditary  
haemochromatosis, HH) or secondary (e.g. beta-thalassemia) abnormalities in iron 
metabolism is prevalent in many populations (Brissot, Ropert et al. 2012, Fleming and 
Ponka 2012). There is also interest in the role that disordered regulation of intracellular 
iron levels plays in the pathogenesis of several non-communicable diseases, for example, 
non-alcoholic fatty liver disease (NAFLD) (Fujita and Takei 2011, O'Brien and Powell 
2012).  

Non-haem iron is the main source of iron in the diet (Carpenter and Mahoney 1992), and 
its bioavailability is influenced by a range of factors including solubility, oxidation state 
and chelation by dietary factors that may either enhance or inhibit iron uptake. Studies 
investigating the influence of sugars on iron bioavailability have yielded conflicting 
results; although a number of studies demonstrated improved iron bioavailability 
(Pollack, Kaufman et al. 1964, Brodan, Brodanova et al. 1967, Davis and Deller 1967, 
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Bates, Boyer et al. 1972, Roza, VanCampen et al. 1986, Holbrook, Smith et al. 1989), 
others found either no effect (Heinrich, Gabbe et al. 1974, Beynen, Brouwer et al. 1992), 
or decreased absorption (Ivaturi and Kies 1992, Brouwer, Lemmens et al. 1993). Human 
studies have been few, small (number of subjects ranged from 8–25 in the above cited 
studies), of short duration, and with limited information on iron status and hereditary iron 
metabolism defects. 

The most consistent finding regarding mono- and disaccharides and iron is that fructose 
increases dietary non-haem iron absorption,  possibly by  chelating and/or reducing  iron  
to  the bioavailable ferrous form (O'Dell 1993). Whilst the dietary burden of fructose 
alone is low, consumption of sucrose (a glucose-fructose disaccharide cleaved into its 
constituent sugars prior to absorption), and high fructose corn syrup (HFCS, a widely 
used liquid sweetener), is high and accounts for approximately 10-15 % of total daily 
energy intake in the United Kingdom (UK) and United States (US), respectively 
(Marriott, Olsho et al. 2010, Whitton, Nicholson et al. 2011, Scientific Advisory 
Committee on Nutrition 2015); representing a significant amount of sugar intake and thus 
consequently fructose levels in both the gut and portal vein may be elevated. It is thus 
vital to clarify the effect of sugars and sweeteners on iron bioavailability in the gut and 
liver, as this could have an impact on iron status, particularly in population groups at risk 
of iron overload. 

The objective of the current study was to investigate the effects of the sugars fructose, 
glucose and sucrose, as well as high fructose corn syrup 55 (HFCS-55, a mixture of 
fructose and glucose monomers in a 55:45 ratio), on non-haem  iron  bioavailability using 
the Caco-2 cell in vitro digestion model. Furthermore, as the modern diet delivers a 
loaded cocktail of sugars and iron to the liver, and fructose may be used in studies to 
induce hepatic metabolic changes, the effect of sugars on liver iron absorption was 
evaluated using the liver-derived HepG2 cell line. The in vitro digestion Caco-2 cell 
model is an established tool for assessing gut iron bioavailability and has been validated 
by comparison with data from human studies (Yun, Habicht et al. 2004), and HepG2 cells 
have been used to measure liver iron uptake (Scheiber-Mojdehkar, Sturm et al. 2003). 
Ferritin formation in both cell lines correlates with increasing concentration and duration 
of iron treatments (Hubert, Lescoat et al. 1993, Gangloff, Glahn et al. 1996).  

3.2:		 Materials	and	methods	

3.2.1:		 Reagents	

Unless otherwise stated, reagents were purchased from Sigma- Aldrich, UK. Glassware 
used in sample preparation and analyses was treated with 10 % (v/v) concentrated Nitric 
acid (68 %) for 24 h and rinsed with 18 MW  purity water. All water used in experiments 
was 18 MW purity. 
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3.2.2:		 Cell	culture	

The Caco-2 TC7 cell clone, developed by Monique Rousset and colleagues (Chantret, 
Rodolosse et al. 1994, Caro 1995), was kindly gifted to the Sharp lab and was used in 
experiments at passages 44 – 49. Cells were maintained in cell culture treated T75 flasks 
(Corning Inc., Costar) and subcultured every 5–7 days. Cells were grown in Dulbecco’s 
Modified Eagle Medium (DMEM, Gibco, 41965) supplemented with 10 % (v/v) foetal 
bovine serum (LCG Standards, 30-2020), 1 % penicillin-streptomycin, 4 mmol/L  L-
glutamine, 1 % non-essential amino  acids, and  Plasmocin 5 µg/ml  (Source Bioscience). 
For experiments, Caco-2 cells were seeded at 1 x 104 cells/cm2  in six- well plates 
(Corning Inc., Costar) and used 13-15 days post seeding as per the protocol used in the 
Glahn lab (Glahn, Lee et al. 1998). 

HepG2 cells were obtained at passage 28 from American Type Culture Collection and 
used in experiments at passages 30–40; cells were maintained in cell culture treated T75 
Tissue Culture Flasks seeded at a density of 1 x 105 cells/cm2 and sub-cultured every 48 – 
72 hours. Cells were grown in DMEM supplemented with heat inactivated 10 % (v/v) 
foetal bovine serum, 1 % penicillin- streptomycin, 2 mmol/L glutamine, 1 % non-
essential  amino acids. Experiments with HepG2 cells were carried out in  cell culture 
treated six-well plates seeded at 1 x 105 cells/cm2  and used 24- 48h post seeding. 

24 hours prior to all experiments (Caco-2 & HepG2) DMEM medium  was removed  and  
the  cell culture  wells washed with 2.0 ml Minimal Essential Medium (MEM, Gibco, 
31095); growth medium was then changed to MEM supplemented with 10 mmol/ L 
PIPES (piperazine-N, N’-bis- [2-ethanesulfonic acid]), 1 % antibiotic/antimycotic 
solution, 11 µmol/L hydrocortisone, 0.87 µmol/L insulin, 0.02 µmol/L  sodium  selenite 
(Na2SeO3), 0.05 µmol/L triiodothyronine   and   20 µg/L epidermal  growth factor. Foetal 
bovine serum (FBS) free media was used because different batches of FBS have differing 
levels of iron and other factors that could add confounding variables; MEM was 
supplemented to ensure optimal Caco-2 cell growth and differentiation in the absence of 
FBS while maintaining iron levels < 8 µg Fe/L  (Jumarie and Malo 1991, Glahn, Lee et 
al. 1998). 

3.2.3:		 Caco-2	cell	-	in	vitro	digestion	studies	

Sugar solutions: all solutions were freshly made on the day of the experiment. Stock 
solutions of 1 mol/L fructose, glucose or sucrose were prepared in 140 mmol/L NaCl, 5 
mmol/L KCl, pH 2 solutions. In addition, HFCS-55 (a kind gift from Hanseland, 
Groningen, Holland) was diluted with water to produce a 1 mol/L fructose stock solution 
and then shaken with 4 g Chelex 100 resin (Bio-Rad Laboratories, 142-2832) for half an 
hour to remove possible metal contaminants, followed by elution through a 1.6 cm 
diameter filtration column (VWR). Iron levels in the Chelex treated HFCS stock solutions 
were checked by Inductivity Coupled  Plasma-Optical  Emission Spectrometer and were  
< 5 µmol/L Fe;  iron  levels in  blank,  no  food  digests were  also < 5 µmol/L Fe.  Sugar 
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concentrations were selected to be within the range that might occur in the gut after a 
meal (after dilution through the in vitro digestion). All solutions were filter sterilized 
prior to cell culture application. 

The in vitro digestion followed a modified version of the protocol developed by Glahn et 
al for fruit juices (Boato, Wortley et al. 2002). All digestion solutions were prepared fresh 
for each experiment. On the first day of the experiment the cells were washed with 2.0 ml 
MEM, and 1.0 ml supplemented MEM was added to each individual plate well. 

Food samples were prepared as follows: 25 µg of Fe (added as Fe solubilized in 1% HCl, 
High-Purity Standards, 100026-2) and 1.0 mL of stock sugar solutions were added to 
10 ml 140 mmol/L NaCl, 5 mmol/L  KCl  pH 2 solutions in sterile 50 ml polypropylene 
centrifuge tubes. The iron:sugar ratio of  » 1:2000 was based on expected relative values 
of the two nutrients in the gut. Reference control samples of 25 µg Fe added to 11 ml 140 
mmol/L NaCl, 5 mmol/L KCl, pH 2 solutions alone, as well as positive controls 
consisting of 25 µg Fe added to 11 ml 140 mmol/L NaCl, 5 mmol/L KCl, pH 2 solutions 
containing 265 µmol/L ascorbic acid were performed with each replication. The positive 
controls’ iron:ascorbic ratio was chosen to reflect typical relative levels that might occur 
in a meal. To ensure no iron contamination of the system ‘‘no food digest’’ samples 
consisting simply of 140 mmol/L NaCl, 5 mmol/L KCl, pH 2 solutions were included 
with each experiment. Finally, solutions of 140 mmol/L NaCl, 5 mmol/L KCl,  pH 2  
containing  1 ml  of  stock sugar  solutions without extraneous iron were tested to ensure 
that sugars alone did not increase ferritin formation. In some experiments, known 
inhibitors of iron bioavailability, phytic acid and tannic acid, were added to the food 
digests. 

The peptic phase of digestion was initiated by the addition of 0.5 ml pepsin solution 
(Chelex purified) to  each  food  sample (herein  referred  to  as  digests or  food  digests). 
The pH was readjusted to pH 2.0 with 1 mol/L HCl and the samples were shaken in a 
New Brunswick Orbital shaker at 37°C, 200 RPM, for 75  minutes.  This phase was 
terminated  with  the  addition  of 1 mol/L  NaHCO3 and subsequent pH increase to » pH 
5.5. The intestinal digestion phase was initiated with the addition of 2.5 ml Chelex-
purified bile/pancreatin solution with subsequent adjustment of the pH to pH 6.9 – 7.0 
with 1 mol/L NaHCO3.  All food digests were then brought to a final volume of 15 ml by 
the addition of 140 mmol/L NaCl, 5 mmol/L KCl solution, pH 6.9. 

1.5 ml aliquots of digests were gently pipetted into the upper chamber of each cell culture 
plate well; the upper chamber was created  by the  fitting of a  15,000 Da  molecular 
weight cutoff dialysis membrane  (Tubing  Spectra/Por 7  dialysis membrane, Fisher 
Scientific) to a Transwell tissue culture treated insert ring (Fisher Scientific; the necks of 
the rings were shortened by 0.1 mm to remove the original filter and prevent excessive 
pressure on the cell monolayer) held in place with a silicone ring (Parker 2-023 S0613, 
WebSeal Inc.). Plates were then covered and placed on a platform fitted Multi-function 
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3D rotator  (Fisher Scientific PS- M3D) set at 6 oscillations per minute in a 37°C 
incubator with a 5 %  CO2/95 %  air  atmosphere  at  constant  humidity  for  120 minutes. 

After the 120 min incubation the inserts were removed and an additional 1.0 ml of 
supplemented MEM was added to each cell culture plate well. Plates were returned to the 
incubator for a further 22 hours; after this period cells were harvested for analysis of cell 
ferritin content. 

Six replicates of each sugar were tested per experiment, and each experiment was 
repeated at 3 separate times. 

Fructose Analysis: levels of fructose in prepared fructose solutions and HFCS-55, before 
and after Chelex treatment, were determined using high performance liquid 
chromatography (HPLC) with refractive index detection using water/methylated spirit 
extraction method with modifications for high salt levels. Premier Analytical Services, 
accredited by the United Kingdom Accreditation Service (UKAS), Buckinghamshire, 
UK, carried out the analysis. 

3.2.4:		 Measurement	of	iron	in	blank	no-food-digests	and	HFCS-55	by	ICP-OES		

Aliquots of the HFCS-55 Chelex treated stock solutions and blank digests were subjected 
to  microwave digestion using an accelerated reaction system (CEM MARS 5H with XP-
1500 vessels). 0.5 ml of the solutions (in triplicate) was added to 5.0 ml concentrated 
68 % trace analysis grade nitric acid (Fisher). The samples were heated for 20 minutes at 
400-psi pressure and 1200- W power. Iron levels were quantitatively analyzed by 
Inductivity Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer 
Optima 4300 DV). 

3.2.5:		 HepG2	cell	studies	

HepG2 cells were treated  for  24 h  with  MEM  containing 1 µmol/L ferric ammonium 
citrate (FAC) and either 15 mmol/L glucose (inclusive of the 5 mmol/L glucose contained 
in MEM) or 1 – 15 mmol/L  fructose. Cells treated with MEM with 1 µmol/L FAC alone 
served as a reference in each experiment; in addition, 1 µmol/L FAC + 100 µmol/L 
ascorbic acid, and MEM alone treated cells, were positive and negative controls, 
respectively. HepG2 cells were also treated with fructose in the absence of any added iron 
to ensure that fructose alone did not increase ferritin formation unrelated to iron uptake. 
After 24 hours cells were harvested for analysis of cell ferritin content. 

3.2.6:		 Ferritin	analysis	

At the end of each experiment, medium was removed from the wells and cells were 
rinsed twice with ice cold Phosphate Buffered Saline (PBS). 200 µl ice cold CelLytic™ 
with 1 % protease inhibitor were added to each well, and cell monolayers were removed 
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with a cell scraper and placed in 1.8 ml Eppendorf tubes. Tubes were shaken for 15 
minutes on a Stuart microtitre plate shaker at 1250 RPM and then  spun  at  6,000 g  for  6  
minutes in a 5804R Eppendorf centrifuge. The supernatant was aspirated and stored at -
80°C until analysis.  

Ferritin analysis using SpectroFerritin MT Enzyme Linked Immunoassay (ELISA; 
RAMCO, Texas, USA) was carried out on cell extraction supernatants. Absorption 
readings were performed at 492 nm with subtraction for background at 620 nm in a 
Thermo Multiscan Ascent Spectrophotometer. 

Protein concentration in each sample was measured using the Pierce Protein BCA Assay 
(Fisher Scientific, 23227). Using this method protein concentrations were consistently 
5.0–6.5 mg/ml or 1.0–1.3 mg/well; these are the levels typically found in this lab on day 
14 with  an   initial  Caco-2  cell  seeding  density  of 1 x 104 cells/cm2  (the seeding 
density as recommended by ATCC). 

3.2.7:		 Ferrozine	assay	

The ferrozine assay is generally used to measure ferrous iron levels in  biological 
samples, and  has  specifically been  used to measure iron in cell extracts (Riemer, 
Hoepken et al. 2004). It may also, in adapted form, be used to measure ferrous iron in 
non-biological samples such as intravenous iron sucrose solutions (Venefor) (Sturm, 
Laggner et al. 2005). For these studies the ferrozine assay was adapted to measure ferrous 
iron formation in solution after incubation of ferric chloride with fructose, or glucose, or 
sucrose. The  lower limit of detection of the assay is 10 mmol/L;  to  ensure  that  
production  of Fe2+ was within the detection limits of the assay levels of iron and sugar 
were increased in the test tube by a factor of 10 (i.e. 100 µmol/L FeCl3; 500 mmol/ L 
sugar) while maintaining the same molar ratio (1:50). Carbohydrate solutions containing 
500 mmol/L  glucose, fructose, or sucrose were prepared in PBS; ferric chloride was 
added to give a  final  concentration  of  100 µmol/L Fe3+.  150 ml ferrozine reagents  
(containing  32 mg  ferrozine,  32 mg  neocuprine  and 3.8 g ammonium  acetate 
dissolved in 10 ml water) were mixed with 400 µl carbohydrate solutions. The samples 
were incubated for two hours at 37°C degrees in a 96 well culture plate. The standard 
calibration curve was made up with freshly prepared ferrous ammonium sulfate. 
Absorption readings were performed at 550 nm on a Bio-TekSynergy HT 
Spectrophotometer. 

3.3:		 Statistical	analysis	

Statistical analysis of the data was performed using GraphPad Prism (v.6.0 GraphPad 
Software, San Diego, CA). Statistical analysis was conducted  according to  the  methods  
of Motulsky (Motulsky 2010). Where noted data from separate experiments were 
normalized to the relevant reference control. To compensate for unequal variance, 
GraphPad Prism was used to  log transform data. Data are presented as means ± S.E.M. 
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Except as otherwise noted, data were analyzed  by  one-way ANOVA  followed by 
Tukey’s post-hoc test for pairwise comparisons of experimental groups. Differences 
between means were considered significant at p £ 0.01. 

3.4:		 Results	

3.4.1:		 Effect	of	sugars	on	cell	ferritin	formation	

The effect of sugars on iron bioavailability was assessed by incubating Caco-2 cells with 
digests of sugar solutions containing iron. Fructose increased iron-induced ferritin 
formation in Caco-2 cells by approximately 40 % (Figure 3.1). In contrast, ferritin levels 
were not altered in cells exposed to iron plus either glucose or sucrose. In addition, 
incubation with digests of HFCS-55 increased iron-induced ferritin levels by 
approximately the same amount as fructose (Figure 3.2). Incubation with sugars alone 
(i.e. in the absence of iron) did not increase ferritin formation (data for glucose and 
sucrose not shown). Fructose levels in stock fructose solutions, and in stock HFCS-55 
solutions after Chelex treatment, were on average 1 mol/L ± 0.01 (SEM) and 0.99 mol/L  
± 0.04 (SEM), respectively. 

 

	

Figure	3.1	Sugar	digests	effects	on	iron-induced	ferritin.		
Measurement	 of	 Caco-2	 cell	 ferritin	 formation	 from	 digests	 of	 Fe	 and	 solutions	 of	 sucrose	
(Sucrose+Fe)	 or	 glucose	 (Glucose+Fe)	 or	 fructose	 (Fructose+Fe)	 at	 an	 iron:sugar	 ratio	 of	 »	
1:2000.	 Equal	 amounts	 of	 iron	 (25	 µg)	 were	 combined	 with	 sugar	 solutions	 (1.0	 mL)	 and	
subjected	to	the	Caco-2	in	vitro	digestion	process.	Digests	with	fructose	alone	and	no	added	Fe	
(No	Food	Digest)	were	used	as	negative	controls;	digests	with	Fe	alone	(Fe)	and	Fe	plus	ascorbic	
acid	 (Fe	 +	AA)	were	 used	 as	 reference	 controls	 and	 positive	 controls,	 respectively.	 Values	 are	
means	of	data	normalized	to	10	ng	of	 ferritin/mg	protein	 in	 the	reference	control	 (Fe)	±	SEM,	
n=15.	Based	on	an	ANOVA	(p<0.0001)	with	Tukey’s	multiple	comparisons	test	post-hoc	analysis	
done	on	an	all-pairwise	basis,	 bar	 values	with	no	 letters	 in	 common	are	 significantly	different	
(p	≤	0.01).		
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Figure	3.2	Effect	of	high-fructose	corn	syrup	(HFCS)	digests	on	iron-induced	ferritin.	
Measurement	of	Caco-2	cell	ferritin	formation	from	digests	of	Fe	and	fructose	(Fructose+Fe),	or	
Fe	and	HFCS-55	(HFCS+Fe)	at	an	 iron:fructose	ratio	of	»	1:2000.	Equal	amounts	of	 iron	(25	µg)	
were	combined	with	 fructose	solutions	 (1.0	mL)	and	subjected	to	the	Caco-2	 in	vitro	digestion	
process.	 Digests	 with	 HFCS	 alone	 and	 no	 added	 Fe	 (No	 Food	 Digest)	 were	 used	 as	 negative	
controls;	digests	with	Fe	alone	(Fe)	and	Fe	plus	ascorbic	acid	(Fe	+	AA)	were	used	as	reference	
controls	 and	 positive	 controls,	 respectively.	 Values	 are	means	 of	 data	 normalized	 to	 10	 ng	 of	
ferritin/mg	protein	 in	 the	reference	control	 (Fe)	±	 SEM,	n≥18.	Based	on	an	ANOVA	(p<0.0001)	
with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-	 pairwise	 basis,	 bar	
values	with	no	letters	in	common	are	significantly	different	(p	≤	0.01).	

3.4.2:		 Effect	of	inhibitors	of	iron	bioavailability	on	sugar-	induced	ferritin	formation	

To determine whether known inhibitors of iron bioavailability could influence the 
enhancing effect of fructose and HFCS-55 on iron-induced ferritin formation, cells were 
incubated with either tannic acid (TA) or phytic acid (PA). Incubation with TA or PA 
alone did not alter basal cell ferritin levels (Figures 3.3 & 3.4). TA (1Fe:1TA molar ratio; 
Figure 3.3) and PA (1Fe:10PA molar ratio; Figure 3.4) both decreased iron 
bioavailability. Furthermore, addition of TA (Figure 3.3) or PA (Figure 3.4) to fructose- 
and HFCS-55-iron digests significantly decreased the  sugar-iron- induced increase in 
ferritin formation to the level of ‘‘no food digests”. 
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Figure	3.3	Effect		of		tannic		acid		(TA)	and		fructose,	or		TA	and	high-fructose	corn		syrup		
(HFCS),	on		iron-induced	ferritin	formation.		
Measurement	of	Caco-2	cell	ferritin	formation	from	digests	of	Fe	and	fructose	(Fructose+Fe),	or	
HFCS-55		(HFCS+Fe),		at	an	iron:fructose	ratio	of	»	1:2000,	plus	tannic	acid	at	a	1:1	molar	ratio	of	
Fe:TA.		Equal	amounts	of	iron	(25	µg)		were	combined	with		sugar	solutions	(1.0	mL)	and	TA	and	
subjected	 to	 the	 Caco-2	 in	 vitro	 digestion	 process.	 Digests	without	 TA	 are	 shown	with	 lighter	
shading	 and	digests	with	 TA	 added	 are	 shown	with	darker	 shading.	Values	 are	means	of	 data	
normalized	to	10	ng	of	ferritin/mg	protein	in	the	reference	control	(Fe)	±	SEM,	n(Fe+AA+TA)	=	4,	
n(TA	alone)	=	6,	 all	 other	n	=	18.	Analysis	of	Figure	3.3(A)	was	based	on	a	 two-factor	ANOVA	
(p<0.0001)	 with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-pairwise	
basis,	 bar	 values	with	 no	 letters	 in	 common	 are	 significantly	 different	 (p	 ≤	 0.010).	 Analysis	 of	
Figure	3.3(B)	was	based	on	a	one-factor	ANOVA	(p<0.0001)	with	Tukey’s	multiple	comparisons	
test	post-hoc	analysis	done	on	an	all-pairwise	basis,	bar	values	with	no	 letters	 in	common	are	
significantly	different	(p	≤	0.01).		
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Figure	3.4	Effect	of	phytic	acid	(PA)	and	fructose,	or	high-fructose	corn	syrup	(HFCS),	on	iron-
induced	ferritin	formation.		
Measurement	of	Caco-2	cell	ferritin	formation	from	digests	of	Fe	and	fructose	(Fructose+Fe),	or	
HFCS-55	 (HFCS+Fe),	 at	 an	 iron:fructose	 ratio	 of	»	 1:2000,	 plus	 phytic	 acid	 at	 1:1,	 1:5	 or	 1:10	
Fe:PA	molar	ratios.	Equal	amounts	of	iron	(25	µg)	were	combined	with	sugar	solutions	(1.0	mL)	
and	PA	and	subjected	to	the	Caco-2	in	vitro	digestion	process.	Digests	of	the	above	without	the	
addition	of	PA	are	provided	for	reference.	Digests	with	Fe	alone	(Fe),	PA	alone	(PA	Alone),	and	
Fe	plus	PA	(1Fe:10PA)	were	used	as	controls.		Values	are	means	of	data	normalized	to	10	ng	of	
ferritin/mg	 protein	 in	 the	 reference	 control	 (Fe)	 ±	 SEM,	 n(Fe+PA1:10)	 =	 3,	 all	 other	 n	 ³	 6.	
Analysis	 of	 Figure	 3.4(A)	was	 based	 on	 a	 two-factor	 ANOVA	 (p<0.0001)	with	 Tukey’s	multiple	
comparisons	 test	post-hoc	analysis	done	on	an	all-pairwise	basis,	bar	values	with	no	 letters	 in	
common	are	significantly	different	(p<0.01).	Analysis	of	Figures	3.4(B)	and	3.4(C)	was	based	on	a	
one-factor	ANOVA	(p<0.0001)	with	Tukey’s	multiple	comparisons	test	post-hoc	analysis	done	on	
an	all-pairwise	basis,	bar	values	with	no	letters	in	common	within	Figure	3.4(B)	are	significantly	
different	(p	≤	0.01)	and	similarly	bar	values	with	no	letters	in	common	within	Figure	3.4(C)	are	
significantly	different	(p	≤	0.01).	
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3.4.3:		 Effects	of	sugars	on	ferrous	iron	formation	in	vitro	

It has been reported previously that sugars may have weak iron reducing and chelating 
activity (Charley, Sarkar et al. 1963, O'Dell 1993). Therefore, to determine whether sugar 
solutions increased iron bioavailability via reduction of Fe3+ to Fe2+, the ferrozine assay 
was used to measure Fe2+ as it selectively detects ferrous iron.  Fructose significantly 
increased ferrozine-chelatable ferrous iron levels by approximately 300 % (Figure 3.5). 
There was no effect of glucose, sucrose or mannitol on Fe2+ formation. FeCl3 alone in 
MEM gave rise to the lowest levels of ferrozine-chelatable ferrous iron, with levels only 
22 % of those formed in the presence of fructose. 

 

 

 

 

	

Figure	3.5	Carbohydrate	effect	on	release	of	ferrozine-	chelatable	ferrous	iron	(Fe2+)	in	vitro.			
50	mmol/L	solutions	of	glucose,	fructose,	sucrose	or	mannitol	were	prepared	with	the	addition	
of	FeCl3	at	a	final	concentration	of	0.1	mmol/L.	Solutions	with	iron	alone	and	iron	plus	ascorbic	
acid	were	used	as	controls.	Analysis	for	ferrozine-chelatable	ferrous	iron	was	performed	after	2	
hours	 incubation.	 Data	 in	 each	 column	 are	 presented	 as	 the	mean	±	 SEM,	 n	 =	 12	 per	 group.	
Analysis	 was	 based	 on	 a	 one-factor	 ANOVA	 (p	 =	 0.0001).	 Post-hoc	 analysis	 was	 done	 versus	
control.	 Fructose	at	a	 concentration	of	50	mmol/L	 significantly	 increased	 ferrous	 iron	 levels	 in	
comparison	 to	all	other	 tested	carbohydrate	solutions;	compared	with	0.1	mmol/L	FeCl3	alone	
(p	≤	0.0001).		
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3.4.4:		 Effect	of	fructose	on	HepG2	cell	ferritin	formation	

To determine whether fructose or glucose might also influence hepatic iron-induced 
ferritin formation HepG2 cells were exposed to increasing concentrations of fructose, or 
glucose, and iron. In the presence of iron, liver ferritin levels were unaffected by co- 
addition of glucose and fructose; however, fructose increased iron-induced HepG2 cell 
ferritin by approximately 35 % - maximal ferritin formation was observed with 15 
mmol/L fructose (Figures 3.6 & 3.7). There was no effect of fructose alone (i.e. without 
added iron) on ferritin formation (Figure 3.6). 

   

			

Figure	3.6	HepG2	iron-induced	ferritin	in	response	to	carbohydrate	treatments.		
	Measurement	 of	 HepG2	 cell	 ferritin	 	 formation	 following	 	 treatment	 for	 	 24	 hours	 with	 	 1	
µmol/L		ferric	ammonium	citrate	(FAC)	and	one	of	the	following:	15	mmol/L	glucose	(Glucose+	
FAC);	 	 	 15	 mmol/L	 	 glucose	 and	 	 15	 mmol/L	 	 fructose	 	 (Fructose+Glucose+FAC);	 15	 mmol/L	
fructose	 	 (Fructose+FAC).	 Cells	 treated	 with	 MEM	 alone	 (MEM),	 or	 fructose	 alone	 (Fructose	
Only),	without	the	addition	of	FAC,	were	used	as	negative	controls.	Cells	treated	with	0.1	µmol/L	
ascorbic	 acid	 and	 1	 µmol/L	 FAC	 were	 used	 as	 positive	 controls.	 Values	 are	 means	 of	 data	
normalized	 to	 400	 ng	 of	 ferritin/mg	 protein	 in	 the	 reference	 control	 	 (MEM+FAC)	 ±	 SEM,	
n(MEM)	 =	 4,	 	 (Fructose	 Only)	 n=	 6,	 	 all	 other	 n	 ³	 12.	 Based	 on	 an	 ANOVA	 (p<0.0001)	 	 with	
Tukey’s	multiple	comparisons	 test	post-hoc	analysis	done	on	an	all-	pairwise	 	basis,	bar	values	
with	no	letters	in	common	are	significantly	different	(p	≤	0.01).	
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Figure	3.7	Fructose	dose	response	on	HepG2	cell	iron-induced	ferritin.			
Measurement	of	HepG2	cell		ferritin		formation		following	treatment	for	24	hours	with	1	µmol/L	
FAC	and	one	of	the	following:	 	1	mmol/L	fructose	(1	mM	Fruc+FAC);	5	mmol/L	fructose	(5	mM	
Fruc	+FAC);	 	15	mmol/L	fructose	(15	mM	Fruc	+		FAC),	 	to		determine	dose	response	of	HepG2	
cell	ferritin	relative	to	fructose	concentration.	Values	are	means	of	data	normalized	to	400	ng	of	
ferritin/mg	 protein	 in	 the	 reference	 control	 (MEM+FAC)	 ±	 SEM,	 	 n	 ³	 6.	 Based	 on	 ANOVA	
(p<0.0001)	 with	 Tukey’s	 multiple	 comparisons	 test	 post-hoc	 analysis	 done	 on	 an	 all-pairwise	
basis,	bar	values	with	no	letters	in	common	are	significantly	different	(p	≤	0.01).		

3.5:		 Discussion	

Non-haem iron bioavailability is influenced by many dietary factors. This in vitro study 
suggests that fructose increases iron bioavailability in the cell line models of the gut and 
liver that were used. These results are consistent with previous work in rodent models in 
which iron- fructose solutions increased both gut iron absorption (Pollack, Kaufman et al. 
1964) and liver iron deposition (Stitt, Charley et al. 1962). 

Recent human intervention trials looking at the effects of fructose on iron uptake are 
lacking, but there have been several epidemiological studies that analyzed fruit intake and 
iron status. Fruit is a dietary source of fructose; observational studies of fruit as a 
modifier of iron status have yielded conflicting results. Milward et al carried out a study 
in subjects with hereditary haemochromatosis (HH), which found that non-citrus fruit 
intake was protective against iron overload (Milward, Baines et al. 2008). In contrast, 
Fleming et al found that fruit intake was associated with an increased risk for elevated 
iron stores in  the  Elderly Framingham  Heart  Study cohort  (Fleming, Tucker et al. 
2002). The different results are most likely secondary to several factors. The study by 
Milward et al differentiated between citrus fruits (which are rich sources of citric and 
ascorbic acid, known enhancers of iron uptake), and non-citrus fruit; Fleming et al did not 
differentiate between fruit types. In addition, Milward et al only studied subjects with 
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HH, whereas HH was one of the exclusion criteria for the Framingham study. Another 
possible confounding factor is that fruits have varying levels of phytates and polyphenols.  
The results of this current in vitro study suggest that fructose in non-citrus fruit would not 
alter iron bioavailability, as fruits contain both phytates and polyphenols, substances that 
were found to inhibit the enhancing effects of fructose on iron bioavailability. 

In Western diets and increasingly worldwide, however, the major source of fructose in the 
diet is not fruit, but sucrose and high-fructose corn syrup (particularly HFCS-55) 
(Marriott, Olsho et al. 2010, Whitton, Nicholson et al. 2011, Scientific Advisory 
Committee on Nutrition 2015). In the USA HFCS represents 15–20 % of total energy 
intake, the majority coming from sugar sweetened beverages (SSB) (Heckman, Sherry et 
al. 2010). Here, the effect of HFCS-55 on iron bioavailability was investigated and 
demonstrated increased ferritin formation in the Caco-2 cell system. Few studies have 
investigated the effects of sugars from SSB on iron bioavailability. A small study by 
Hallberg et al found that a low pH cola drink increased iron absorption; however, this was 
attributed to the low pH of the beverage and data on the carbohydrate composition of the 
beverage is unavailable (Hallberg and Rossander 1982). A more recent study, which 
specifically looked at the effect of beverage carbohydrate on iron bioavailability by 
comparing regular cola with artificially sweetened diet cola, found no effect on iron 
absorption from either source  (Collings, Fairweather-Tait et al. 2011). However, cola  
drinks  contain   between  0.5 – 0.7 mmol/L  caffeine (Coca-Cola.co.uk), a compound that 
some studies suggest may decrease non-haem iron bioavailability,  and thus a possible 
confounding factor when assessing SSB sugar effects on iron bioavailability in this study. 
In this study HFCS-55, used at a concentration comparable to that found in sweetened 
beverages, significantly increased iron  bioavailability, and  the  effect was comparable to 
that observed with fructose; however, the effect was negated at polyphenol levels 
equivalent to those present in cola. 

The other sugars tested in this study did not  influence iron bioavailability and this is 
consistent with previous work showing no effects of sucrose or glucose on iron 
absorption (Pollack, Kaufman et al. 1964). It might have been predicted that the fructose 
released from digestion of sucrose would increase iron uptake. However, there are 
suggestions in the literature that sucrose-derived fructose is taken up by the enterocyte 
immediately upon hydrolysis; it would therefore not be available to interact with iron, in 
comparison with HFCS which upon ingestion yields free fructose monomers in the  
intestinal lumen (Riby, Fujisawa et al. 1993). 

It has been proposed that fructose increases iron bioavailability by increasing ferrous iron 
formation (O'Dell 1993). The findings of this study that fructose significantly increased 
ferrozine-chelatable ferrous iron levels is consistent with this mechanism. Fructose is a 
reducing sugar giving positive tests for both Benedicts and Fehlings reagents; in solution 
it exists primarily in the furanose form but is in equilibrium with the straight chain and 
pyranose forms (Timson 2012). Interestingly, in basic solution fructose is a stronger 
reducing agent than aldoses such as glucose (Verstraeten 1967, Timson 2012). The 
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greater part of digestion in the in vitro digestion model occurs at a higher pH (pH 7) thus 
it could be expected that this aspect of fructose biochemistry would be displayed in the 
model; furthermore, the majority of digestion in vivo also occurs at a higher pH 
suggesting that in the gut fructose may have the same effect on iron oxidation state.  
Sucrose is not a reducing sugar because neither of its carbonyl groups are available to 
participate in redox reactions (Moreira 2012). In summary, the findings of this study that 
fructose produced the greatest increase in ferrozine-chelatable ferrous iron is consistent 
with reports in the literature of its reducing ability in a relatively basic environment in 
comparison with other tested sugars. 

Work by Stitt et al looking at sugar effects on iron bioavailability analyzed iron levels in 
the liver, as well as gut iron uptake; iron co- administered with fructose resulted in both 
increased iron absorption and liver iron  deposits in a rodent model (Stitt, Charley et al. 
1962).  In addition, a  recent study using mice found that a high-fructose/high-fat diet 
increased iron liver levels (Tsuchiya, Ebata et al. 2013). These observations are consistent 
with the findings of this study that HepG2 ferritin levels increased in cells treated with 
iron and fructose. Data on human blood fructose levels are limited, and there is even less 
information on human portal vein fructose concentrations to which the liver would be 
exposed. However, a recent study using an enzyme-based assay, validated by gas 
chromatography-mass spectroscopy, reported circulating serum post-prandial fructose 
levels up to 16 mmol/L (Hui, Huang et al. 2009); if these values are correct then portal 
vein fructose levels would be predicted to be in the order of 27 - 53 mmol/L as the liver 
extracts 40–70 % of portal vein fructose (Topping and Mayes 1971, Mayes 1993). Older 
studies in animals, and  several small studies in humans, have reported portal vein 
fructose levels varying from 1 – 2.2 mmol/L  (Holdsworth and Dawson 1965, Topping 
and Mayes 1971, Dencker, Lunderquist et al. 1972, Dencker, Meeuwisse et al. 1973, 
Niewoehner 1986). The fructose concentrations used in our studies lie somewhere in the 
middle of these two extremes of possible post-prandial portal circulation levels. 

A number of studies have used either high fructose or HFCS diets to augment the effects 
of a high fat diet on liver metabolism, in order to study the development of fatty liver. 
Given that liver iron loading is sometimes found in human fatty liver disease and may 
contribute to disease progression (O'Brien and Powell 2012), the observations in this 
current study that fructose and HFCS increased iron uptake in in vitro models of both gut 
and liver suggests that  these carbohydrates may have an important pathological role. 

Under normal conditions the  majority of circulating iron  is bound to the plasma iron 
transport protein transferrin (Gkouvatsos, Papanikolaou et al. 2012), however blood 
levels of 0 – 1 µmol/L non-transferrin bound iron (NTBI) may occur post-prandially 
(Graham, Chua et al. 2012). Furthermore, NTBI levels may reach 1 – 20 µmol/L in iron 
overload disorders as well as in other chronic  diseases such as liver cirrhosis (Deugnier 
and Turlin 2011).  NTBI  is a heterogeneous mix of compounds; studies suggest that the 
main form of plasma NTBI is iron(III)citrate (Hider 2002), for this reason FAC is an 
appropriate model for plasma NTBI. Interestingly, hepatocyte uptake of NTBI, as 
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opposed to transferrin iron uptake, does not appear to be inhibited by increasing levels of 
liver iron (Wright, Brissot et al. 1986, Baker, Baker et al. 1998); uptake of fructose 
mediated liver NTBI may thus escape regulation.  

3.6:		 Conclusion	

In conclusion, this study has shown that fructose and HFCS-55 increase iron 
bioavailability in human intestinal epithelial cells and, furthermore, that fructose 
increases iron-induced hepatocyte ferritin. Given that substantial amounts of these 
carbohydrates are present in the modern diet, and also their use in experimental models, 
these effects may be important in the context of iron homeostasis. Further studies are 
warranted to examine if these in vitro effects translate into (patho)physiologically 
relevant changes in animal and human iron status. 
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4 Chapter 4: Iron bioavailability from commercially available 

iron supplements 
 

This chapter presents work and evidence related to whether fructose as an additive in iron 
supplements was associated with improved iron bioavailability; it is based on the 
published manuscript: “Iron bioavailability from commercially available iron 
supplements”; Christides, Wray, McBride, Fairweather, and Sharp (2014), European 
Journal of Nutrition (DOI 10.1007/s00394-014-0815-8). 

4.1:		 Introduction	

Iron deficiency is a global health problem; 2 billion people suffer from anaemia, and the 
World Health Organization (WHO) estimates that iron deficiency accounts for 50 % of 
these cases (McLean, Cogswell et al. 2009). Although the prevalence of iron deficiency 
anaemia (IDA) is highest in developing countries, inadequate iron status is also a 
significant public health problem in developed countries in high-risk groups including 
older adults, post-bariatric surgery patients, toddlers, and pregnant women and women of 
child-bearing age (Shankar, Boylan et al. 2010, Miller 2013, Fairweather-Tait, Wawer et 
al. 2014). 

Three ferrous iron salts, sulphate, fumarate and gluconate, are the standard recommended 
supplements for IDA (Andrews 1999, Pavord, Myers et al. 2012). Clinical trials with 
pregnant women document that these iron supplements do improve IDA (Zhou, Gibson et 
al. 2009); however, non-compliance secondary to supplement-associated gastrointestinal 
(GI) problems, such as constipation, black stools, nausea, reflux and vomiting, means that 
real-life efficacy may be low (Ekstrom, Hyder et al. 2002, Hyder, Persson et al. 2002, 
Seck and Jackson 2008, Habib, Alabdin et al. 2009). Pregnancy itself induces 
gastrointestinal symptoms, related to the mechanical effects of the growing foetus, 
changes in water homoeostasis, and hormonal effects on GI motility— all of which 
contribute to increased incidence of reflux, constipation and bloating (Bonapace and 
Fisher 1998, Keller, Frederking et al. 2008). Higher doses of iron increase GI symptoms 
in pregnant women (Beard 2000), and studies document that lower doses are associated 
with fewer GI symptoms (Ekstrom, Kavishe et al. 1996, Zhou, Gibson et al. 2009), thus it 
is possible that the use of iron preparations with higher bioavailability, enabling lower 
absolute doses of iron to be ingested, may cause less GI upset. 

IDA is associated with increased health risks to both mother and foetus, reviewed in  
(Stoltzfus 2011), and  it  is  therefore vital that effective supplement forms are available to 
pregnant women. A human volunteer study demonstrated that iron absorption from a 
naturally iron-rich  mineral water (Spatone Iron-Plus) was higher compared with ferrous 
sulphate tablets (FeSO4) (Worwood, Evans et al. 1996). Furthermore, a subsequent study 
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looking specifically at pregnant women with IDA found that the mean absorption from 25 
mg of Spatone-derived Fe was 28 % — comparable or greater to that reported from a 
higher dose of FeSO4 (Halksworth, Moseley et al. 2003). 

The physical form of iron administered in supplements could have a bearing on 
bioavailability. A recent in vitro study found that dissolution rates varied significantly 
amongst different iron tablet formulations; FeSO4 conventional-release tablets dissolved 
most quickly at 48–64 min, and this was associated with the highest iron uptake in the in 
vitro Caco-2 cell model used in this study (Zariwala, Somavarapu et al. 2013). Therefore, 
it was hypothesised that liquid iron formulations, whether naturally occurring or 
synthetic, might provide alternative supplement forms that have higher bioavailability 
compared with iron delivered in tablet form. In addition, previous work found that 
fructose improved iron bioavailability in a water-based media (Christides and Sharp 
2013); therefore it was hypothesised that liquid iron supplements with added fructose 
would have the highest iron bioavailability. 

In this study, the Caco-2 cell in vitro digestion model was employed to assess iron 
bioavailability, using cell ferritin as a surrogate marker for iron absorption (Glahn, Lee et 
al. 1998), from five commercially available iron formulations including three liquid iron 
supplements. Two naturally mineral-rich waters, Spatoneâ and Spatone Appleâ 
(Spatone with added apple concentrate, fructose, and ascorbic acid), and Iron Vital Fâ  (a 
synthetic liquid iron supplement with added ascorbic acid, fructose and other 
micronutrients), were compared with immediate release FeSO4 tablets, and Vitabiotics 
Pregnacareâ tablets (multivitamin and mineral tablets marketed to pregnant women). 

4.2:		 Materials	and	methods	

4.2.1:		 Reagents	

Chemicals, hormones and enzymes were purchased from Sigma-Aldrich, UK, unless 
otherwise noted. Cell culture media, flasks, tissue culture plates and culture reagents were 
obtained from Thermo Fisher Scientific.  Acids used in Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES) analysis, in digestions, and for glassware 
cleaning, were purchased from VWR, UK. Glassware and plastic ware used in 
experiments were soaked in 10 % trace metal grade 68 % nitric acid for 24 h prior to use 
and then rinsed with 18 mΩ pure water. 

Commercial iron preparations were purchased from Boots Pharmacy, UK. These 
consisted of: Spatoneâ and Spatone Appleâ (A Nelson and Co Ltd, UK); Iron Vital Fâ 
(Anton Hübner GmbH and Co, Germany); Pregnacare Originalâ (Vitabiotics Ltd, UK) 
and Almus Ferrous Sulphate tablets (Almus Pharmaceuticals, UK). Table 1 provides 
reported iron concentration for the different formulations. 
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4.2.2:		 Cell	culture	

Caco-2 cells were used from cell passages 46–49, and grown as previously described 
(Christides and Sharp 2013). Briefly, for experiments, cells were grown in six-well tissue 
cultures plates seeded at a density of 1 × 104 cells/cm2 and used on days 13–15 post-
seeding in the method developed by the Glahn laboratory (Glahn, Lee et al. 1998). Cells 
were grown in supplemented Dulbecco’s Modified Eagle Medium as previously 
described (Christides and Sharp 2013). 

Twenty-four hours prior to the initiation of in vitro digestion experiments, medium was 
changed to supplemented MEM as previously described (Christides and Sharp 2013).   

4.2.3:		 Iron	supplements	and	in	vitro	digestions	

Iron-containing tablets were sealed inside a disposable plastic sleeve and crushed with a 
mortar and pestle; the particles were then solubilised in 250 mL 0.2 mol/L hydrochloric 
acid (HCl) (Glahn, Rassier et al. 2000). Liquid formulations were used directly from the 
sachets (Spatoneâ and Spatone Appleâ) or from the bottle (Iron Vital Fâ). The 
supplements all had different iron concentrations; therefore, the volumes of prepared 
solutions, or liquid supplements, were adjusted (based on the manufacturers reported iron 
concentrations) to achieve a notional final digest iron concentration of 50 µmol/L. 

Fresh tablet solutions were prepared, and new sachets were used for every experiment. In 
addition, all experiments had a set of controls consisting of: a digest with no added iron to 
ensure no iron contamination of our system; a reference digest of 50 µmol/L Fe added as 
Fe solubilized in 1 % HCl (High-Purity Standards, 100026-2); and a positive control 
digest of 50 µmol/L Fe and 500 µmol/L ascorbic acid. 

Iron levels of digests were quantitatively analysed by ICP-OES. All iron-containing 
digests, and undiluted samples of Spatoneâ and Spatone Appleâ, were subjected to 
microwave digestion using an accelerated reaction system (CEM MARS 5H with XP-
1500 vessels). 0.5 mL of the solutions (in triplicate) was added to 5.0 mL concentrated 
68 % trace analysis grade nitric acid. Samples were processed for 20 min at 400 psi 
pressure and 1200 W power. After digestion, samples were reconstituted with 50 mL 18 
mΩ water and aliquots used to measure iron levels on a Perkin–Elmer Optima 4300 DV 
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). 

Fructose levels in Iron Vital Fâ and Spatone Appleâ, the only supplements containing 
fructose, were measured by high performance liquid chromatography (HPLC) with 
refractive index detection using water/methylated spirit extraction method with 
modifications for high salt levels. Premier Analytical Services, accredited by the United 
Kingdom Accreditation Service (UKAS), Buckinghamshire, UK, carried out the analysis. 
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Digests were prepared as previously described (Christides and Sharp 2013). Briefly, iron 
solutions or liquid iron supplements were added to 10 mL of 140 mmol/L NaCl and 5 
mmol/L KCl followed by the sequential addition of pepsin, and then bile and pancreatin 
digestive enzymes to mimic the digestive process. 1.5 mL of the above digests was then 
placed in a chamber suspended over a layer of Caco-2 cells grown on the bottom of the 
tissue culture wells of a six-well plate. Plates were placed on a platform-fitted multi-
function 3D rotator in a 37°C incubator with a 5 % CO2/95 % air atmosphere at constant 
humidity for 60 min. Inserts were then removed, and an additional 1 mL of supplemented 
MEM was added to the cells, which were returned to the incubator for a further 22 h and 
then harvested for ferritin. All supplements were tested on three separate occasions, with 
n = 6 for each treatment. 

Digest experiments were also carried out with digests containing 50 µmol/L Fe and 500 
µmol/L ascorbic acid (equivalent to the regular positive controls used in the in vitro 
digestions) with added fructose (66 mmol/L, the same concentration used in experiments 
in chapter three of this thesis) in order to evaluate if fructose had an added positive effect 
with ascorbic acid on iron bioavailability, as two of the liquid supplements contained both 
fructose and ascorbic acid. The combination of iron, ascorbic acid and fructose solution 
digestions were tested on four separate occasions, n ≥ 3.  

Direct application of iron supplements onto Caco-2 cells was performed to assess dose 
and treatment duration responses. The experiments described in this paragraph were 
carried out by R. Fairweather in the lab of Dr Paul Sharp, King’s College London. Caco-2 
cells were seeded and maintained as described for in vitro digestion experiments. On the 
day of the experiment, fresh solutions of Spatoneâ, Spatone Appleâ or ferric ammonium 
citrate (FAC) were mixed with unsupplemented MEM (herein referred to as MEM) and 
placed directly onto the cell monolayers at iron concentrations of 10, 30 and 100 µmol/L. 
In order to assess ferritin formation as a function of treatment duration/time, one set of 
cells was treated continuously for 24 h, while another set was treated for 4 h (begun 20 h 
after medium was changed to MEM). At the end of both time periods, cells were 
harvested for ferritin. Experiments were repeated on three separate occasions with n = 6 
for each treatment. 

4.2.4:		 Cell	harvest	and	ferritin	analysis	

Cells were harvested and lysed as previously described, then spun at 6,000 × g for 6 min 
and the supernatant stored in a −80 °C freezer until analysed (Christides and Sharp 2013). 
For analysis, samples were thawed on ice and ferritin was measured with SpectroFerritin 
MT Enzyme Linked Immunoassay (ELISA; RAMCO, Texas,USA). Final ferritin levels 
were adjusted for cell protein using Pierce Protein BCA assay (Fisher Scientific, 23227). 

4.3:		 Statistical	analysis	

Statistical analysis of the data was performed using Graph- Pad Prism (version 6.0c 
GraphPad Software, San Diego, CA, USA). Digest experiments were analysed using the 
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statistical methods of Motulsky (Motulsky 2010).  Data are presented as mean ± SEM and 
were analysed by one-way ANOVA followed by Tukey’s multiple comparisons test (all-
pairwise across experimental groups); where the comparison was made to a single 
control, Dunnett’s post hoc test was used. Except as noted, differences between means 
were considered significant at p ≤ 0.05. Ordered increases in data were tested using the 
non-parametric Jonckheere-Terpstra test.  Ordered increases were considered significant 
at p ≤ 0.05.  The Jonckheer-Terpstra test was computed in Microsoft Excel. 

4.4:		 Results	

Iron supplements contained different stated iron concentration (Table 4.1). Each digest 
was prepared to give a notional iron concentration of 50 µmol/L based on the 
manufacturers’ stated iron concentrations. However, ICP-OES measurements revealed 
that the iron content of digests varied between different iron sources (Table 4.2). To 
adjust Caco-2 cell ferritin levels for the variable iron content of digests, a dose–response 
study was carried out to measure ferritin formation following exposure to different 
concentrations of iron (Figure 4.1). The dose–response study demonstrated that ferritin 
levels in digests were proportional to the log of iron concentration, and thus measured 
ferritin levels were adjusted using the equation: Fadj = F × ln(50)/ln(Feicp), where Fadj 
equals adjusted ferritin, and Feicp equals ICP measured digest iron levels. Using 
unadjusted ferritin results Spatone Appleâ had the highest levels of ferritin, followed by 
Iron Vital Fâ; there was no statistically significant difference in ferritin formation 
between the other three tested formulations (Table 4.2). 

	

Figure	4.1:	Caco-2	cell	ferritin	levels	as	a	function	of	iron	dose.		
Caco-2	cells	were	treated	for	24	hours	with	increasing	concentrations	of	iron	ranging	from	1-100	
μmol/L.	Ferritin	levels	increased	as	a	function	of	the	log	of	iron	concentration.	
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Table	4.1	Manufacturers’	information	including	reported	iron	content	for	tested	iron	
preparations	

Product name Reported iron content Manufacturer 

Spatone® 0.25 mg FeSO4/ml  A Nelson & Co Ltd (UK) 

Spatone Apple®  0.20 mg FeSO4/ ml A Nelson & Co Ltd (UK) 

Iron Vital F® (IVF) 1 mg iron-II-gluconate/ml Anton Hubner Gmbh & Co (Germany) 

Pregnacare Original® (PG) 51.4 mg ferrous fumarate equivalent to 17 mg 
ferrous iron/tablet Vitabiotics Ltd. (UK) 

Almus Ferrous Sulphate tablets  200 mg FeSO4 equivalent to 65 mg ferrous 
iron/tablet Almus Pharmaceuticals (UK) 

	
	
Table	4.2	Iron	digest	levels	and	Caco-2	cell	ferritin	after	treatment	with	iron	supplements—
unadjusted	for	iron	digest	levels	

Product name Digest iron concentrations (mg/L) ng ferritin/mg protein (unadjusted) 

Almus Ferrous Sulphate tablets 2.80 ± 0.10 (0 %) 11.82 ± 0.67 (0 %) 

Iron Vital F® (IVF) 2.90 ± 0.37 (4 %) 25.76 ± 2.07a (118 %) 
Pregnacare Original® (PG) 2.83 ± 0.68 (1 %) 10.35 ± 0.82 (−12 %) 

Spatone® 3.40 ± 0.62 (18 %) 12.24 ± 0.91 (4 %) 

Spatone Apple® 4.00 ± 0.75* (30 %) 83.94 ± 4.46b (610 %) 

Ferritin	levels	of	Caco-2	cells	unadjusted	for	differing	digest	iron	levels	as	measured	by	ICP-OES.	
Data	 are	 expressed	 as	mean	 ±	 SEM.	Means	 with	 different	 superscript	 letters	 or	 asterisk	 in	 a	
column	are	statistically	different.	Percentage	figures	in	parentheses	by	digest	iron	levels	are	the	
percent	by	which	the	mean	digest	iron	levels	of	other	formulations	compared	with	mean	FeSO4	

iron	digest	levels;	percentage	figures	in	parentheses	by	ferritin	values	are	the	percent	by	which	
the	mean	 ferritin	 levels	of	 cells	 treated	with	 the	other	 formulations	 compared	with	 ferritin	of	
FeSO4	treated	cells.	Digest	iron	concentrations	for	IVF,	PG	and	Spatoneâ,	were	not	statistically	
different	 from	 that	 of	 FeSO4;	 however,	 digest	 iron	 concentrations	 in	 Spatone	 Appleâ	 were	
significantly	different	based	on	one-way	ANOVA	followed	by	Tukey’s	multiple	comparisons	test	
(p£0.05).	 Unadjusted	 ferritin	 levels	were	 highest	 in	 Spatone	Appleâ-treated	 cells	 followed	 by	
IVF;	 levels	 of	 the	 three	other	 treatments	were	not	 statistically	 significantly	 different	 based	on	
one-way	ANOVA	followed	by	Tukey’s	multiple	comparison	test	(p£0.05)	

Caco-2 cell adjusted ferritin levels were still the highest in cells exposed to Spatone 
Appleâ (Figure 4.2).  Levels were approximately 600 % higher than both Spatoneâ 
original and FeSO4 tablets. Iron Vital Fâ (IVF)-induced adjusted ferritin formation was 
approximately 120 % higher compared with FeSO4, Spatoneâ and Pregnacare Originalâ 
(PG), but was only about a third that of Spatone Appleâ (Figure 4.2). Adjusted ferritin 
formation following exposure to Pregnacare Originalâ was equivalent to that of cells 
treated with Spatoneâ and FeSO4. 
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Figure	4.2	Comparison	of	ferritin	formation	from	digests	with	different	commercial	iron	
formulations	adjusted	for	measured	iron	levels	in	digests.		
Measurement	of	Caco-2	cell	ferritin	formation	from	digests	of	FeSO4	tablets,	Iron	Vital	Fâ	(IVF,	a	
synthetic	 liquid	 iron	 supplement),	 Vitabiotics	 Pregnacareâ	 tablets	 (PG,	 a	 mineral	 and	 multi-	
vitamin	supplement	marketed	 to	pregnant	women),	Spatoneâ	 and	Spatone	Appleâ	 (naturally	
iron-rich	 mineral	 waters,	 the	 latter	 with	 added	 ascorbic	 acid	 and	 fructose).	 Digests	 with	 no	
added	Fe	 (Blank)	were	used	 to	 rule	out	 iron	contamination;	digests	with	Fe	alone	and	Fe	plus	
ascorbic	acid	(Fe	+	AA)	were	used	as	reference	controls	and	positive	controls,	respectively	(not	
adjusted	 for	 digest	 iron	 levels).	 	 Treatment	 with	 Spatone	 Appleâ	 yielded	 the	 highest	 ferritin	
levels	 followed	 by	 IVF	 treatment;	 ferritin	 levels	 from	 the	 three	 other	 supplements	 were	
equivalent.	Values	are	means	of	data	adjusted	for	the	iron	content	of	the	digests	(as	determined	
by	 microwave	 analysis)	 ±	 SEM,	 n	 =	 18.	 Based	 on	 ANOVA	 (p	 <	 0.0001)	 with	 Tukey’s	 multiple	
comparisons	test	post	hoc	analysis	done	on	an	all-pairwise	basis	after	log	adjustment,	bar	values	
with	no	letters	in	common	are	significantly	different	(p	≤	0.01)	

Fructose levels in Iron Vital Fâ averaged 11.2 grams/100 ml supplement (n=3, standard 
deviation = 0.1); the final fructose concentration in digests was 1734 µmol/L (based on 
the addition of 41.88 µL of Iron Vital Fâ solution to each digest), giving a fructose to 
iron molar ratio of ≈ 33:1 (using the measured iron digest concentrations rather than 
reported). Spatone Appleâ fructose concentration averaged 5.8 grams/100 ml supplement 
(n=3, standard deviation = 0.15); final fructose concentration in digests was 4494 µmol/L 
(based on the addition of 209.5 µL supplement to each digest, giving a fructose to iron 
molar ratio of ≈ 62:1 (using the measured iron digest concentrations rather than reported). 
Thus, the fructose:iron molar ratio was greater in Spatone Appleâ  compared with Iron 
Vital â, and only in Spatone Appleâ digests did the fructose:iron molar ratio exceed 50. 
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The addition of fructose to iron and ascorbic acid in MEM (in the same concentrations as 
used for the positive controls in previous experiments) increased Caco-2 cell ferritin 
levels two-fold compared with the positive control of iron with added ascorbic acid alone, 
suggesting an additive effect of fructose and ascorbic acid on iron bioavailability 
(Figure 4.3). 

 

	

Figure	4.3	Ferritin	levels	of	Caco-2	cells	treated	with	digests	of	Fe	alone,	Fe	with	added	
ascorbic	acid	(AA),	and	Fe	with	added	AA	and	fructose.		
Caco-2	cell	ferritin	was	measured	after	cells	were	exposed	to	digests	of	iron	(Fe	Alone),	iron	and	
AA	 (Fe+AA,	 1:10	molar	 ratio),	 and	 iron,	AA	and	 fructose	 solutions	 (Fe+AA+Fruc,	 Fruc:Fe	molar	
ratio	 >	 50:1).	 Each	 point	 represents	 the	 resultant	 mean	 value	 from	 each	 of	 4	 individual	
experiments	having	an	n	≥	3.	A	bold	horizontal	 line	 shows	 the	mean	of	 these	 values	with	 the	
SEM	 shown	 as	 error	 bars.	 Increase	 in	 ferritin	 formation	was	 tested	 using	 the	 non-parametric	
Jonckheere-Terpstra	test,	and	is	significant	in	the	order	Fe	alone,	Fe	+	AA,	and	Fe+AA+Fructose	
(p	≤	0.01).			

The effects of Spatoneâ and Spatone Appleâ on ferritin levels in Caco-2 cells were 
further investigated over a range of iron concentrations and following different exposure 
times. Exposure to Spatone Appleâ either for 4 h (Figure 4.4A) or 24 h (Figure 4.4B) 
resulted in significantly enhanced ferritin levels at all concentrations compared with the 
untreated controls. Spatone Appleâ-induced ferritin levels were significantly higher than 
those produced following exposure to iron alone (all concentrations at both 4 h and 24 h 
time points) and Spatoneâ original (all concentrations at 24 h; 30 and 100 µmol/L at 4 h). 
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Figure	4.4(A)	Caco-2	cell	ferritin	levels	as	a	function	of	iron	dose	and	time—4	h	exposure.	
Caco-2	 cells	 were	 treated	 for	 4	 h	 with	 three	 different	 concentrations	 of	 iron.	 Ferritin	 levels	
increased	as	a	function	of	concentration	with	treatments	with	Spatoneâ	and	Spatone	Appleâ;	
this	only	 reached	 statistical	 significance	 for	 Spatone	Appleâ.	 Ferritin	 levels	were	highest	 after	
treatment	with	Spatone	Appleâ	 at	 all	 three	 iron	doses	 tested.	Asterisks	 represent	 treatments	
with	mean	values	of	ferritin	that	are	significantly	greater	than	the	blank	control	value	(labelled	
untreated)	 based	 on	 Dunnett’s	 multiple	 comparisons	 test.	 Columns	 connected	 by	 lines	 have	
significantly	different	means	 from	one	another	based	on	ANOVA	 followed	by	Tukey’s	multiple	
comparisons	 test	 where	 the	 Tukey’s	 adjusted	 p	 value	 is	 shown	 within	 the	 line	 (p	 ≤	 0.05	 is	
considered	 significant).	Figure	4.4(B)	Caco-2	 cell	 ferritin	 levels	as	a	 function	of	 iron	dose	and	
time—24	h	exposure.	Caco-2	cells	were	treated	for	24	h	with	three	different	concentrations	of	
iron.	Ferritin	levels	increased	as	a	function	of	concentration	with	treatments	with	Spatoneâ	and	
Spatone	 Appleâ;	 this	 only	 reached	 statistical	 significance	 for	 Spatone	 Appleâ.	 Ferritin	 levels	
were	 highest	 after	 treatment	 with	 Spatone	 Appleâ	 at	 30	 and	 100	 μmol/L	 iron.	 Asterisks	
represent	 treatments	 for	which	mean	values	of	 ferritin	are	significantly	greater	 than	the	blank	
control	 value	 (labelled	 untreated)	 based	 on	 Dunnett’s	 multiple	 comparisons	 test.	 Columns	
connected	 by	 lines	 have	 significantly	 different	 means	 from	 one	 another	 based	 on	 ANOVA	
followed	 by	 Tukey’s	 multiple	 comparisons	 test	 where	 the	 Tukey’s	 adjusted	 p	 value	 is	 shown	
within	the	line	(p	≤	0.05	is	considered	significant).	NB:	The	above	experiments	were	carried	out	
by	R.	Fairweather	in	the	laboratory	of	Dr	Paul	Sharp	at	King’s	College	London;	statistical	analysis	
as	presented	was	carried	out	on	the	data	by	R.	Fairweather,	P.Sharp	and	T.	Christides.	
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4.5:		 Discussion	

Current strategies for the treatment of IDA are based on oral ferrous iron supplements; 
however, these may be poorly tolerated by patients due to a range of GI side effects 
(Hyder, Persson et al. 2002, Seck and Jackson 2008, Habib, Alabdin et al. 2009, Zhou, 
Gibson et al. 2009). This in turn may lead to poor compliance with therapy, which has 
consequences for the efficacy of treatment. Iron preparations with higher bioavailability, 
thus enabling lower absolute doses of iron to be ingested, may cause less GI upset and be 
better tolerated by patients. This notion is supported by a study undertaken in pregnant 
women who had been non-compliant with taking FeSO4 tablets and were then switched to 
Spatone iron-rich water; 57 % of subjects were compliant with the new iron supplement 
compared with 67 % in the controls given placebo (plain water), and dyspepsia scores did 
not differ between the two groups (McKenna, Spence et al. 2003). 

The bioavailability of a range of commercially available iron supplements were compared 
in this study using a well-characterized in vitro digestion model. Spatoneâ and ferrous 
sulphate tablets had equivalent bioavailability in the in vitro model, which is consistent 
with previous absorption studies in human volunteers (Halksworth, Moseley et al. 2003). 
The iron in Spatoneâ is FeSO4 (i.e. the same as in ferrous sulphate tablets); this suggests 
that being in liquid form per se does not increase iron bioavailability. Spatone Appleâ 
demonstrated the highest iron bioavailability in the in vitro model, followed by the 
synthetic liquid iron formulation Iron Vital Fâ; this result remained highly significant 
even after adjustment for the increased iron in Spatone Appleâ digests. Both Spatone 
Appleâ and Iron Vital Fâ contain ascorbic acid, a known enhancer of iron uptake. In 
addition, both of these formulations have added fructose, and the results of this study and 
previously published research (Christides and Sharp 2013) suggests that fructose 
increases non-haem iron bioavailability. While Spatone Appleâ has an ascorbic acid:iron 
molar ratio of 16:1 (manufacturer’s information), and a fructose:iron molar ratio of 62:1, 
the ascorbic acid:iron molar ratio in Iron Vital F is 6:1 (manufacturer’s information), and 
the fructose:iron molar ratio 33:1.  The enhancing effects of ascorbic acid and fructose on 
iron bioavailability are dose dependent, and fructose-enhanced iron bioavailability is 
optimal at fructose:iron molar ratios ³ 50:1  (Charley, Sarkar et al. 1963, Gillooly, 
Torrance et al. 1984, Teucher, Olivares et al. 2004); therefore, the higher ascorbic 
acid:iron and fructose:iron molar ratios in Spatone Appleâ may explain the difference in 
iron uptake between the two supplements. Furthermore, Iron Vital Fâ, according to the 
manufacturer’s ingredients list, also contains plant extracts, pectin and thickening agents. 
These dietary factors are sources of polyphenols and phytates, both of which inhibit iron 
absorption (Gillooly, Bothwell et al. 1983, Petry, Egli et al. 2010). The effects of these 
inhibitors are only partly counteracted by ascorbic acid, and the effects of fructose on iron 
bioavailability are negated, in a dose dependent manner, by both polyphenols and 
phytates (Teucher, Olivares et al. 2004, Christides and Sharp 2013). Interestingly, 
Vitabiotics Pregnacareâ had the same bioavailability as FeSO4, despite having added 
ascorbic acid (70 mg/tablet). The ascorbic acid:iron molar ratio, however, was 4:1 and 
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thus lower compared with both Iron Vital Fâ and Spatone Appleâ. In addition, the 
presence of other minerals contained in Pregnacareâ, such as zinc, may partially inhibit 
iron uptake especially in a water-based solute matrix such as that used in these studies 
(Olivares, Pizarro et al. 2012). 

Pregnant women are at high risk of IDA (Scholl 2005); however, iron supplement 
recommendations during pregnancy differ between countries. The WHO and the USA 
recommend that all pregnant women receive prophylactic prenatal iron (CDC 1998, 
WHO 2012). Currently, the UK does not suggest routine prenatal iron supplementation 
(NICE 2008); historically, pregnant women in the UK were advised to take iron but this 
was found either to be ineffective (Fenton, Cavill et al. 1977), or to have no demonstrated 
benefit on maternal or foetal outcomes (Cuervo and Mahomed 2001, Pena-Rosas and 
Viteri 2009). Recent research may challenge the current UK guidelines (Krafft 2013); two 
large systematic reviews with meta-analyses found that daily prenatal iron reduced 
maternal anaemia, IDA and risk of foetal low birth weight (Pena-Rosas, De-Regil et al. 
2012, Haider, Olofin et al. 2013). However, it has been noted that dose and regimen 
recommendations for routine iron supplementation need refining and updating (Pena-
Rosas, De-Regil et al. 2012), and within this context, the results of this study suggest that 
further research with the tested formulations used  is warranted. 

Another group that might  benefit from  both  Spatone Appleâ  and Iron Vital Fâ  are 
post-bariatric surgery patients who are at high risk of IDA (Jauregui-Lobera 2013), and in 
whom treatment with standard iron tablets appears to often be ineffective (Gasteyger, 
Suter et al. 2008, Sawaya, Jaffe et al. 2012). In one study, post-operative gastric bypass 
patients given 100 mg FeSO4 tablets as an oral challenge absorbed inadequate amounts of 
iron as measured by change in serum iron concentration (Gesquiere, Lannoo et al. 2014); 
altered gut physiology after bariatric surgery may not allow for efficient iron absorption 
from FeSO4 tablets. Furthermore, several studies have also documented low plasma 
ascorbic acid levels in patients after bypass procedures (Clements, Katasani et al. 2006, 
Netto, Moreira et al. 2012); therefore, liquid iron preparations with added ascorbic acid 
— such as Spatone Appleâ and Iron Vital Fâ (which also has other micronutrients) — 
may be helpful in this population. 

The data presented here for Spatone Appleâ suggest that this, or similar products, are 
highly bioavailable as they gave rise to a rapid increase in cell ferritin in the in vitro 
model used in this study. Furthermore, 10 µmol/L iron given as Spatone Appleâ gave a 
comparable ferritin response to 100 µmol/L FAC, and a higher ferritin level than 100 
µmol/L FeSO4 (from Spatoneâ), suggesting the possibility of obtaining better iron 
absorption with a lower dose of iron. An important caveat is that only in vitro studies of 
Spatone Appleâ and Iron Vital Fâ have been performed to date. The bioavailability of 
these formulations has not been assessed in human volunteers, and the data presented 
here suggest that these studies are warranted. The Caco-2 in vitro digestion model 
provides a validated method for screening iron bioavailability of a range of compounds 
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and test meals. Furthermore, it has been shown to predict the direction, although not 
necessarily the magnitude, of iron bioavailability in humans (Fairweather-Tait, Lynch et 
al. 2005). If the in vitro results of this study are confirmed in vivo, it would suggest that 
lower doses of a more bioavailable iron from supplements such as those tested could be 
effective in combating iron deficiency. This would be particularly advantageous for 
groups who are both at increased risk of IDA and less tolerant to high doses of iron, such 
as pregnant women. 

4.6:		 Conclusion	

In conclusion, the results of this in vitro study demonstrate that naturally iron-rich 
mineral waters, or synthetic liquid iron formulations, are equivalent to the standard of 
care FeSO4 recommended for IDA, and those with added ascorbic acid, and possibly 
fructose, have better bioavailability compared with FeSO4 alone. If these results are 
confirmed in randomized control studies in human volunteers at risk of IDA, such 
subjects could then be offered a greater choice of more bioavailable and potentially better 
tolerated iron preparations. 
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5 Chapter 5: Iron Bioavailability and Provitamin A from Sweet 

Potato- and Cereal-Based Complementary Foods 
This chapter presents work and evidence related to whether fructose, as a naturally 
occurring dietary factor in a food product made from the staple crop sweet potato, 
affected iron bioavailability. The chapter is based on the published manuscript: “Iron 
Bioavailability and Provitamin A from Sweet Potato- and Cereal-Based Complementary 
Foods”; Christides, Amagloh and Coad (2015), Foods, 4: 463-476 (doi: 
10.3390/foods4030463). This article belongs to the Special Issue Infant and Child 
Nutrition and Foods. 

5.1:		 Introduction	

Iron deficiency (ID) and Vitamin A deficiency (VAD) are prevalent in the developing 
world, especially in vulnerable groups such as infants and young children (World Health 
Organization 2015). These micronutrient deficiencies are particularly problematic in 
young children; both ID and VAD during infancy can cause long-term health problems 
that may not be able to be reversed even with adequate intake later in life (Grantham-
McGregor and Ani 2001, Grantham-McGregor 2003, Nyaradi, Li et al. 2013). Infants and 
toddlers are at increased risk for ID and VAD when complementary foods, which are 
usually cereal-based, are introduced (Khan and Bhutta 2010). These cereal-based foods 
are often poor dietary sources of both vitamin A (Amagloh, Hardacre et al. 2012, 
Amagloh and Coad 2014), and bioavailable iron as they contain high levels of iron 
absorption inhibitors such as phytates (Gibson, Bailey et al. 2010, Roos, Sorensen et al. 
2013) or polyphenols (Roos, Sorensen et al. 2013). The ideal complementary food should 
have adequate levels of nutrients and high mineral bioavailability. VAD and ID often co-
exist in low-income countries due to long-term poverty and plant-based monotonous diets 
(World Health Organization 2015), thus sustainable strategies, particularly food-based 
approaches, which will lead to high intake of dietary vitamin A and bioavailable iron are 
desirable. 

Sweet potato-based complementary food formulations, prepared from cream- or orange-
fleshed sweet potato (CFSP or OFSP, respectively) cultivars, contain significantly more 
β-carotene, the precursor of vitamin A, than cereal-based products (Amagloh, Hardacre et 
al. 2012, Amagloh and Coad 2014); have acceptable sensory attributes; and, desirable 
physical properties, such as viscosity, for complementary feeding (Amagloh, Mutukumira 
et al. 2013, Mahmoud and El Anany 2014). Additionally, sweet potato is relatively low in 
phytate compared to cereals (Phillippy 2003, Phillippy, Bland et al. 2003), thus it would 
be expected that the sweet potato food matrix would have a less inhibitory effect on iron 
absorption in human infants. Furthermore, compositional analysis of sweet potato-based 
complementary foods found high concentrations of ascorbic acid and fructose (Amagloh 
and Coad 2014)[6]; ascorbic acid is a known enhancer of iron uptake (Hurrell and Egli 
2010), and research indicates that both ß-carotene and fructose may also improve iron 
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bioavailability (García-Casal 2006, Christides and Sharp 2013). Therefore, it would be 
predicted that sweet potato-based complementary foods, with comparable amounts of iron 
as in cereal-based infant foods, would have better iron bioavailability. There is support 
for this in the research literature. In an in vitro study conducted by Lung’aho & Glahn 
(Lung'aho and Glahn 2009), the trend of data suggested that the addition of sweet potato 
(cultivar not specified) to food mixes potentiated iron bioavailability from household-
level recipes, and a review suggested that sweet potato, particularly the OFSP food 
matrix, would be expected to promote iron absorption (Glahn 2009). 

Sweet potato, however, is also a rich source of polyphenols (Teow, Truong et al. 2007, 
Ojong, Njiti et al. 2008). Polyphenols are potent inhibitors of non-haem iron (inorganic 
iron and the most prevalent form in the diet) uptake, and may even inhibit absorption of 
haem-iron (Brune, Rossander et al. 1989, Ma, Kim et al. 2010, Ma, Kim et al. 2011, 
Tako, Reed et al. 2015). Studies have demonstrated that tannic acid (a commonly 
occurring dietary polyphenol) at a 0.1:1 tannin to iron molar ratio decreased iron uptake 
by almost 100 % in the Caco-2 cell model, and a single meal study conducted in humans 
found that a tannic acid:iron 1:1 molar ratio led to almost 90 % decreased iron absorption 
(Brune, Rossander et al. 1989, Glahn, Wortley et al. 2002). In addition, different sweet 
potato cultivars may contain different types of polyphenols (Teow, Truong et al. 2007, 
Ojong, Njiti et al. 2008); the iron inhibitory effects of polyphenols vary with structure, 
thus knowing only total levels of food polyphenols may limit the ability to predict their 
effects on iron absorption (Brune, Rossander et al. 1989, Tuntipopipat, Judprasong et al. 
2006). 

Dietary iron bioavailability (outside of host factors) represents the sum of interactions 
between total iron levels, and iron uptake inhibitors and enhancers; compositional 
proximate analysis of inhibitors and enhancers can be used to predict iron absorption, but 
experiments directly measuring iron uptake are needed to more fully evaluate the net 
effects of complex food matrices on iron bioavailability. 

The in vitro digestion/Caco-2 cell model, using cell ferritin formation as a surrogate 
marker for iron uptake, is a validated method for initial screening of food iron availability 
(Glahn, Lee et al. 1998, Yun, Habicht et al. 2004). Furthermore, it has specifically been 
applied to evaluate iron bioavailability from complementary foods (Lung'aho and Glahn 
2009, Lung'aho and Glahn 2009). Therefore, this model is suitable for the assessment of 
iron bioavailability of sweet potato-based household-level food formulations as 
alternatives to cereal-based complementary foods. 

The objective of this study was to assess the iron bioavailability from sweet potato-based 
complementary food formulations (OFSP ComFa and CFSP ComFa) in comparison with 
a non-commercial cereal-based infant food composed of maize-soyabean-groundnut 
(Weanimix: a food blend developed by the Ghanaian Ministry of Health Nutrition 
Division and the United Nations Children’s Fund in 1987), and a commercial infant 
cereal (Cerelacâ), using the Caco-2 cell in vitro digestion model. In addition, a further 
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objective of this study was the evaluation of iron bioavailability in the tested food 
formulations in relation to concentrations of iron absorption modifiers; specifically, we 
evaluated the effects of the inhibitors phytates, total polyphenols, and total dietary fibre, 
and the enhancers ascorbic acid, ß-carotene and fructose. 

5.2:		 Materials	and	methods	

5.2.1:		 Complementary	Food	Samples	

The food samples, as previously described (Amagloh and Coad 2014), were packaged in 
air- and light-safe containers, and couriered from Massey University, New Zealand (NZ) 
to the University of Greenwich, United Kingdom (UK), for testing in the in vitro 
digestion/Caco-2 cell model to assess their iron bioavailability. The samples were stored 
at 4°C in air and light tight containers prior to the in vitro digestion for use in the Caco-2 
cell studies. Samples were coded, and the investigator conducting the in vitro 
digestion/Caco-2 cell studies was blinded to the composition (i.e., which formulation) of 
tested samples. 

Infant formulations were prepared from a blend of OFSP or CFSP, soya bean, fish 
powder and soya bean oil (Amagloh and Coad 2014). Weanimix is a blend of maize 
(usually the white cultivar), soya bean or cowpea, and groundnut; in this study, soya bean 
was used, and the blend was further enriched with fish powder. Cerelacâ is a commercial 
infant cereal commonly used in Africa; the sample evaluated in this study was Cerelacâ 
Infant Cereal Wheat & Ikan Bilis that also contained dried anchovies, and was donated by 
Nestlé Malaysia. 

5.2.2:		 In	vitro	digestion/Caco-2	model	to	measure	iron	bioavailability	

Two experiments were carried out. In Experiment I, iron bioavailability was investigated 
from all the formulations as prepared in NZ and received in the UK, herein referred to as 
“as provided”. In Experiment II, β-carotene alone, and β-carotene plus fructose, were 
used to fortify CFSP ComFa to levels equivalent with OFSP ComFa (13,353 µg β-
carotene/100 g; and 13,353 µg β-carotene/100 g plus 7.15 g fructose/100 g, respectively) 
to investigate their effect on iron bioavailability. Analytical standard fructose and β-
carotene were obtained from Sigma, solubilized, and added to the CFSP ComFa digest 
immediately prior to the beginning of the digestive process. 

Iron uptake was assessed using the TC7 Caco-2 cell clone (INSERM U505) as used in 
previous studies (Christides and Sharp 2013, Christides, Wray et al. 2014). 

In both experiments, 1 g of the food formulation was weighed, taking into account an 
adjustment for respective moisture content of different foods. The method used for the in 
vitro digestion procedure and iron bioavailability estimations has been published 
elsewhere (Christides and Sharp 2013, Christides, Wray et al. 2014). 
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Briefly, cells were grown in six-well tissue culture plates and maintained in supplemented 
DMEM. On day 13, cell media was changed to supplemented MEM, and on day 14, 
foods were subjected to in vitro digestion with sequential addition of digestive enzymes 
to mimic exposure to the stomach and small intestine (pepsin at pH 2, followed by 
bile/pancreatin at pH 7). Digested foods (digestates), and controls were then applied to 
Caco-2 cells as previously described; cells were treated for two hours, digestates 
removed, and the cells returned to the incubator. Twenty-four hours after the initiation of 
the digestive process cells were harvested for ferritin. Ferritin was measured using a 
commercial enzyme-linked immunosorbent assay (Spectro ferritin, RAMCO Laboratories 
Inc., Stafford, TX, USA), and corrected for differing cell numbers/wells by measurement 
of cell protein; cell protein was measured using the Pierce protein bicinchoninic acid 
assay (BCA). Ferritin values are expressed as ng ferritin/mg cell protein. 

5.2.3:		 Compositional	Analysis:	β-Carotene,	Vitamin	C,	Fructose,	Iron,	Total	Polyphenols	
and	Phytate	

The methods used for determination of β-carotene, ascorbic acid (vitamin C), fructose, 
iron, total polyphenols and phytate have been described in depth in previous publications 
(Amagloh, Brough et al. 2012, Amagloh and Coad 2014). 

Briefly, levels of inhibitors were measured as follows. Phytates were measured using the 
K-PHYT05/07 assay kit (Megazyme International, Bray, Co. Wicklow, Ireland); a quality 
control sample of oat flour was analysed alongside with samples and values were within 
the 10 % variation as specified in the protocol. Sample polyphenol levels were measured 
using the redox Folin–Ciocalteu reagent, and quantified by UV/visible-light 
spectrophotometry; values are expressed as Gallic acid equivalents. Soluble and insoluble 
dietary fibres were  determined  by  the  enzymatic-gravimetric  method (AOAC 991.43). 

Levels of food components enhancing iron absorption were determined as follows. β-
carotene was measured by the Carr–Price method (AOAC 974.29) using high-
performance liquid chromatography (Shimadzu HPLC,  Tokyo, Japan), ascorbic acid was 
measured by reversed-phase, high-performance liquid chromatography (HPLC), and 
fructose was determined by gas chromatography. 

Assays for polyphenols, sugars, and ascorbic acid were carried out by a commercial 
laboratory (Nutrition Laboratory, Massey University, New Zealand, accredited by the 
IANZ and a NZ Ministry of Health recommended agency). 

Sample iron levels were measured by quadrupole inductively coupled mass spectrometry 
(Agilent 7500ce; Agilent Technologies Inc., Santa Clara, CA, USA) after high 
temperature digestion in 68 % HNO3; analysis was conducted by the Campbell 
Microanalytical Laboratory, Department of Chemistry, University of Otago, New 
Zealand. Use of certified reference materials demonstrated a mean recovery of 103 % for 
iron, which is within acceptable experimental standards. 
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5.3:		 Statistical	Analysis	

The data generated from the in vitro digestion/Caco-2 cell studies were analysed using 
general linear models. For the compositional data, One-Way ANOVA was used, and the 
results are presented as the mean ± SD. Tukey’s studentised range test was used to 
compare differences between means when the ANOVA result was significant (p < 0.05). 
Minitab 16.2.2 (Minitab Inc., State College, PA, USA) statistical package was employed 
for the statistical analysis. 

5.4:		 Results	

5.4.1:		 Iron	Bioavailability	of	Tested	Complementary	Foods	as	Provided	

Data on iron bioavailability from the in vitro digestion/Caco-2 cell model for Experiment 
I are presented in Figure 5.1. 

The commercial blend, Cerelacâ, caused the greatest uptake of iron as measured by the 
ferritin assay; approximately 100 % more than the average of that of the sweet potato- 
and maize-based blends investigated in this study. Iron uptake promoted by OFSP ComFa 
and Weanimix was equivalent, and approximately half that of Cerelacâ treated cells. 
CFSP ComFa treated cells had the lowest iron uptake; approximately 65 % less than 
Cerelacâ, and 25 % less than both OFSP ComFa and Weanimix. 

5.4.2:		 Iron	Bioavailability	of	OFSP	ComFa	Compared	with	CFSP	ComFa	Fortified	with	
Fructose	and	β-Carotene	

In Experiment I, with the complementary foods as provided, ferritin formation from 
OFSP ComFa was approximately 30 % higher compared with CFSP ComFa. In 
Experiment II, the fortification of CFSP ComFa with the addition of β-carotene, and 
β-carotene and fructose, to levels equivalent to those in OFSP ComFa, did not increase 
ferritin levels in cells treated with fortified CFSP ComFa to the levels seen in cells treated 
with OFSP ComFa (Figure 5.2), and ferritin levels were comparable to those of 
unfortified CFSP ComFa (Figure 5.1). The difference in ferritin between fortified CFSP- 
and OFSP ComFa remained approximately 30 % — i.e., the same difference as between 
unfortified CFSP- and OFSP ComFa. 
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Figure	5.1	Ferritin	formation	per	gram	(adjusted	for	moisture	content)	of	infant	
complementary	weaning	foods	from:	Cerelacâ;	CFSP	ComFa;	OFSP	ComFa	and	Weanimix.		
Caco-2	 cell	 ferritin	 formation	 was	 highest	 after	 exposure	 to	 the	 commercial	 infant	 cereal	
Cerelacâ.	OFSP	ComFa	 and	Weanimix	 ferritin	 levels	were	 equivalent	 and	 approximately	 50	%	
less	 than	 Cerelacâ	 induced	 ferritin	 formation.	 CFSP	 ComFa	 treated	 cells	 formed	 the	 lowest	
amount	 of	 ferritin:	 25	 %	 less	 than	 the	 levels	 formed	 in	 OFSP	 ComFa	 and	Weanimix.	 	 Values	
shown	 are	 the	mean	 ±SEM	 (n=18).	 Values	 have	 been	 normalised	 to	 the	 average	 blank	 digest	
(i.e.,	 no	 added	 iron)	 ferritin	 level.	 Means	 per	 group	 with	 different	 letters	 are	 significantly	
different	(p£0.05).	
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Figure	5.2	Ferritin	formation	per	gram	(adjusted	for	moisture	content)	of	cream-fleshed	sweet	
potato-based			complementary			food	(CFSP	ComFa)		fortified			with			β-carotene,	and	
β-carotene	plus	fructose,	in	comparison	with	orange-fleshed	sweet	potato-based	food	(OFSP	
ComFa).		
Ferritin	 formation	 was	 highest	 for	 Caco-2	 cells	 exposed	 to	 OFSP	 ComFa;	 CFSP	 ComFa	 ferritin	
levels	 remained	 approximately	 25	 %	 less	 than	 OFSP	 ComFa	 levels	 whether	 fortified	 with	 β-
carotene	 alone,	 or	 β-carotene	 and	 fructose,	 and	 comparable	 to	 the	 CFSP	 ComFa	 ferritin	
concentration	seen	 in	Figure	5.1	 (approximately	14	ng	 ferritin/mg	protein).	OFSP	ComFa	mean	
ferritin	 formation	 (labeled	 b)	 was	 significantly	 higher	 than	 both	 other	 treatments	 (labeled	 a).	
Values	 shown	 are	 the	mean	 ±SEM	 (n=6).	 Values	 have	 been	 normalised	 to	 the	 average	 blank	
digest	(i.e.,	no	added	iron)	ferritin	level.	Means	per	group	with	different	letters	are	significantly	
different	(p£0.05).	

5.4.3:		 Concentrations	of	Total	Iron	and	Iron	Absorption	Inhibitors	in	Tested	Foods	

Table 5.1 shows the data for total iron and iron absorption inhibitors. 

All tested foods had similar levels of total iron. According to the manufacturer’s label, 
Cerelacâ was fortified with ferrous fumarate; data on the specific biochemical iron form 
of the other foods are not available. 
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Levels of inhibitors varied for the tested foods. Cerelacâ had the lowest levels of all 
measured inhibitors; however, this did not reach statistical significance for Cerelacâ 
polyphenol levels compared with Weanimix, nor Celeracâ phytate levels compared with 
CFSP ComFa. OFSP ComFa had the highest concentration of total dietary fibre (TDF), 
followed by CFSP ComFa (12.28 g/100 g and 10.05 g/100 g respectively). Weanimix 
TDF was approximately 50 % of that in each of the sweet potato-based foods. Cerelacâ 
TDF was the lowest of all tested foods at 1.48 g/100 g. 

Weanimix had the highest phytate levels: approximately twice that of OFSP ComFa, and 
approximately 5 times that of CFSP ComFa and Cerelacâ, which had equivalent phytate 
concentrations. 

The sweet potato-based foods had the highest levels of polyphenols, the most potent 
inhibitors of iron absorption; concentrations were nearly identical in OFSP- and CFSP 
ComFa, and approximately 80 % and 100 % higher than Weanimix and Cerelacâ, 
respectively. 

Table	5.1	Amount	of	inhibitors	and	enhancers	of	iron	absorption,	and	the	concentration	of	
iron	in	sweet	potato-	and	cereal-based	complementary	foods.	
 

Inhibitor (/100g) Enhancer(/100g) 
 

Complementary 
Food 

Phytate 
(mg) 

Total 
Polyphenols 
(mg GA equ) 

Total Dietary 
Fibre (g) 

Ascorbic Acid 
(mg) 

β-Carotine 
(µg) Fructose (g) Iron 

(mg/100 g) 

OFSP ComFa 229.85 
±19.36b 

466.28 
±9.68a 12.28 ±1.04a 32.48 ±0.48b 13353 

±1792.60a 7.15 ±0.17a 7.76 ±1.22a 

CFSP ComFa 78.62 ±3.50c 466.42 
±34.98a 10.05 ±0.18b 37.40 

±0.61a,b 1263 ±22.30b 3.09 ±0.07b 7.26 ±0.08a 

Weanimix 438.10 
±8.58a 

263.68 
±17.82b 6.90 ±0.64c BDL 34 ±11.77b BDL 6.53 ±1.55a 

Cerelac 66.92 ±0.96c 213.45 
±29.92b 1.48 ±0.50d 53.11 

±12.07a 66 ±15.83b BDL 8.85 ±0.17a 

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.10 

BDL,	below	detection	limit.	Values	are	the	mean	±	SD	of	triplicate	determinations	on	dry	matter	
basis;	values	within	a	column	with	unlike	superscript	letters	are	significantly	different.	Ascorbic	
acid,	 phytate,	 total	 polyphenols	 and	 fructose	 have	 previously	 been	 published	 (Amagloh	 and	
Coad	2014);	copyright	2014,	The	Nevin	Scrimshaw	International	Nutrition	Foundation	(used	with	
permission).	

5.4.4:		 Concentrations	of	Iron	Absorption	Enhancers	in	Tested	Foods	

Data on iron absorption enhancers are shown in Table 5.1. 

Cerelacâ had the highest levels of ascorbic acid, an established enhancer of iron 
absorption; levels were 50 % higher than in either of the sweet potato-based foods. OFSP- 
and CFSP ComFa ascorbic acid levels were similar, and 500 % higher than Weanimix, 
for which levels were below the detection limits (BDL) of the assay. 
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OFSP ComFa had the highest concentration of β-carotene (13353 µg/100 g), followed by 
CFSP ComFa (1263 µg/100 g); levels were very low in Cerelacâ and Weanimix and not 
statistically different from one another. 

Fructose concentrations were below the level of detection in both Cerelacâ and 
Weanimix. OFSP ComFa had the highest amount of fructose at 7.15 g/100 compared with 
3.09 g/100 g in CFSP ComFa. 

5.5:		 Discussion	

As expected, Cerelacâ had the highest iron bioavailability as estimated by ferritin 
formation (Figure 5.1). Cerelacâ infant cereal is fortified with ferrous fumarate, the 
current recommended form of inorganic iron for fortification of complementary foods 
because of its relatively high bioavailability (Hurrell 2010). In contrast, the household 
formulations contained endogenous iron, which is typically in the less bioavailable ferric 
iron form (Miret, Simpson et al. 2003). Furthermore, levels of inhibitors were lower in 
Cerelacâ; total dietary fibre (TDF) was statistically significantly lower compared with all 
other tested food formulations. Although there is some debate about the role of TDF itself 
(versus the phytates it contains) in decreasing iron absorption in humans (Gibson 2007), 
the results of this study are consistent with other reports in the literature that would 
predict lower TDF would be associated with better iron bioavailability (Lestienne, 
Besancon et al. 2005). Concentrations of both polyphenols and phytates in Cerelacâ were 
also lower than the other formulations. In addition to lower concentrations of iron uptake 
inhibitors, Cerelacâ had approximately 50 % higher levels of ascorbic acid. Cerelacâ’s 
high iron bioavailability is thus explained by the combination of low levels of iron 
absorption inhibitors, high levels of ascorbic acid, and fortification with a relatively 
bioavailable form of inorganic iron. 

Despite higher levels of iron absorption enhancers in OFSP ComFa compared with 
Weanimix, the results of this study indicate that the presence of inhibitors in the OF sweet 
potato-based formulation led to OFSP ComFa and Weanimix having similar levels of 
bioavailable iron as measured by ferritin formation (Figure 5.1)—approximately half the 
amount seen with Cerelacâ. Proximate analysis of the ComFa formulations, and review 
of the literature, suggested that the OFSP food matrix would promote iron absorption, and 
that OFSP ComFa would have more bioavailable iron compared with Weanimix 
(Amagloh, Brough et al. 2012), but this was not found in this study. Although OFSP 
ComFa contained 32-, 393-, and 7-times higher levels of ascorbic acid, β-carotene and 
fructose, respectively, than found in Weanimix, apparently these enhancers did not 
counteract the inhibitory effects of the approximately 1.8 times higher levels of OFSP 
ComFa polyphenols (Table 5.1). Ascorbic acid, β-carotene and fructose have been shown 
to improve the bioavailability of iron from foods, however, for ascorbic acid and fructose, 
this effect is dose dependent, affected by the food matrix, and diminished or eliminated 
by polyphenols (Siegenberg, Baynes et al. 1991, Hurrell, Reddy et al. 1999, Christides 
and Sharp 2013). As previously stated, sweet potato has high concentrations of a range of 
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different polyphenols, and although knowledge about the inhibitory effects of all the 
specific polyphenolic compounds in sweet potato is lacking, the results of this study 
suggest they are strong inhibitors of iron uptake. This is consistent with in vitro and in 
vivo evidence demonstrating that polyphenols are potent inhibitors of inorganic iron 
absorption, and limit food iron bioavailability (Hurrell, Reddy et al. 1999, Tako, Beebe et 
al. 2014, Tako, Reed et al. 2015). Indeed, the results of our study suggest that the 
presence of polyphenols is critical to the overall iron bioavailability of foods, even when 
large amounts of known iron absorption enhancers are present. One caveat to this is that 
there is evidence that the food matrix itself also impacts on the relative importance of 
inhibitors and enhancers. A human study looking at a cowpea based food found that low 
iron bioavailability was associated with higher phytate/iron molar ratios and total phytate 
but not the amount of polyphenols (Abizari, Moretti et al. 2012), in contrast with the 
findings of our study. 

It is noteworthy that the iron content (Table 5.1) in each of the tested formulations was 
similar, underscoring the fact that inorganic iron bioavailability is not primarily 
determined by absolute iron levels, but rather by the biochemical form of dietary iron, in 
combination with the balance of inhibitors and enhancers of iron absorption in the food 
matrix. 

Interestingly, ferritin formation with OFSP ComFa was higher than with CFSP ComFa 
(Figure 5.1) despite similar levels of polyphenols and ascorbate, and lower TDF and 
phytate levels in CFSP ComFa (Table 5.1); this suggests that other factors accounted for 
the difference in iron bioavailability between these two sweet potato-based foods. 
Fructose and β-carotene levels were higher in OFSP ComFa compared with CFSP 
ComFa; therefore, whether these enhancers were responsible for the observed difference 
in ferritin levels between OFSP- and CFSP ComFa was investigated. Experiment II tested 
whether exogenous fortification of CFSP ComFa with fructose and β-carotene at the 
concentrations found in OFSP ComFa would result in equivalent iron uptake from the 
two different types of sweet potato-based foods. However, neither the addition of β-
carotene alone, nor β-carotene and fructose together, improved the amount of bioavailable 
iron from CFSP- compared with OFSP ComFa (Figure 5.2). 

The negative findings of Experiment II may be the result of the specific single type of β-
carotene used (versus the variety of forms naturally occurring in foods), or because, in 
order for β-carotene to improve iron bioavailability, it needs to be present together with 
iron in the original food matrix. Alternatively, in this food matrix β-carotene may not act 
as an iron uptake enhancer. 

The mechanism by which fructose increases iron bioavailability is uncertain, although a 
recent in vitro study suggested that fructose reduces non-haem ferric iron to the more 
bioavailable divalent ferrous form (Christides and Sharp 2013). However, the enhancing 
effects of fructose on iron bioavailability demonstrated in that study were negated by both 
phytates and polyphenols at levels lower than those found in either OFSP- or CFSP 
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ComFa. Thus, the negative findings in this current study are consistent with previous 
work that found the effects of fructose on iron uptake are negated by phytate and 
polyphenols at levels commonly found in consumed foods, and indicate that higher 
fructose levels do not explain the different iron bioavailability of OFSP- compared with 
CFSP ComFa. In summary, the exact reason for the difference in iron uptake between the 
two sweet potato-based formulations remains undetermined. 

It is known that sweet potato colour may indicate the presence of various polyphenolic 
compounds; research analysing sweet potato cultivars has demonstrated differences both 
in type, and amount, of polyphenols between cultivars with different colours (Teow, 
Truong et al. 2007). The results of the present study suggest that different polyphenolic 
compounds present in cream-fleshed versus orange-fleshed sweet potato might account 
for their differing iron bioavailability. A recent in vitro study by Hart et al. using different 
coloured beans found that polyphenol type varied with bean colour, and specific 
polyphenols had differing effects on iron bioavailability at equivalent concentrations 
(Hart, Tako et al. 2015); these findings are consistent with the hypothesis proposed 
above, that although the total polyphenol concentrations of CFSP- and OFSP ComFa 
were the same, differences in types of polyphenols led to differing iron uptake. A 
limitation of this study is that only total polyphenol levels were measured; the findings of 
this research suggest a need for specific analysis of polyphenols found in sweet potato-
based foods, and the sweet potato cultivars used to make them, for their effects on iron 
bioavailability. 

The amount of iron available from CFSP ComFa was significantly lower (1.3 times) than 
that of Weanimix (Figure Table 5.1) although CFSP ComFa contained higher amounts of 
ascorbic acid (37-fold), β-carotene (37-fold) and fructose (3-fold) than Weanimix 
(Table 5.1). Furthermore, Weanimix had 5.5 times the amount of phytate compared with 
CFSP ComFa, and the iron:phytate molar ratio of CFSP ComFa was 1:0.92; this molar 
ratio would be expected to have minimal inhibitory effects on iron uptake (Hallberg, 
Rossander et al. 1987, Hallberg, Brune et al. 1989). TDF levels were higher in CFSP 
ComFa compared with Weanimix, which might, in part, explain the lower bioavailability. 
Perhaps more significantly, CFSP ComFa, similarly to OFSP ComFa, contained 
approximately twice the amount of total polyphenols compared with the cereal-based 
complementary foods (Table 5.1), which would be predicated to decrease iron absorption. 
Significantly, the non-haem iron inhibitory effects of polyphenols are only partially 
counteracted by ascorbic acid at the levels found in the ComFa foods (Hallberg, Brune et 
al. 1986), as opposed to phytates for which ascorbic acid has been shown to more 
completely reverse the inhibitory effects at lower concentrations (Hallberg, Brune et al. 
1986, Hallberg, Brune et al. 1989). Polyphenols also decreased the enhancing effects of 
fructose on iron bioavailability at a 1:1 molar ratio, whereas a 5:1 phytate:iron molar ratio 
was required for phytate inhibition in a recent in vitro study (Christides and Sharp 2013). 
Furthermore, two in vitro studies suggested that polyphenols decrease haem iron 
bioavailability (Ma, Kim et al. 2010, Ma, Kim et al. 2011); therefore, uptake of the haem-
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iron in CFSP ComFa (from the added anchovy powder) might also be decreased.  There 
are no data  (to  the  authors’  knowledge)  about  the  effects  of  β-carotene  on 
polyphenol-related inhibition of iron absorption. In summary, the research conducted in 
this study indicates that the decreased iron uptake seen with CFSP ComFa compared with 
Weanimix is most likely secondary to inhibition by polyphenols. 

Overall, the findings of this study support the well-documented inhibitory effects of 
polyphenols on iron bioavailability, and also that this inhibition is only partially reduced 
by iron absorption enhancers. OFSP ComFa had higher concentrations of phytate and 
TDF than CFSP ComFa, but more bioavailable iron, and polyphenol levels were almost 
identical. Thus, the better iron bioavailability of OFSP ComFa is not explained by 
differences in absolute polyphenol levels, suggesting that CFSP ComFa-specific phenolic 
compounds were the most potent inhibitors, or that there are other unidentified iron 
uptake inhibitors in cream-fleshed sweet potato. The results of this in vitro study, 
demonstrating low iron bioavailability from Weanimix enriched with fish powder, 
confirm earlier findings of a randomised, community-based feeding trial, which found 
that infants fed enriched Weanimix for six months had decreased plasma ferritin and 
haemoglobin levels at the end of the intervention (Lartey, Manu et al. 1999). 

Although the findings of this study did not confirm the earlier suggestion that sweet 
potato-based foods would be less inhibitory on iron bioavailability compared with cereal-
based formulations, these foods could be a good dietary source of other essential nutrients 
such as ascorbic acid and provitamin A (β-carotene) when used as a home produced 
complementary food. Furthermore, whilst the Caco-2 cell model overall accurately 
predicts whether substances enhance or inhibit iron uptake, it may not always precisely 
predict the magnitude of the effect (Fairweather-Tait, Lynch et al. 2005), therefore in 
vivo studies to confirm these results are warranted. 

5.6:		 Conclusions	

CFSP- or OFSP ComFa are not better sources of bioavailable iron compared with non-
commercial cereal-based weaning foods as measured using the Caco-2 cell in vitro 
digestion model. However, they may be a good source of provitamin A. Furthermore, 
sample preparation may affect iron bioavailability, and thus it is possible that sweet 
potato-based complementary foods prepared in a different manner might have more 
bioavailable iron. Studies to identify and analyse polyphenols from different sweet potato 
cultivars, and their specific effects on iron absorption, and investigation of the interaction 
between sweet potato polyphenols, phytates and fibre in the presence of ascorbic acid, β-
carotene and fructose, could help to identify optimal sweet potato cultivars, and sample 
preparation methods, to be used as a basis for complementary foods. Follow up in vivo 
studies to confirm results are also warranted. 
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6 Chapter 6: In vitro assessment of iron availability from 

commercial Young Child Formulae supplemented with 

prebiotics 
 

This chapter presents work and evidence related to whether galacto- and fructo-
oligosaccharides improve iron bioavailability in a milk-based food matrix. The chapter is 
based on the manuscript accepted for publication in the European Journal of Nutrition 
entitled “In vitro assessment of iron bioavailability from commercial Young Child 
Formulae supplemented with prebiotics”; Christides, Ganis and Sharp (2016). 

6.1:		 Introduction		

Iron is essential for growth and neurodevelopment in infants, and young children 
(children between the ages of one-three).  Humans from birth until three years of age 
undergo rapid brain growth and development; iron is required for multiple processes 
underlying this developmental surge including myelination, neurotransmitter function, 
brain energy homeostasis, and neuronal- and synaptogenesis (Nyaradi, Li et al. 2013). 
Inadequate iron during this period of childhood is associated with impaired cognitive and 
psychomotor development that may not reverse even if children become iron-replete later 
in life (Lozoff, Jimenez et al. 2000). Full term infants are protected from iron deficiency 
and iron deficiency anaemia (ID/IDA) for the first four-six months after birth as a result 
of gestationally-derived iron stores (Domellof, Braegger et al. 2014). Unfortunately, for 
the rest of the critical time period up to three years of age, children are at high risk for 
ID/IDA because of rapid overall growth and associated increased iron needs, and often, 
inadequate intake of bioavailable dietary iron (Domellof, Braegger et al. 2014, Paoletti, 
Bogen et al. 2014). 

Infant formula is fortified with iron to prevent deficiency (American Academy of 
Pediatrics Committee on Nutrition 1989), and the evidence suggests that this mandatory 
fortification is effective - in the developed world less than 5 % of infants under 12 months 
have IDA (Domellof, Braegger et al. 2014, Scientific Advisory Committee on Nutrition 
2010). However, the prevalence of ID/IDA increases between one–three years of age, 
ranging from 6-15 % in the developed world (Brotanek, Gosz et al. 2008, Bates, Lennox 
et al. 2014), due to accelerated growth at this developmental stage, and also possibly the 
switch from formula to cow’s milk that has less iron compared with formula (Ziegler 
2011, Ghisolfi, Fantino et al. 2013, McCarthy, Ni Chaoimh et al. 2016). In response, the 
food industry has developed “Young Child Formulae” (YCF), milk-derived products 
fortified with multiple micronutrients and other dietary factors, aimed at one-three year 
old children. YCF contain more iron compared with cow’s milk, and are also fortified 
with ascorbic acid, a known enhancer of non-haem iron absorption. 
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There are numerous commercially available YCF throughout the developed world. In the 
United Kingdom (UK), according to the Diet and Nutrition Survey of Infants and Young 
children, 18 % of children between 12-18 months received YCF as part of their diet, 
representing a significant number of children consuming these products (Lennox, Ong et 
al. 2011). Furthermore, a cross-sectional study of one-two year old children conducted in 
France found that use of YCF was associated with improved dietary iron intake compared 
with children exclusively receiving cow’s milk (Ghisolfi, Fantino et al. 2013); however, 
the specific nutrient composition of the YCF being consumed with reference to modifiers 
of iron absorption was not specified, nor were iron status markers measured in study 
subjects to assess whether the observed increase in iron intake correlated with good iron 
status. 

In addition to added iron and ascorbic acid, several YCF products are supplemented with 
prebiotics. Prebiotics are non-digestible dietary substances, typically oligosaccharides 
such as fructo- and galacto- oligosaccharides (FOS and GOS, respectively) that 
encourage the growth of beneficial microorganisms in the large intestine (Gibson, 
Roberfroid 1995, Gibson, Probert et al. 2004). Prebiotics have also been shown to 
improve the bioavailability of minerals, although results with regard to iron are not 
consistent (Yeung, Glahn et al. 2005). The type and amount of added prebiotic varies 
between YCF, and some YCF do not have any added prebiotics (source of information: 
manufacturers’ nutrition labels and websites); of note, The European Society for Pediatric 
Gastroenterology, Hepatology and Nutrition (ESPGHAN) Committee on Nutrition in a 
recent review found that there was no evidence of adverse effects from the addition of 
prebiotics to formula, however they also concluded that evidence was insufficient to 
recommend routine supplementation and that further research was needed (Braegger, 
Chmielewska et al. 2011). The European Commission regulates infant and follow-on 
formulae composition in the European Union and stipulates a maximum amount of 
prebiotics that may be added, but does not make more specific reference to recommended 
amounts (Commission Directive 2006/141/EC, reviewed and updated July 2016). 

Although young children are at increased risk for ID/IDA, there is also concern that 
excess dietary iron may affect their gut microbiome with negative local and systemic 
health effects (Krebs, Domellof 2015).  A study conducted in Kenya found that intake of 
iron-fortified foods led to a higher number of gut pathogens, increased intestinal 
inflammation, and more frequent diarrhoea episodes requiring treatment (Jaeggi, Kortman 
et al. 2015). In another study, consumption of iron-fortified biscuits was associated with 
an unfavorably altered gut microbiome (Zimmermann, Chassard et al. 2010.  Unabsorbed 
iron reaching the colon is suggested to mediate these effects (Quinn 2014). Of note, 
however, a study in children from 9-18 months living in the UK, who continued to 
receive iron supplemented formula, found no evidence of adverse effects over the nine 
months of the study even in iron replete children (Singhal, Morley et al. 2000), thus the 
effects of iron on the young gut may vary depending on underlying risk for gut 
inflammation and infection. None the less, foods fortified with highly bioavailable iron 
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are desirable because of their efficacy in improving iron nutriture as a result of increased 
absorption. They may also, as a consequence of improved small bowel uptake, deliver 
less iron to the large intestine that may have long term health implications related to the 
gut microbiome. 

The objective of this study was to compare the iron bioavailability of four YCF 
commonly consumed in the UK containing approximately equal amounts of iron, but with 
different ascorbic acid concentrations, and varying amounts and types of FOS and GOS. 
The aim of our research was to evaluate YCF iron bioavailability relative to supplemental 
prebiotic and ascorbic acid concentrations. We utilised the Caco-2 cell/in vitro digestion 
model with the formation of Caco-2 cell ferritin as a surrogate marker for cellular iron 
uptake. This model has been used in multiple studies to assess iron bioavailability from 
foodstuffs including milks, milk-derived products, and infant formulae, for examples see 
(Etcheverry, Wallingford et al. 2004, Viadel, Perales et al. 2007, Laparra, Tako et al. 
2008). We hypothesised that the YCF with the highest concentrations of prebiotics and 
ascorbic acid would have the highest levels of bioavailable iron, while the YCF with no 
added prebiotics and lower levels of ascorbic acid would have the lowest iron availability. 

6.2:		 Materials	and	methods		

6.2.1:		 Reagents		

All chemicals and enzymes, unless otherwise stated, were purchased from Sigma-Aldrich 
(UK). Acids required for glassware cleaning and in vitro digestions were acquired from 
VWR (UK). Thermo Fisher Scientific was the provider of cell culture media, flasks, 
tissue culture plates and cell culture reagents.  Twenty-four hours prior to each 
experiment glass- and plastic ware needed for experiments were soaked in 10 % (v/v) 
trace metal grade 68 % nitric acid and then subsequently rinsed with 18 mΩ pure water.  

GOS powders (100 % purity) used in experiments were either purchased from Megazyme 
International (Ireland), or kindly provided by King-Prebiotics. FOS powder (100 % 
purity) was purchased from Health Plus (Seaford, East Sussex). 

6.2.2:		 Samples	

Four YCF were obtained from three different leading UK supermarkets on three separate 
occasions, herein identified as YCF A, B, C and D. Products were tested before the use 
by date, and within one month of purchase. YCF were stored unopened at room 
temperature, similar to their distribution and market environment. YCF A and B were 
fortified with equivalent amounts of prebiotics in the forms of GOS and FOS by the 
manufacturer; YCF A specified the ratio of GOS to FOS, but neither YCF A or B 
provided nutrient label information on the specific forms of GOS and FOS used. YCF C 
was fortified with GOS alone by the manufacturer, and at a lower concentration 
compared with YCF A and B, and YCF D had no added prebiotics. YCF A, B and D had 
1.2 mg iron/100 ml product; YCF C had 1.1 mg/100 ml. Ascorbic acid levels also 
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differed between YCF; YCF A and B had the highest reported levels, followed by YCF 
D. YCF C had the lowest reported concentration of vitamin C. The nutrient composition 
of the various YCF in relation to total iron, ascorbic acid and prebiotics, is provided 
below (Table 6.1) 

Table	6.1:	Nutrient	composition	of	YCFs	A-D	according	to	the	manufacturers’	labels	and	
websites.		

Nutrient 

(mg/100 ml unless 
otherwise noted) 

YCF Sample 

A B C D 

Ascorbic Acid 15 15 10 12 

Iron 
1.2  

(FeSO4) 

1.2  

(Fe2lactate) 

1.1  

(FeSO4) 

1.2  

(FeSO4) 

FOS 120 Not stated 0 0 

GOS 1080 Not stated 500 0 

Total FOS & GOS 1200 1200 N/a 0 

Fibre (g/100 ml) 0.8 0.8 0.5 0 

 

6.2.3:		 Cell	culture		

The TC7 Caco-2 cell line was used for all experiments (kindly endowed to the Sharp 
laboratory by Monique Rousset and Edith Brot-Laroche, INSERM U505) (Caro, Rousset 
et al. 1995); work with this cell line investigating iron uptake and bioavailability has been 
published in numerous studies, for example (Christides, Sharp 2013, Christides, Wray et 
al. 2014, Johnson, Yamaji et al. 2005). 

Details of the in vitro digestion method have been previously published (Christides, Sharp 
2013, Christides, Wray et al. 2014, Glahn, Lee et al. 1998). Briefly, cells were grown in 
T75 flasks, and seeded into six-well tissue culture plates for experiments. According to 
the method developed by the Glahn laboratory (Glahn, Lee et al. 1998) the in vitro 
digestions were carried out 13–15 days post-seeding. The media used to feed cells was 
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Dulbecco’s Modified Eagle Medium supplemented with 10 % v/v foetal bovine serum, 
1 % penicillin–streptomycin, 4 mmol/L L-glutamine, and 1 % non-essential amino acids. 

 

Media was changed to supplemented MEM (10 mmol/L PIPES [piperazine-N, N′-bis- (2-
ethanesulfonic acid)], 1 % antibiotic/antimycotic solution, 11 µmol/L hydrocortisone, 
0.87 µmol/L insulin, 0.02 µmol/L sodium selenite (Na2SeO3), 0.05 µmol/L 
triiodothyronine and 20 µg/L epidermal growth factor), without foetal bovine serum, to 
ensure satisfactory cell growth but with low basal media iron levels (Glahn, Lee et al. 
1998, Jumarie, Malo 1991). 

6.2.4:		 YCF	and	in	vitro	digestions		

All experiments were carried out with freshly prepared reagents and freshly opened 
cartons of YCF; only liquid forms of YCF were tested in experiments. 1.8 - 2 ml of YCF 
sample were used per digestate depending on sample iron concentration.   

All experiments contained a set of controls: a digest with no added iron to ensure no iron 
contamination of our system (Blank food digest); a reference digest of 30 µmol/L FeCl3 

(Fe alone) equivalent to the iron concentration in YCF digestates; and a positive control 
digest of 30 µmol/L FeCl3 and 300 µmol/L ascorbic acid (Fe+AA at a 1:10 molar ratio).  

The digests were prepared as previously described (Christides, Sharp 2013, Christides, 
Wray et al. 2014). Briefly, pepsin was added to the controls or YCF samples to initiate 
the gastric phase of the in vitro digestion (tested controls or samples herein referred to as 
digestates), and the pH adjusted to pH 2. As the literature suggests the stomach pH of 
infants and young children may be higher compared with adults (reaching a pH of 4) 
(Bowles, Keane et al. 2010), we also conducted a subset of experiments, with a limited 
number of YCF, in which digestions were initiated with a gastric phase pH of 4. During 
the gastric phase (at both pHs) digestates were placed in a shaking incubator for 75 
minutes. Subsequently, the pH was raised to 5.0-6.0, bile salts and pancreatin digestive 
enzymes were added, and the pH was readjusted to 6.9-7.0 followed by another 75 
minutes in the shaking incubator to mimic the small intestinal phase of digestion.  

A chamber was created over each individual cell culture well containing the Caco-2 cell 
monolayer using a 15 kD molecular weight cut-off dialysis membrane fitted over a 
Transwell insert and held in place with a silicon ring. 1.5 mL of the digestate were then 
placed in the chamber that was in contact with the cell culture media of the well. The 
tissue culture plates were placed in a 37 °C incubator for 60 minutes. While in the 
incubator they were rotated using a platform-fitted multi-function 3D rotator set at 6 
oscillations/minute. The inserts were then removed, and an additional 1 mL of 
supplemented MEM added to each well. The cells were returned to the incubator for the 
following 22 hours, and then harvested for ferritin.  
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All YCF samples were tested on a minimum of three separate occasions at gastric phase 
pH 2,  with n = 6 for each treatment. Further in vitro digestions were carried out on one 
or more occasions with total n ≥ 6 (specified on figures and tables) for: gastric phase 
digestion at pH 4; YCF with exogenously added GOS and FOS so that total levels of 
prebiotics were equivalent across all YCF samples; YCF with exogenously added 
ascorbic acid so that levels of ascorbic acid were equivalent across all YCF samples; YCF 
with exogenously added GOS, FOS and ascorbic acid so that levels were equivalent 
across all YCF; and, heat-treated digestates. 

6.2.5:		 Cell	harvest	and	ferritin	analysis		

Cells were harvested as previously described (Christides, Sharp 2013, Christides, Wray et 
al. 2014). In brief, the monolayers of cells were rinsed, and then detached with cell lysis 
buffer (CelLyticTM – Sigma-Aldrich), and subsequently centrifuged at 6,000×g for 6 
min; supernatant was separated and stored at −80 °C.  The samples were analysed for 
ferritin using the SpectroFerritin MT Enzyme Linked Immunoassay (ELISA; RAMCO, 
TX, USA). Ferritin levels were adjusted for varying cell numbers/well by measurement of 
cell protein/well (Pierce Protein BCA assay) and expressed as ng ferritin/mg of cell 
protein. 

6.2.6:		 Ascorbic	acid	analysis	

All samples, and GOS and FOS used to fortify Samples C and D to levels equivalent with 
Samples A and B, were analysed for reduced ascorbic acid (herein referred to rAA) 
concentrations using the 2,6-Dichloroindophenol Titrimetric method (AOAC 985.33). 
Briefly, 5 ml of the YCF being analysed, or 5 grams of the GOS and FOS powders being 
tested (prebiotic powders were initially ground in a mortar and pestle with fine sand, then 
strained), were added to a mixture of glacial acetic acid and metaphosphoric acid, and 
titrated with a freshly prepared Indophenol standard solution. A rAA standard solution 
was freshly prepared and used to standardise the Indophenol titration solution. rAA levels 
were calculated based on the ascorbic acid equivalent mass titrated to 1 ml of Indophenol 
indicator solution (in relation to the rAA standard solution), adjusted for dilutions factors 
and the test solution blank titration level. 

6.2.7:		 Heat	treatment	

To evaluate the contribution of ascorbic acid to iron uptake, selected YCF digestates, and 
the iron plus ascorbic acid positive control, were treated for 7.5 minutes in a 100 °C water 
bath, and then plunged into ice, in order to degrade the ascorbic acid (Davey, Inze et al. 
2000). 
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6.3:		 Statistical	analysis		

Statistical analysis of the data was performed using Graph-Pad Prism (version 6.0c 
GraphPad Software, San Diego, CA, USA). In vitro digestion experiments were analysed 
using the statistical methods of Motulsky (Motulsky 2010). Data are presented as means 
± SEM and were analysed by one-way ANOVA followed by either Tukey’s multiple 
comparisons test (all-pairwise across experimental groups) or, where the comparison 
being made was only between select pairs, Sidak’s multiple comparisons test. Differences 
between means were considered significant at p ≤ 0.05.  Ordered increases in data were 
tested using the non-parametric Jonckheere-Terpstra test.  Ordered increases were 
considered significant at p ≤ 0.05.  The Jonckheer-Terpstra test was computed in 
Microsoft Excel. Unless stated otherwise, in the results section the word “significantly” is 
used to denote statistical significance as indicated by the relevant p shown in parenthesis 
at the end of the statement. 
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6.4:		 Results	

6.4.1:		 Iron	Bioavailability	of	Tested	YCF	at	gastric	phase	pH	2	

Data on iron bioavailability of YCF A-D from the in vitro digestion/Caco-2 cell model 
are presented in Figure 6.1. 

YCF A and B, which had the highest levels of prebiotics and ascorbic acid, had the 
highest iron bioavailability as measured by ferritin formation. YCF A ferritin levels were 
43 %, and 62 % greater than YCF C and D, respectively (p<0.0001). YCF B ferritin 
levels were 25 %, greater than YCF C, although this was not statistically significant 
(p=0.1007), and 41 % greater than YCF D (p=0.0113). YCF C and D did not have 
statistically different ferritin concentrations  

	

Figure	6.1	Caco-2	ferritin	levels	from	treatment	of	cells	with	digestates	of:	controls;	YCF	A-D;	
and	YCF	C	and	D	supplemented	with	GOS	&	FOS	to	levels	equivalent	to	those	found	in	YCF	A	
and	B.		
Values	presented	are	means	of	 data	normalized	 to	 the	 Fe	 reference	 control	 (Fe	 alone)	 ±	 SEM	
(n≥18	for	YCF	alone,	all	others	n≥6).	Treatment	with	YCF	A	yielded	the	highest	ferritin	compared	
with	all	other	YCF	although	not	statistically	so	when	compared	to	YCF	B.	The	addition	of	GOS	&	
FOS	to	YCF	C	and	D	increased	ferritin	to	levels	statistically	equivalent	to	YCF	A	and	B.	Based	on	
an	ANOVA	(p<0.0001)	with	Tukey’s	multiple	comparisons	test	post-hoc	analysis	done	on	an	all-
pairwise	 basis;	 means	 with	 different	 superscript	 letters	 in	 a	 column	 are	 statistically	 different	
(p£0.05).	
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6.4.2:		 Iron	Bioavailability	of	Tested	YCF	at	gastric	pH	4	

YCF A, B and D (representing the YCF with the highest and lowest bioavailability, 
respectively) were tested using a gastric phase pH of 4 (Table 6.2). Changing the pH to 4 
did not alter iron bioavailability for any of the tested YCF. 

Table	6.2	Ferritin	values	of	Caco-2	cells	treated	with	YCF	A,	B	and	D	at	gastric	phase	digestions	
of	pH	2	compared	with	pH4.		

YCF	Sample	 pH2	
ng	ferritin/mg	protein	

pH4	
ng	ferritin/mg	protein	 p-value	

YCF	A	 34.1	±	0.9	 29.9	±	1.1	 0.4239	

YCF	B	 29.7	±	1.4	 30.1	±	2.5	 0.9990	

YCF	D	 21.1	±	2.8	 17.1	±	3.2	 0.5407	

Values	presented	are	 the	mean	+/-	SEM.	There	was	no	statistical	difference	between	pH2	and	
pH4	 gastric	 phase	 digestions	 for	 any	 of	 the	 three	 samples	 using	 Sidak's	multiple	 comparisons	
test	(n	≥	6).	

6.4.3:		 Iron	Bioavailability	of	YCF	to	which	exogenous	GOS	&	FOS	were	added	

Data on iron bioavailability for these experiments presented in Figure 6.1. 

Caco-2 cells ferritin concentration as a marker for iron uptake (herein referred to as 
“Ferritin”) in YCF C and D were significantly lower than those in YCF A. Ferritin levels 
of YCF C were 10.25 ng ferritin/mg protein lower than YCF A (30 % lower; p<0.0001), 
and ferritin levels of YCF D were 13.01 ng ferritin/mg protein lower than YCF A (38 % 
lower; p<0.0001). Whilst not statistically significant, ferritin levels of YCF C were also 
20 % lower than YCF B ferritin levels (p=0.1007). YCF D was significantly lower than 
YCF B by 29 % (p=0.0113).  YCF C originally contained 0.5 grams GOS/100ml milk, 
whereas YCF D originally contained no supplemental prebiotics. After the addition of a 
mixture of GOS and FOS to both YCF C and D, so that total prebiotic levels were 
equivalent to those found in YCF A and B, there was no longer a statistically significant 
difference between the ferritin levels in any of the four tested YCF; although YCF C and 
D ferritin levels were still 7.42 and 6.15 ng ferritin/mg protein lower, (by 22 % and 
18 %), respectively, compared with YCF A.  

6.4.4:		 Iron	Bioavailability	of	YCF	relative	to	ascorbic	acid	with	and	without	heat	
treatment	

YCF A and B had equal amounts ascorbic acid according to stated information on the 
manufacturer’s label (15 mg ascorbic acid/100 ml milk); measured levels were 14.2 and 
16.3 mg rAA/100 ml milk, respectively. Ascorbic acid levels in YCF C were reported as 
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10 mg/100 ml milk (the lowest of all tested YCF) and measured as 10.2 mg/100ml; YCF 
D rAA levels were reported as 12 mg/100 ml and measured as 10.1 mg/100ml. 

The reported ascorbic acid:iron molar ratios were 4:1 for YCF A and B, and 3:1 for YCF 
C and D, respectively. Ascorbic acid:iron molar ratios based on  measured rAA were: 
3.75:1; 4.3:1; 3:1; and 2.7:1; for YCF A, B, C and D, respectively. 

In order to ensure that our heat treatment inactivated the ascorbic acid present in YCF 
samples, we tested whether heat-treating our positive control (Fe+AA) affected ferritin 
formation. Heat treatment of the positive control significantly decreased ferritin levels 
compared with the non-heat treated positive control (p=0.0002); levels were equivalent to 
those seen in our iron alone controls (i.e. iron added to digestates without any added 
ascorbic acid; p=0.2227; Figure 6.2A). Heat treatment of YCF A significantly decreased 
ferritin levels by approximately 24 % (from 53.42 to 40.83 ng ferritin/mg protein; 
p=0.0074), however YCF A ferritin concentration, even after heat treatment, was still 
significantly higher by 13.52 ng ferritin/mg protein compared with YCF C levels (the 
sample with the lowest reported and measured AA levels; p=0.0082). Lastly, we added 
exogenous ascorbic acid to YCF C to levels equivalent to those found in YCF A; ferritin 
levels increased by 5.90 ng ferritin/mg protein, or approximately 22 %, but were still 
20.20 ng ferritin/mg protein less (38 %) than those measured in cells treated with YCF A 
(p=0.0002; Figure 6.2B). 



	 121 | Page 

	

		

Figure	6.2	Ferritin	levels	of	Caco-2	cells	exposed	to	control	digests,	both	with,	and	without,	
heat	treatment	to	degrade	ascorbic	acid	(AA).		
Figure	6.2(A)	Ferritin	 levels	of	Caco-2	cells	exposed	to	control	digests,	both	with,	and	without,	
heat	treatment	to	degrade	ascorbic	acid	(AA).	Heat	treatment	of	the	positive	control	(Fe+AA	at	a	
1:10	Fe:AA	molar	ratio)	decreased	the	enhancing	effect	of	AA	on	iron	uptake;	ferritin	formation	
was	equivalent	between	the	Fe	alone	and	Fe+AA	controls.		Based	on	an	ANOVA	(p=0.0003)	with	
Tukey’s	multiple	comparisons	 test	post-hoc	analysis	done	on	an	all-pairwise	basis;	means	with	
different	superscript	letters	in	a	column	are	statistically	different	(p≤0.0015).		
Figure	6.2(B)	Caco-2	ferritin	levels	of	cells	treated	with	YCF	A	digestates,	with,	and	without,	heat	
treatment,	and	YCF	C	digestates,	with,	and	without,	added	AA	(≈1:4	Fe:AA	molar	ratio).	Ferritin	
levels	 of	 YCF	 A	 decreased	 after	 heat-treatment;	 ferritin	 levels	 of	 YCF	 C	 increased	 after	 the	
addition	 of	 AA	 to	 levels	 equivalent	 with	 YCF	 A,	 however	 ferritin	 was	 still	 less	 than	 non-heat	
treated	YCF	A	levels.	All	presented	values	are	means	normalized	to	the	Fe	reference	control	(Fe	
alone)	±	SEM.	Based	on	an	ANOVA	(p<0.0001)	with	Tukey’s	multiple	comparisons	test	post-hoc	
analysis	done	on	an	all-pairwise	basis;	means	with	different	superscript	 letters	 in	a	column	are	
statistically	different	(p≤0.0074).	

6.4.5:		 Iron	bioavailability	of	YCF	C	and	D	with	the	addition	of	exogenous	GOS&FOS,	
with,	or	without,	added	ascorbic	acid		

In order to test whether prebiotics and ascorbic acid had an additive effect on iron 
bioavailability, we   measured ferritin levels of digestates of YCF C and D with added 
GOS&FOS alone, compared  with digestates of YCF C and D with added GOS&FOS 
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and ascorbic acid. There was an ordered  increase in ferritin formation in the order of 
digestates of YCF C alone, YCF C and GOS&FOS, and YCF C, GOS&FOS and ascorbic 
acid (p=0.0048; Figure 3A); similarly, there was an ordered increase in ferritin formation 
in the order of digestates of YCF D alone, YCF D and GOS&FOS, and YCF D, 
GOS&FOS and ascorbic acid (p=0.0001; Figure 6.3B). 

	

Figure	 6.3(A)	 Ferritin	 levels	 of	 Caco-2	 cells	 treated	 with	 digests	 of:	 YCF	 C	 alone;	 YCF	 C	 +	
GOS&FOS;	 and	 YCF	 C,	 GOS	&	 FOS,	 +	 ascorbic	 acid	 (AA,	 114	 μmol/L;	 ≈	 1:4	 Fe:AA	molar	 ratio).		
Increase	in	ferritin	formation	was	tested	using	the	Jonckheere-Terpstra	test	and	is	significant	in	
the	order	YCF	C	alone,	YCF	C	+	GOS	&	FOS,	and	YCF	C,	GOS	&	FOS,	+	AA	(p=0.0048).		
Figure	 6.3(B)	 Ferritin	 levels	 of	 Caco-2	 cells	 treated	 with	 digests	 of:	 YCF	 D	 alone;	 YCF	 D	 +	
GOS&FOS;	and	YCF	D,	GOS	&	FOS,	+	AA	(114	μmol/L;	≈	1:4	Fe:AA	molar	ratio).	Increase	in	ferritin	
formation	was	 tested	 using	 the	 Jonckheere-Terpstra	 test	 and	 is	 significant	 in	 the	 order	 YCF	D	
alone,	YCF	D	+	GOS	&	FOS,	and	YCF	D,	GOS	&	FOS,	&	AA	(p=0.0001).	
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6.5:		 Discussion	

YCF A and B, with the highest levels of prebiotics and ascorbic acid, had the highest iron 
bioavailability as measured by Caco-2 cell ferritin formation. YCF A ferritin levels were 
approximately 1.5 times greater than those of YCF C and D, while YCF B ferritin levels 
were approximately 1.3 times greater than those of YCF C and D. The addition of 
prebiotics (a mixture of GOS and FOS) and ascorbic acid, to YCF C and D increased iron 
uptake by approximately 1.5 and 2.3 times, respectively, but neither exogenously added 
ascorbic acid alone, nor prebiotics alone, elevated ferritin levels to those seen in YCF A, 
suggesting both factors contributed to the greater iron bioavailability of YCF A.  

Previous reports in the literature found that an ascorbic acid to iron molar ration of 4:1 is 
associated with higher iron bioavailability in high phytate food products (Allen, de 
Benoist et al. 2006); consistent with this in our study YCF A and B, which had the most 
bioavailable iron, also had both higher absolute amounts of ascorbic acid, and higher 
ascorbic acid to iron molar ratios compared with the other tested YCF.  

Relative to prebiotics, the results of our study are consistent with numerous studies 
demonstrating prebiotics enhance iron absorption in rodents and pigs (Lobo, Gaievski, et 
al. 2014, Freitas, Amancio et al. 2012, Wang, Zeng et al. 2010, Pérez-Conesa, López et 
al. 2007, Yasuda, Roneker et al. 2006).  Potential mechanisms driving this increase 
included: enhanced solubility of iron (Yasuda, Roneker et al. 2006); a decrease in colonic 
pH (Yasuda, Dawson et al. 2009, Laparra, Glahn et al. 2009); changes in the profile of the 
gut microbiota (Patterson, Yasuda et al. 2010); a direct effect on iron transporter 
expression either in duodenum, or colon (Lobo,  Gaievski et al. 2014, Tako, Glahn et al. 
2008, Marciano, Santamarina et al. 2015); or a systemic decrease in inflammation leading 
to decreased production of hepcidin, a peptide secreted by the liver in response to 
inflammation that decreases iron absorption (Yasuda, Dawson et al. 2009). However, it is 
not clear whether any of these mechanisms would be relevant in our short-term in vitro 
studies. 

Results from studies evaluating the effects of prebiotics on iron availability carried out in 
human beings, and also in vitro with the Caco-2 cell line, have been mixed. A recent 
study in women with low iron status who were given approximately 20 g/d of the FOS 
inulin, found that although inulin did modify the large bowel microbiome and also 
lowered colonic pH, there was no influence on iron absorption as measured by the stable 
isotope technique; iron absorption in the inulin group was 14 % higher but this was not 
statistically significant (Petry, Egli et al. 2012). Another study carried out in young men 
using the same method to assess iron absorption also found no statistically significant 
effect of inulin, FOS, or GOS on iron absorption, though absorption was some 20 % 
higher in the FOS group compared with control (van den Heuvel, Schaafsma et al. 1998). 
Both of these studies were relatively small (n=32, n=15, respectively), and therefore may 
have been underpowered to detect small, but physiologically relevant, increases in iron 
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uptake. Absorption of iron is primarily determined by host iron status, and differences in 
iron absorption from foods containing less potent enhancers of absorption (e.g. prebiotics) 
may not be revealed unless some degree of iron deficiency is present, or absolute amounts 
of bioavailable dietary iron are too low to meet needs. Our results are consistent with a 
study carried out in infants and young children that demonstrated improved iron status 
amongst children receiving a mixture of prebiotic oligo-saccharides (type not specified) 
and probiotics (Sazawal, Dhingra et al. 2010). A possible reason for these different study 
results is that inulin may not be the optimal FOS for increasing iron absorption. Shorter 
chain FOS more closely resemble fructose (Schaafsma, Slavin 2015), which we have 
shown increases non-haem iron bioavailability in the Caco-2 cell model (Christides, 
Sharp 2013).  Our previous work demonstrated that fructose added to a ferric iron 
solution increased levels of ferrous iron by approximately 300 % (Christides, Sharp 
2013), suggesting that the observed increase in iron bioavailability was caused by 
fructose reducing ferric iron to the more bioavailable ferrous iron. Shorter chain FOS may 
be better at improving iron bioavailability compared with longer chain FOS-inulin if they 
share some degree of this reducing effect, or secondary to other structural-related 
differences. In support of this, recent work using GOS suggests that specific structural 
differences in prebiotics alter their influence on iron absorption (Laparra, Diez-Municio  
et al. 2014). Lastly, human studies evaluating the effects of GOS and FOS given together 
on iron bioavailability have not, to the authors’ knowledge, been conducted; the two 
prebiotics together may act synergistically. 

Several in vitro studies evaluating the effect of prebiotics on iron uptake have been 
carried out in the past decade. Two Caco-2 cell-based studies evaluating iron 
bioavailability from milk- or soy-based yogurts, and common beans, both found that 
inulin did not improve iron bioavailability from the test food matrix (Laparra, Tako et al. 
2008, Laparra, Glahn et al. 2009). In contrast, and in agreement with our findings, 
another in vitro study using iron-fortified cereal biscuits, to which inulin had been added, 
demonstrated improved iron bioavailability that correlated with increased iron solubility 
(Vitali, Cetina-Čižmek et al. 2011).  Both the yogurt and bean based studies used a higher 
dose of inulin compared with our study (approximately 17 mg vs. 2.4 mg per digestate), 
and did not add any GOS; the amount of prebiotics applied to Caco-2 cells in the biscuit 
study was not specified. In conclusion, the positive results in our present study may relate 
to several factors: different dose of FOS; different forms of FOS and GOS; and the 
addition of GOS and FOS together to the tested food matrix.  

Young children have the highest risk of ID/IDA amongst pre-adolescent children.  The 
ESPGHAN Committee on Nutrition recommends young children receive a diet rich with 
iron-containing foods and that excess intake of iron-poor cow’s milk be avoided 
(Domellof, Braegger et al. 2014). However, ID/IDA persists in young children, and thus 
YCF fortified with iron may be beneficial, as part of a varied diet, in the prevention of 
ID/IDA. In addition, fortified milk products with the most bioavailable iron would also be 
predicted to deliver less unabsorbed iron to the young colon. The findings of this study 
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suggest that both prebiotics and ascorbic acid contribute to improved iron bioavailability 
in YCF. However, ascorbic acid is a relatively unstable micronutrient, and levels may 
fluctuate depending on storage conditions and timing of use from purchase date (Davey, 
Inzé et al. 2000), whereas prebiotics are relatively stable in foods (Klewicki 2007, Vega, 
Zuniga-Hansen 2015). Thus the use of both dietary factors to improve iron bioavailability 
in fortified milks may be complementary.  

Several observational studies in Europe (Ghisolfi, Fantino et al. 2013, Walton, Flynn 
2015) found that intake of YCF was associated with increased dietary intake of iron in 
young children. A recent cross-sectional study carried out in Western Europe amongst 
healthy young children found that 11.9 % and 3.9 % of tested children had ID, and IDA 
respectively, and use of cow’s milk as the main milk source was associated with an 
increased risk of ID (Akkermans, van der Horst-Graat et al. 2016).  The prevalence of ID 
in children primarily receiving cow’s milk was 19.7 % in contrast with children whose 
main source of milk was YCF (ID prevalence 5.4%); this difference was highly 
significant (p<0.001)(Akkermans, van der Horst-Graat et al. 2016). The specific YCF 
used in this study were not specified, nor were study participants’ intakes of ascorbic acid 
or prebiotics.   

There are several limitations to our study. Although the Caco-2 cell system is a validated 
model for assessing iron bioavailability including in the food matrixes we tested, the 
magnitude of effects may not always be accurate (Fairweather-Tait, Lynch et al. 2005). It 
thus remains for our results to be confirmed in vivo. In addition, we did not analyse the 
specific forms of GOS and FOS used in this study, and there is evidence that there is 
structural specificity in terms of the effects of prebiotics on iron bioavailability. Studies 
looking at specific prebiotic structure and its relation to iron availability would be helpful. 
Furthermore, although the European Commission regulates the absolute amounts both of 
prebiotics (and the ratio of GOS to FOS) that may be added to YCF, dose-response 
analysis of prebiotic effects on iron bioavailability would enable producers to optimise 
formulation.   

6.6:		 Conclusion	

In conclusion, use of YCF may contribute significantly to iron intake in young children 
and thus potentially reduce ID/IDA; however, in the case of iron, the absolute amount 
ingested does not necessarily reflect the fraction absorbed. Therefore, ensuring that iron 
in YCF is delivered in a bioavailable form, whilst minimising the delivery of excess iron 
to the young gut, would improve the nutritional benefits of YCF. Our results suggest that 
ascorbic acid and prebiotics in YCF improve iron bioavailability. Further in vivo work to 
confirm our results, and also to explore whether absolute amounts of iron fortification in 
YCF could be decreased through optimisation of concentration and forms of prebiotics 
and ascorbic acid warrants investigation. 
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7 Chapter Seven: Iron-fructose effects on gene and protein 

expression in Caco-2 and HepG2 cells 
 

This chapter presents work and evidence exploring biological mechanisms underlying the 
observed effects of fructose on iron bioavailability in Caco-2 and HepG2 cells, and 
evaluation of the effects of iron and fructose treatments on Caco-2 and HepG2 cell gene 
and protein expression related to the pathogenesis of colorectal cancer (CRC), 
hepatocellular carcinoma (HCC) and non-alcoholic fatty liver disease (NAFLD). 

7.1:		 Introduction	

Iron is essential for multiple physiological functions, but excess iron is toxic to cells. In 
the two in vitro cell line models used in this thesis it was found that fructose increases 
non-haem iron bioavailability as measured by ferritin formation (chapter three, see also 
(Christides and Sharp 2013). The mechanism underlying this increase is not definitively 
known, nor if there are pathophysiological consequences to the iron and fructose 
treatments, and observed increased ferritin levels in these cell lines, and therefore 
potentially in vivo.  

Biochemical evaluation of the effect of fructose on inorganic iron in the aforementioned 
experiments suggested the observed increase in iron uptake related to fructose-mediated 
reduction of ferric to ferrous iron; ferrous iron is more bioavailable compared with ferric 
iron (Miret, Simpson et al. 2003). However, work by others in in vitro and animal 
models, examining mechanisms by which different nutrients affect iron bioavailability, 
has found that dietary factors may also alter iron bioavailability by increasing expression 
of intestinal iron transporter and homeostasis proteins  (Tako, Glahn et al. 2008, Thomas, 
Gaffney-Stomberg et al. 2013). Indeed, iron uptake and absorption would be expected to 
be improved by increased expression of the iron uptake protein Divalent Metal 
Transporter 1 (DMT1), the ferri-reductase DcytB, and in the gut the iron export protein 
ferroportin. Intracellular iron levels, and therefore ferritin, would also be expected to 
increase with increased expression of transferrin receptor 1 (TfR1). 

The objectives of this current study were to measure the expression of selected iron-
related molecules in response to iron and fructose treatments, in order to evaluate whether 
fructose improves iron bioavailability by altering levels of iron-transport and homeostasis 
proteins. Specifically, TfR1 mRNA and protein expression were measured, and the 
protein expression of DMT1, DcytB, ferroportin, and Iron Responsive Protein 2 (IRP2) 
was measured. At this time HepG2 DMT1, DcytB, ferroportin and IRP2 mRNA 
expression levels were not evaluated. 

High intake of iron and fructose have been associated with development and progression 
of colorectal cancer (CRC) (Michaud, Fuchs et al. 2005, Chua, Klopcic et al. 2010) 



	 128 | Page 

	

hepatocellular carcinoma (HCC) (Pietrangelo 2009, Kew 2014), and non-alcoholic fatty 
liver disease (NAFLD) (Mouzaki and Allard 2012). Therefore, the effects of iron, 
fructose, and combined iron and fructose, on the expression of selected genes and 
proteins central to disease pathways of these disorders was also evaluated. Caco-2 cells, 
an in vitro cell line derived from a colonic adenocarcinoma, were used as a model of 
CRC, and HepG2 cells, an in vitro cell line derived from a hepatoma, as a model of HCC.  

Initial screening for iron and fructose effects on HepG2 gene expression was carried out 
using Affymetrix microarray-based gene expression profiling, followed by quantitative 
real-time reverse transcriptase-Polymerase Chain Reaction (rt-PCR) of selected genes of 
interest.  

Literature review was also used to identify important pathways and proteins in the 
development and progression of CRC, HCC and NAFLD; the effect of fructose and iron 
on expression of selected genes and proteins in these pathways was then explored.  

The P13K-Akt-mTOR and Wnt-β-catenin pathways play a pivotal role in disease 
pathogenesis of both HCC and CRC  (Lee, Kim et al. 2006, Schneikert and Behrens 2007, 
Villanueva, Chiang et al. 2008, Ekstrand, Jonsson et al. 2010, Wang and Zhang 2014). 
Furthermore, expression levels of the tumour suppressor proteins Adenomatous Polyposis 
Coli (APC) and Tumour Protein p53 (p53) in turn modulate these pathways. In addition, 
Heat Shock Protein 90 (HSP90) noted as the “Cancer Chaperone”  (Neckers 2007) also 
interacts with several key proteins in the above disease pathways, and can therefore affect 
disease development and progression. For example, HSP90 transcriptionally decreases 
expression of p53 in HCC, and alterations in this tumour suppressor gene have been 
found in iron-associated HCC (reviewed in (Tirnitz-Parker, Glanfield et al. 2013) Akt 
(also known as Protein Kinase B), a protein kinase over-activated in many many cancers 
including HCC (Whittaker, Marais et al. 2010), is also a HSP90 client protein. Therefore, 
the effects of fructose and iron on expression levels of APC, beta-catenin, and p53, were 
measured by quantitative real-time rt-PCR because of the centrality of these genes to 
development of CRC and HCC as identified in the research literature. In addition, 
assessment of expression levels at the gene and protein level of HSP90 was also carried 
out. 

NAFLD is a metabolic disorder characterized by increased triglycerides in hepatocytes 
with associated insulin resistance. It covers a spectrum of liver findings, ranging from 
simple hepatosteatosis, to nonalcoholic inflammatory steatohepatitis (NASH), and in 
approximately 5 % of cases cirrhosis (Adams, Lymp et al. 2005). Research suggests that 
multiple factors act synergistically in the development and progression of NAFLD in 
genetically predisposed individuals; fructose, and iron are both postulated to be involved 
in NAFLD pathogenesis (Lim, Mietus-Snyder et al. 2010, Dongiovanni, Fracanzani et al. 
2011) Specifically, the Transforming Growth Factor Beta (TGF-β) and Nuclear Factor- κ 
Beta (NF-κβ) pathways have been implicated in NAFLD disease pathogenesis, therefore 
expression of selected genes in these pathways was evaluated.  
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It was hypothesised that the increase in ferritin formation seen in both Caco-2 and HepG2 
cells treated with iron and fructose together, compared with iron alone, would not be as a 
result of increased iron-uptake proteins. It was also hypothesised that fructose, iron, and 
fructose and iron together, would increase expression of genes and proteins implicated in 
disease pathogenesis in CRC, HCC and NAFLD. 

7.2:		 Materials	and	methods		

Chemicals and reagents: all products were purchased from Thermo Fisher Scientific UK 
and Sigma-Aldrich UK unless otherwise noted. Prior to use, glassware was soaked for 24 
hours in 65 % trace metal grade nitric acid, and rinsed with 18 mΩ water. RNAse free 
products were used for all cell culture RNA work. 

7.2.1:		 Cell	Culture	

HepG2 and Caco-2 cells were grown and cultured as previously described (Christides and 
Sharp 2013). 

For experiments, HepG2 cells were grown in either 6-well or 12-well plates at 1 x 105 

cells/cm2 and used 24- 48 hours after seeding unless noted otherwise. Caco-2 cells were 
grown in 6-well plates at 1 x 104 cells/cm2; experiments investigating expression of iron 
uptake proteins in response to iron and fructose were conducted 14-16 days after seeding 
to correlate with the days in which in vitro digestions had been conducted in previously 
cited studies. For experiments looking at gene expression of proteins related to CRC, 
experiments were conducted on Caco-2 cells at 19-21 days to ensure complete 
differentiation and full protein expression. 

7.2.2:		 Cell	Treatments	and	RNA	Extraction	
7.2.2.1:		 HepG2	cells		

HepG2 cell media was changed to Foetal Bovine Serum (FBS)-free Minimal Essential 
Medium (MEM) supplemented with 1 % antibiotic/antimycotic solution, 11 µmol/L 
hydrocortisone, 0.87 µmol/L insulin, 0.02 µmol/L sodium selenate (Na2SeO3), 0.05 
µmol/L triiodothyronine and 20 µg/L epidermal growth factor (supplemented MEM as in 
previous experiments but without PIPES buffer) 24 hours prior to initiation of treatments 
with iron and fructose for microarray gene expression profiling studies, and initial 
quantitative real-time rt-PCR experiments (these treatments are labeled as “with wash-
out”). MEM was used because it has low levels of glucose (5 mmol/L) and no other 
carbohydrates, and therefore the effects of fructose would not be obscured by the 
presence of high levels of other sugars. After 24 hours of treatment cells were harvested 
for RNA. 

On the day of the experiment cells were treated with one of the following (made up in 
supplemented MEM): 1 µmol/L ferric ammonium citrate (FAC; low dose iron, labelled 
as FAC or Fe1 depending on the exact protocal); 15 mmol/L fructose (Fruc); 1 µmol/L 
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FAC plus 15 mmol/L fructose (labelled as FF or FF1 depending on the exact protocal); 
10 µmol/L FAC (Fe10; high dose iron); or 10 µmol/L FAC plus 15 mmol/L fructose 
(FF10).  

HepG2 cell treatments for second phase quantitative real-time rt-PCR experiments were 
as described above, with the adaptation that cells were treated without the 24 hour pre-
experimental change to FBS-free and low glucose MEM (these treatments are labeled as 
“no wash-out”).  

Caco-2 cells were treated with the following solutions: 30 µmol/L iron (FeCl3, Fe30; low 
dose iron) or 30 µmol/L FeCl3 in combination with 66 mmol/L fructose (as used in digest 
experiments; FF30), or 100 µmol/L FeCl3 (Fe100; high dose iron), or 100 µmol/L FeCl3 
in combination with 66 mmol/L fructose (FF100). Caco-2 cell media was changed to 
supplemented MEM (minus PIPES buffer) 24 hours prior to the start of experiments as in 
the established in vitro digestion protocol. 

RNA was extracted using the PureLinkTM RNA Mini Kit in combination with Trizol 
(Ambion/Life Technologies). Media was removed from wells and 1 ml Trizol was added 
to each well. Cells were homogenized in Trizol; the homogenate was then separated into 
an aqueous phase with the addition of 0.2 ml chloroform followed by centrifugation. The 
aqueous phase containing the RNA was aspirated and washed as per the kit instructions, 
and then the extracted RNA was treated with On-Column PureLink DNAse (Ambion/Life 
Technologies) to ensure DNA-free RNA for microarray analysis and quantitative real-
time PCR. RNA was stored in RNAse free microcentrifuge tubes at -80°C until needed 
for analysis. 

RNA concentration and quality was checked by NanoDrop spectrophotometer ND-1000 
(NanoDrop) followed by Agilent Technologies (AT) Bioanalyzer.  All RNA samples 
used for quantitative real-time rt-PCR had 260/280 and 260/230 absorbance ratios greater 
than 2.0 indicating high purity RNA without evidence of protein or phenol contamination. 
The RNA integrity number as checked by AT Bioanalyzer for all samples was ³ 8.5.  

For microarray analysis HepG2 treatments (with wash-out) were carried out over 4 
different cell passages; samples were then pooled together so that one microarray chip 
was treated with a sample that represented a mix of the same treatment, but carried out 
over four different times.  Initial quantitative real-time rt-PCR was carried out with the 
same pooled RNA samples used for microarray analysis. Second phase PCR analysis did 
not use pooled samples; rather individual samples from independent experiments were 
analysed for mRNA expression (n=3). 

The King’s College Genomics Centre performed the preparation of cDNA from RNA for 
microarray application, and carried out the microarray expression study. The Affymetrix 
GeneChip® probe array HumanGenome U133A 2.0 was used for gene expression 
analysis; this is a single array genechip representing 14,500 well-characterized human 
genes. 
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7.2.3:		 Microarray	Gene	Data	Analysis	

Gene expression was analysed using bioinformatics analysis software. Data was initially 
transformed from intensity to expression level by Genechip® Operating software (GCOS; 
Affymetrix, USA), and normalized against the median expression level of each 
microarray chip. Expression values were then compared between two arrays whose 
values had been normalized. Genes were analysed both for degree of expression change 
and actual levels of expression (related to signal strength). Genes that showed statistically 
significant changes of ≥ 1.5 fold increased or decreased expression from one treatment 
compared with another, were imported into Genego Metacore Software bioinformatics 
(GO) for network and pathway analysis. The treatments analysed by microarray chip 
results were fructose (15 mmol/L) treatment versus MEM (Fruc), 1 µmol/L ferric 
ammonia citrate (FAC) versus MEM (FAC), and fructose (15 mmol/L) and FAC (1 
µmol/L) together (FF) versus MEM. In addition, the genes that changed uniquely to Fruc, 
FAC, and FF, were entered into GO.  

Microarray analysis with Caco-2 cells was not conducted. 

7.2.4:		 Initial	quantitative	real-time	rt-PCR	analysis	of	HepG2	gene	expression	

Genes were selected for verification of altered expression by quantitative real-time rt-
PCR based on significant GO enrichment analysis, and involvement in relevant process 
networks related to CRC, HCC and NAFLD. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and Ribosomal Protein 27S were chosen as reference genes after analysis for 
least changed microarray gene expression conducted by King’s College Genomic Centre. 
Initial quantitative real-time rt-PCR was performed at King’s College Genomics Centre; 
the centre provided details of the process. 

Forward and reverse primers (Table 7.1) and the appropriate probes were selected using 
the Roche PCR Assay Design Center, and purchased from Roche, UK. 

Single strand complementary DNA (cDNA) was synthesized from RNA aliquots. The 
cDNA was mixed with the appropriate primers and probes, and amplification carried out 
on the ABI Prism 7000 sequence detection system thermo cycler (Applied Biosystems).  
The linearity of dissociation curves was analyzed using ABI7000 SDS software of 
standard dilution curves for each analysed gene. Samples were run in quadruplicate. 
Assay efficacy was checked by running standard curves, with a minimum of four 10-fold 
dilution points for each gene. Standard curve efficiencies were 96 –100 %, and the 
correlation for all standard curves was > 0.980 indicating high amplification efficiency 
and comparability between assays.  

The threshold cycle (Ct, the reading at which signal exceeds back ground noise) was 
measured for each analysed gene. The comparative Ct method -- 2-(ΔΔCT)  -- was used to 
quantify gene expression relative to the two selected reference genes (Schmittgen and 
Livak 2008). In the comparative Ct method the gene of interest is normalized to one or 
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more reference gene(s) (in this case to GADPH and Ribosomal Protein 27S) signals, and 
then the gene signal of the control samples (i.e. no treatment) is subtracted from the Ct of 
the gene of interest. Data was generated using ABI Prism software. 

Table	7.1	Forward	and	reverse	primer	sequences	used	for	initial	quantitative	real-time	rt-PCR	
Gene 
symbol Forward Primer Reverse Primer 

ACTB 5´ ATT GGC AAT GAG CGG TTC 3´ 5´ CGT GGA TGC CAC AGG ACT 3´ 

GAPDH 5´ AGC CAC ATC GCT CAG ACA C 3´ 5´ AAT ACG ACC AAA TCC GTT GAC T 3´ 

HNF4A 5´ AGC AAC GGA CAG ATG TGT GA 3´ 5´ TCA GAC CCT GAG CCA CCT 3´ 

HSP90 5´ GGC TAT CCC ATC ACC CTT TAT T 3´ 5´ TCT TCC TCT TCT TTC TCA CCT TTC 3´ 

NFKB1 5´ CTG GCA GCT CTT CTC AAA GC 3´ 5´ TCC AGG TCA TAG AGA GGC TCA 3´ 

RPS27A 5´ CCT GAT CAG CAG AGA CTG ATC TT 
3´ 5´ TTT TCT TAG CAC CAC CAC GA 3´ 

SMAD2 5´ GGC CTT TAC AGC TTC TCT GAA C 3´ 5´ ATG TGG CAA TCC TTT TCG AT 3´ 

SMAD3 5´ CAC CAC GCA GAA CGT CAA 3´ 5´ GAT GGG ACA CCT GCA ACC 3´ 

STAT3 5´ CCC TTG GAT TGA GAG TCA AGA 3´ 5´ AAG CGG CTA TAC TGC TGG TC 3´ 

 

7.2.4.1:		 Second	phase	quantitative	real-time	rt-PCR	

After the initial evaluation of HepG2 cell gene expression, further quantitative real-time 
rt-PCR experiments were carried out at the University of Greenwich. The 24 hour pre-
experimental wash-out period prior to treatment of HepG2 cells, characterized by a total 
of 48 hours of energy depletion in control samples (MEM alone), was felt to possibly 
have added a metabolic stress to HepG2 cells and confounded results. HepG2 cells, in 
comparison with Caco-2 cells, are more rapidly growing cells with high metabolic 
demands (as discussed in chapter two of this thesis they have a doubling time of 
approximately 24 hours in comparison with  48 hours in Caco-2 cells), and energy and 
FBS deprivation are documented to increase expression of reactive oxygen species and 
apoptosis within 48-72 hours (Zhuge and Cederbaum 2006).  

In order to explore whether observed changes in mRNA expression related to 
experimentally induced energy/FBS deprivation, and thus guide the methods used in 
further PCR experiments, a limited number of second phase PCR experiments were 
initially carried out in which the mRNA expression levels of NF-κβ in HepG2 cells both 
with, and without, the extended 48 hour energy/FBS depletion were measured. Control 
cells were “treated” with MEM both with (M+), and without a 48 hour wash-out period 
(M), and levels of NF-κb mRNA  were quantified. Comparison of mRNA levels in M 
versus M+ cells demonstrated that NF-κb RNA levels were indeed significantly increased 
1.4 fold in controls cells that had had the wash-out period compared with mRNA from 
cells with no wash-out (Figure 7.12). Therefore, further quantitative real-time rt-PCR 
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analysis in HepG2 cells was carried out without the 24 hour pre-experimental wash-out 
period. These experiments were categorised as no wash-out. 

Analysis of Caco-2 cells after treatment with iron and fructose, for TfR1 expression, as 
well as measurement of the expression of selected genes relevant to CRC, was also 
carried out in the second phase set of PCR experiments. 

TaqManâ hydrolysis probes were used for gene expression analysis with FAM (6-
carboxyfluorescein) as the fluorescent reporter dye, and a nonfluorescent quencher. The 
reaction mixture was prepared using ThermoFisher Scientific proprietary Taqman Master 
Mix (containing AmpliTaq Gold® DNA Polymerase, nucleotide triphosphates, ROX 
reference dye, and buffer) combined with hydrolysis probes and reverse-transcriptase 
(MultiScribe™ Reverse Transcriptase) using the one-step method in which the reverse 
transcription (rt) and cDNA amplification are conducted in the same well. Components 
used in the second phase PCR analysis are shown in Table 7.2. Hydrolysis probes were 
selected on the basis of “Best coverage for standard gene expression” as recommended by 
the manufacturer (ThermoFisher Scientific) based on probe specificity and short 
amplicon length to maximize PCR efficiency; specific Taqman hydrolysis probes used 
are shown in Table 7.3. A StepOne Real-Time PCR System™ (Applied Biosystems) was 
used for quantitative real-time rt-PCR with the following cycling parameters: stage 1a, 
48°C for 15 minutes (reverse transcription RNA to cDNA); stage 1b, 95°C for 10 minutes 
(initial DNA denaturation); stage 2a, 95°C for 15 seconds (melting); and stage 2b 
(annealing and extending), 60°C for one minute – stages 2a and 2b repeated for 40 cycles. 

Samples were run in triplicate, and three biological replicates were carried out for each 
experiment. Assay efficacy of all hydrolysis probes was checked by running standard 
curves for each gene of interest, with four 10-fold dilution points for each gene probe 
used. Standard curves efficiencies for all hydrolysis probes used were between 97 – 
105 %, indicating excellent and comparable amplification efficiency between different 
probe sets.   Probe negative control PCR experiments indicated that there was no 
significant DNA contamination of RNA extractions.  

The comparative Ct method --  2– (ΔΔCT) -- was used to quantify gene expression 
(Schmittgen and Livak 2008); both GAPDH and 18S ribosome expression were used as 
reference control genes.  
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	Table	7.2	Components	for	second	phase	quantitative	real-time	rt-PCR	(per	reaction)	

Component Volume Final 
Concentration 

TaqMan Mastermix (2x) 5.0 µl 1x 

Reverse Transcriptase (40x) 0.25 µl 1x 

Hydrolysis probe-primer set 0.5 µl 0.5 µmol/L 

Template 1.0 µl ≈100-500 
ng/reaction 

RNAse free water 3.25 µl ---- 

Total volume 10.0 µl ---- 
	
	Table	7.3	TaqManâ	hydrolysis	probes	used	for	quantitative	real-time	rt-PCR	
Protein/gene  
of interest Gene Symbol Hydrolysis Probe 

Adenomatous Polyposis Coli APC Hs01568269 
Beta catenin (cadherin-associated protein, 
beta 1) CTNNB1 Hs00355049 

Cyclin D2 CCND2 Hs00153380 

Glyceraldehyde-3-phosphate dehydrogenase GAPDH Hs02758991 

Hepatocyte Nuclear Factor 4, Alpha HNF4A Hs00230853 
Nuclear factor kappa-light-chain-enhancer 
of activated B cells NFKB1 Hs00765730 

RNA, 18S ribosomal 5 RNA18S5 Hs03928985 
S-phase kinase-associated protein 2, E3 
ubiquitin protein ligase SKP2 Hs01021864 

Transferrin receptor 1 TFRC Hs00951083 

Transferrin receptor 2 TFR2 Hs01056398 

Tumour protein p53 TP53 Hs01034249 

7.2.5:		 Western	Blot	

Caco-2 and HepG2 cells were treated with iron alone (FeCl3 for Caco-2 experiments and 
ferric ammonium citrate – FAC-- for HepG2 experiments), fructose alone, and iron and 
fructose solutions as detailed above in the cell treatments used in the RNA extraction 
section; 6- or 12-well plates were prepared in duplicate, where possible, for analysis of 
both protein and mRNA expression over the same time period. After 24 hours of cell 
treatments, cells were rinsed with ice cold Phosphate Buffered Saline (PBS), and then 
harvested for protein with CelLytic™ (propriety lysis buffer, Sigma) with added protease 
inhibitor. Lysed cells were placed in ice and shaken for 15 minutes, then centrifuged for 6 
minutes at 6 x 1000 g. Supernatants were collected and stored at -80°C until needed for 
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Western Blot analysis. Pierce Protein BCA Assay was used to measure protein 
concentration prior to Western Blot analysis to ensure approximately even protein loading 
of samples onto gels. 

For gel loading 4x Laemmli buffer [62.5 mm Tris-HCl (pH 6.8), 25 % glycerol, 2 % SDS, 
0.01 % bromophenol blue] with 10 % beta-mercaptoethanol (BME) was added in a 1:4 
ratio (v/v) to a sample containing approximately 40 µg protein; the mixture was loaded 
and run on precast 8 or 10 % SDS-polyacrylamide gels (Thermo ScientificTM PreciseTM 
Tris-Glycine Gels).  

Separated proteins were electro-transferred to a nitrocellulose membrane (Amersham 
Bioscience) at 40 volts in ice cold Tris-Glycine transfer buffer for 70-80 minutes. The 
membrane was then pre-incubated with blocking solution (5 % fat-free milk in PBS 
containing 0.1 % Tween 20 - PBST) for one hour at 37oC followed by overnight 
incubation at 4oC with the primary antibody of interest in 1 % fat-free milk in PBST. 
Primary antibodies used are listed in Table 7.4. 

Table	7.4		Western	Blot	Antibodies	

Antibody Type Raised 
In 

MW 
(kD) Dilution Source Catalog 

No. 
Anti-Actin Primary Mouse 42 1:2500 Abcam ab3280 
Anti-Actin Primary Rabbit 42 1:2500 Abcam ab1801 
Anti-DcytB  Primary Donkey 35 1:500 Santa Cruz sc-161025 
Anti-DMT1 Primary Mouse 62 1:500 Abnova H00004891 
Anti-DMT1 Primary Mouse 62 1:1000 Santa Cruz sc-166884 
Anti-Ferroportin  Primary Rabbit 63 1:1000 GeneTex GTX54821 
Anti-GAPDH  Abcam Mouse 37 1:2500 Abcam ab8245 
Anti-GAPDH  Abcam Rabbit 37 1:2500 Abcam ab9485 
Anti-Heat Shock 
Protein 90AB 
(HSP90)  

Primary Mouse 85 1:1000 Abcam ab13492 

Anti-HNF4A  Primary Rabbit 53 1:500 Cell 
Signaling G162 

Anti-IRP2  Santa 
Cruz Mouse 105 1:250-

500 Santa Cruz sc-33682 

Anti-TfR1  Santa 
Cruz Mouse 85-

95 1:1000 Santa Cruz sc-65882 

Anti-TfR2   Santa 
Cruz Mouse 97-

105 1:500 Santa Cruz sc-32271 

Anti-Villin Primary Mouse 93 1:2500 GeneTex GTX76074 
 

Initial Western blots used actin as the reference loading protein, and this was unchanged 
for experiments looking at native expression of proteins related to cell passage or 
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maturation (chapter two). However, as the microarray PCR analysis, and follow up 
quantitative real-time rt-PCR identified actin as a changed gene (it was up-regulated by 
iron, Table 7.5 and Figure 7.11) subsequent Western blots used GAPDH as the loading 
reference protein. 

Membranes were washed after the 24 hour primary antibody incubation, and incubated 
with the appropriate HRP-linked secondary antibody for 1 hour at room temperature. 
Signal was detected by ECL chemiluminescence (ECL, Amersham Place, 
Buckinghamshire, England). 

ImageJ software was used to semi-quantify the band corresponding to each antibody and 
all were normalized to GAPDH as described above. 

7.3:		 Statistical	analysis	

Statistical analysis varied in accordance with experimental purpose and design.  Non-
parametric methods were used when n was small, or the distribution of test results was 
either known, or found, to be non-Gaussian.  The specific analysis for each type of 
experiment is outlined below. 

7.3.1:		 Gene	expression	
7.3.1.1:		 Hypothesis	generating	microarray	analysis	

HepG2 gene expression was initially evaluated by microarray analysis to identify genes 
of interest (Discoveries) in relation to NAFLD and HCC and was hence hypothesis 
generating.  For analysis of microarray results (gene expression changes between 
treatments), the False Discovery Rate (FDR) was used to compensate for multiple 
comparisons in the method of Motulsky (Motulsky 2010); the desired False Discovery 
Rate (q) value was set to 5.000 % and a value Q was computed based upon the p-value 
associated with each gene.  Q less than the desired rate q was deemed to be a Discovery.  

7.3.1.2:		 Real-time	rt-PCR	analysis	of	2−(ΔΔCT)	data	

An initial set of quantitative real-time rt-PCR experiments were conducted on 
biologically relevant Discoveries. This initial PCR analysis was done both in order to 
verify the results of the microarray analysis, and also to help identify statistically 
significant Discoveries. Holm-Sidak’s multiple comparisons test (herein referred to as 
Sidak’s multiple comparisons test) was used in this case to test for statistical significance 
between different treatment effects compared with: the control treatment (MEM); and 
also between iron alone compared with the equivalent concentration iron but with added 
fructose treatments. Statistical significance for Sidak’s multiple comparisons test was set 
at p≤0.05. 



	 137 | Page 

	

Second phase PCR experiments were conducted on new RNA extractions in order to 
repeat and/or further investigate initial results. Sidak’s multiple comparisons test was 
used for analysis of this data (p≤0.05). 

Trend analysis was conducted using “Multiple Comparisons Linear Trend Analysis” in 
the method of Motulsky (Motulsky 2010) using GraphPad Prism (v.6.0h GraphPad 
Software, San Diego, CA). Significance for Trend Analysis was defined by the 
significance of the slope of the resultant line in the predicted direction (i.e. either negative 
or positive) and set at p≤0.05. 

7.3.2:		 Western	Blots	

ImageJ software (v2.0.0-rc-44-1.50e) was used to semi-quantify bands corresponding to 
each antibody and all were normalized to GAPDH as described above. Semi-quantified 
Western blot derived data were analysed either by Sidaks’ multiple comparisons test; or 
where an ordered response was hypothesized, either in response to changing iron levels, 
or the addition of fructose, trend analysis was used to test for statistical significance. 
Significance for Trend Analysis was defined by the significance of the slope of the 
resultant line in the predicted direction (i.e. either negative or positive) and set at p≤0.05. 
Trend analysis was conducted using “Multiple Comparisons Linear Trend Analysis ” in 
the method of (Motulsky 2010) using GraphPad Prism (v.6.0h GraphPad Software, San 
Diego, CA).   

7.4:		 Results	

7.4.1:		 Caco-2	cells	–	iron	transport	and	homeostasis	
7.4.1.1:		 Effect	of	treatments	on	Caco-2	cell	mRNA	expression	of	transferrin	receptor	one	

(TfR1)	

Fructose alone (Fruc) did not alter levels of TfR1 mRNA in comparison with control 
cells. All iron-fructose treatments significantly decreased TfR1 mRNA levels; FF30 
decreased levels by 1.6 fold; and FF100 decreased levels by 2.5 fold (p≤0.05). Both Fe30 
and Fe100 decreased TfR1 levels by 1.2 fold but this did not reach statistical significance. 
The difference in mRNA expression levels of TfR1 between Fe30 and FF30 was not 
statistically significant; the difference between Fe100 and FF100 was significant (p≤0.05) 
(Figure 7.1) 
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Figure	7.1	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	low	dose	iron	and	fructose	together	
(FF30),	high	dose	iron	(Fe100),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
Transferrin	Receptor	1	(TfR1)	mRNA	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	 together	 (FF100).	 Changes	 in	mRNA	 expression	were	 quantified	 by	 quantitative	 real-
time	 rt-PCR,	 normalised	 to	 both	 18S	 and	 GAPDH.	 Experiments	 were	 repeated	 ≥	 3	 over	 three	
separate	 time	 points.	 All	 results	 are	 expressed	 as	 fold	 change	 following	 normalisation	 to	 the	
control	 group	 (MEM	 alone;	 denoted	 as	M).	 	 Each	 treatment	 was	 compared	 as	 a	 ratio	 to	 the	
control	M;	the	logs	of	these	ratios	were	compared	and	a	significant	difference	is	indicated	by	an	
*	 (Sidak’s	multiple	 comparisons	 test;	 p<=0.05).	 	 Similarly,	 data	 for	 linked	 pairs	were	 analysed	
using	 the	 log	 of	 the	 ratio	 to	 the	 control	 M	 using	 Sidak’s	 multiple	 comparisons	 test	 and	
considered	significant	at	p<=0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	
link	 with	 an	 arrow.	 Trend	 analysis:	 trend	 analysis	 indicated	 a	 significant	 ordered	 response	
(p≤0.05).	

7.4.1.2:		 Effect	of	treatments	on	Caco-2	cell	protein	expression	of	iron-transport	and	iron-
homeostasis	related	proteins	–	DcytB,	DMT1,	ferroportin,	IRP2	and	TfR1	

Fructose alone (Fruc) did not significantly alter levels of DcytB, DMT1, ferroportin, IRP2 
or TfR1 in comparison with controls (MEM) in Caco-2 cells (Figures 7.2-7.6).  

Caco-2 cell DcytB protein expression levels were not significantly changed by any 
treatment; there was a linear trend indicating increased DctyB expression with increasing 
iron levels, but this did not reach statistical significance (Figure 7.2). 
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Caco-2 cell DMT1 protein levels decreased with all iron treatments; decreased DMT1 
formation was significant in the order Fe30 and FF30, Fe100 and FF100 as tested by 
GraphPad Multiple Comparisons Linear Trend Analysis herein referred to as “Trend 
Analysis” (p≤0.0001). MEM and fructose DMT1 levels were significantly greater than 
Fe30, FF30, Fe100 and FF100 (Sidak’s multiple comparisons test, p≤0.05); there was no 
significant difference in DMT1 between Fe30 and FF30, nor between Fe100 and FF100 
(Figure 7.3).  

All iron treatments decreased Caco-2 cell ferroportin levels in comparison with both 
MEM and fructose, although the decrease in Fe30 did not reach statistical significance. 
The decrease was significant in the order Fe30, FF30, Fe100 and FF100 as tested by 
Trend Analysis (p≤0.05). FF30 and FF100 Ferroportin levels were 50 % and 10 % less, 
respectively, compared with Fe30 and Fe100, but this did not reach statistical 
significance. Ferroportin levels in control cells was significantly greater than FF30, Fe100 
and FF100 (Sidak’s multiple comparisons test, p≤0.05) (Figure 7.4). 

IRP2 protein levels were highest in Caco-2 control and fructose treated cells, and 
decreased in all cells treated with iron although no changes in comparison with control 
cells reached statistical significance. The decrease was significant in the order Fe30 and 
FF30, and Fe100 and FF100 as tested by Trend Analysis; p≤0.05). There was no 
statistically significant difference between Fe30 and FF30, nor between Fe100 and 
FF100. (Figure 7.5). 

TfR1 protein levels were highest in Caco-2 control and fructose treated cells, and in 
parallel with mRNA changes decreased in all cells treated with iron though this only 
reached statistical significance for Fe100 and FF100 (p≤0.05). The decrease was 
significant in the order Fe30 and FF30, and Fe100 and FF100 as tested by Trend Analysis 
(p≤0.05). There was no statistically significant difference between Fe30 and FF30, nor 
between Fe100 and FF100, for either protein. This is in contrast with PCR results for 
which there was a statistically significant decrease of TfR1 between Fe100 vs FF100 
(Figures 7.1 and 7.6). 
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Figure	7.2	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	high	dose	iron	(Fe100),	low	dose	iron	
and	fructose	together	(FF30),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
DcytB	protein	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	 together	 (FF100).	 Protein	 expression	 changes	 of	 DcytB	 were	 semi-quantified	 by	
Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	Western	blot	
results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	
time	points.	All	results	are	expressed	as	relative	expression	levels	following	normalisation	to	the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	did	not	indicate	a	significant	ordered	response.	
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Figure	7.3	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	high	dose	iron	(Fe100),	low	dose	iron	
and	fructose	together	(FF30),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
DMT1	protein	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	 together	 (FF100).	 Protein	 expression	 changes	 of	 DMT1	 were	 semi-quantified	 by	
Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	Western	blot	
results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	
time	points.	All	results	are	expressed	as	relative	expression	levels	following	normalisation	to	the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	
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Figure	7.4	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	high	dose	iron	(Fe100),	low	dose	iron	
and	fructose	together	(FF30),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
ferroportin	protein	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	 together	 (FF100).	 Protein	 expression	 changes	 of	 ferroportin	were	 semi-quantified	 by	
Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	Western	blot	
results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	
time	points.	All	results	are	expressed	as	relative	expression	levels	following	normalisation	to	the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	
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Figure	7.5	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	high	dose	iron	(Fe100),	low	dose	iron	
and	fructose	together	(FF30),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
IRP2	protein	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	together	(FF100).	Protein	expression	changes	of	IRP2	were	semi-quantified	by	Western	
blot	analysis	normalised	 to	GAPDH	using	 ImageJ	software;	 representative	Western	blot	 results	
for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	time	
points	 except	 for	 Fe30,	 FF30	 and	 FF100	 for	 which	 n=2.	 All	 results	 are	 expressed	 as	 relative	
expression	levels	following	normalisation	to	the	control	group	(MEM	alone).	Each	treatment	was	
compared	 to	 the	 control	 M	 and	 a	 significant	 difference	 indicated	 by	 an	 *	 (Sidak’s	 multiple	
comparisons	test;	p≤0.05).	Data	for	linked	pairs	were	analysed	by	Sidak’s	multiple	comparisons	
test	 and	 considered	 significant	 at	 p≤0.05;	 a	 significant	 difference	 between	 linked	 pairs	 is	
indicated	by	a	 link	with	an	arrow.	Trend	analysis:	trend	analysis	 indicated	a	significant	ordered	
response	(p≤0.05).	
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Figure	7.6	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe30),	high	dose	iron	(Fe100),	low	dose	iron	
and	fructose	together	(FF30),	and	high	dose	iron	and	fructose	together	(FF100)	on	Caco-2	cell	
Transferrin	Receptor	1	(TfR1)	expression.		
Caco-2	cells	grown	as	a	monolayer	were	treated	at	14	days	with	one	of	the	following:	66	mmol/L	
fructose	(Fruc);	low	dose	iron,	30	μmol/L	FeCl3	(Fe30);	30	μmol/L	FeCl3	and	66	mmol/L	fructose	
together	(FF30);	high	dose	iron,	100	μmol/L	FeCl3	(Fe100);	or	100	μmol/L	FeCl3	and	66	mmol/L	
fructose	together	(FF100).	Protein	expression	changes	of	TfR1	were	semi-quantified	by	Western	
blot	analysis	normalised	 to	GAPDH	using	 ImageJ	software;	 representative	Western	blot	 results	
for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	time	
points	 except	 for	 Fe30,	 FF30	 and	 Fe100	 for	 which	 n=2..	 All	 results	 are	 expressed	 as	 relative	
expression	levels	following	normalisation	to	the	control	group	(MEM	alone).	Each	treatment	was	
compared	 to	 the	 control	 M	 and	 a	 significant	 difference	 indicated	 by	 an	 *	 (Sidak’s	 multiple	
comparisons	test;	p≤0.05).	Data	for	linked	pairs	were	analysed	by	Sidak’s	multiple	comparisons	
test	 and	 considered	 significant	 at	 p≤0.05;	 a	 significant	 difference	 between	 linked	 pairs	 is	
indicated	by	a	 link	with	an	arrow.	Trend	analysis:	trend	analysis	 indicated	a	significant	ordered	
response	(p≤0.05).	

M
Fruc Fe3

0
FF30

Fe1
00

FF10
0

0.0

0.5

1.0

1.5
N

or
m

al
is

ed
 o

pt
ic

al
 d

en
si

ty
 (a

.u
.)

     M          Fruc         Fe30        FF30        Fe100     FF100

* *

TFR1
(95 kDa)

GAPDH
(40 kDa)

Treatment



	 145 | Page 

	

7.4.2:		 HepG2	cells	-	iron	transport	and	homeostasis	
7.4.2.1:		 Effect	of	treatments	on	HepG2	cell	mRNA	expression	of	TfR1	and	TfR2	

Measurement of HepG2 TfR1 and TfR2 gene expression was conducted in no wash-out 
treated HepG2 cells. 

Fructose alone did not alter mRNA levels of either TfR1 or TfR2 in comparison with 
control cells (data for TfR2 not shown). As expected, levels of TfR1 mRNA went down 
with iron treatments; TfR1 mRNA expression significantly decreased 1.4 fold compared 
with controls after treatment with Fe1 (p≤0.05). Treatment of cells with FF1 resulted in a 
reduction in TfR1 mRNA expression of 1.9 fold compared with the control (p≤0.05), and 
the difference between cells treated with Fe1 compared with FF1 was also significant for 
Fe1 versus FF1 (p≤0.05). FF10 decreased TfR1 levels 2.1 fold; the effect of Fe10 
treatment alone in HepG2 cells (10 µmol/L FAC) TfR1 RNA expression was not 
measured. Trend analysis indicated a significant ordered decrease in the order Fe1, FF1, 
FF1, FF10 (p≤0.05) (Figure 7.7).  
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Figure	7.7	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	low	dose	iron	and	fructose	together	
(FF1),	and	high	dose	iron	and	fructose	together	(FF10)	on	HepG2	Transferrin	Receptor	1	(TfR1)	
mRNA	expression.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	or	10	μmol/L	FAC	and	15	mmol/L	fructose	together	(FF10).		Changes	in	
mRNA	expression	were	quantified	by	quantitative	real-time	rt-PCR,	normalised	to	both	18S	and	
GAPDH.	 Experiments	 were	 repeated	 ≥	 3	 over	 three	 separate	 time	 points.	 All	 results	 are	
expressed	as	fold	change	following	normalisation	to	the	control	group	(MEM	alone;	denoted	as	
M).	 	 Each	 treatment	was	 compared	as	 a	 ratio	 to	 the	 control	M;	 the	 logs	of	 these	 ratios	were	
compared	 and	 a	 significant	 difference	 is	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	
p<=0.05).		Similarly,	data	for	linked	pairs	were	analysed	using	the	log	of	the	ratio	to	the	control	
M	 using	 Sidak’s	multiple	 comparisons	 test	 and	 considered	 significant	 at	 p<=0.05;	 a	 significant	
difference	 between	 linked	 pairs	 is	 indicated	 by	 a	 link	 with	 an	 arrow.	 Trend	 analysis:	 trend	
analysis	indicated	a	significant	ordered	response	(p≤0.05).	

7.4.2.2:		 Effect	of	treatments	on	HepG2	cell	protein	expression	of	iron-transport	and	iron-
homeostasis	related	proteins	ferroportin,	IRP2	and	TfR1	

HepG2 cell levels of ferroportin did not alter with fructose alone treatments compared 
with control cells; all iron treatments significantly increased HepG2 ferroportin 
expression, in contrast with Caco-2 cell ferroportin protein expression after iron 
treatments. HepG2 ferroportin protein expression increase was significant in the order 
Fe1 and FF1, and Fe10 and FF10, as tested by Trend Analysis (p≤0.05) (Figure 7.8). 
There were no significant differences between Fe1 and FF1, nor between Fe10 and FF10; 
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FF10 was higher compared with FF1, and both Fe10 and FF10 were higher compared 
with MEM (Sidak’s multiple comparisons test, p≤0.05) (Figure 7.8). 

HepG2 cell IRP2 protein levels were highest in control cells (MEM) and fructose treated 
cells. IRP2 levels decreased with all iron treatments although this did not reach statistical 
significance for Fe1; decreased IRP2 formation was significant in the order Fe1 and FF1, 
and Fe10 and FF10, as tested by Trend Analysis (p≤0.05). There was no statistically 
significant difference in protein levels of IRP2 between Fe1 versus FF1, nor between 
Fe10 versus FF10. MEM and fructose treated cell IRP2 levels were significantly greater 
compared with FF1, Fe10 and FF10 by approximately 100 % (Sidak’s multiple 
comparisons test, p≤0.05) (Figure 7.9). 

Fructose alone did not alter levels of HepG2 TfR1 protein in comparison with MEM. 
Fe10 and FF10 decreased TfR1 protein levels; decreased TfR1 protein formation was 
significant in the order Fe1 and FF1, and Fe10 and FF10, as tested by Trend Analysis 
(p≤0.05). There was no statistically significant difference in protein levels of TfR1 
between Fe1 versus FF1, nor between Fe10 versus FF10. MEM and fructose TfR1 protein 
levels were significantly higher compared with Fe10 and FF10, by approximately 100 % 
(Sidak’s multiple comparisons test, p≤0.05) (Figure 7.10). 
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Figure	7.8	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	low	dose	iron	and	fructose	together	
(FF1),	high	dose	iron	(Fe10),	and	high	dose	iron	and	fructose	together	(FF10)	on	HepG2	
ferroportin	protein	expression.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	high	dose	iron,	10	μmol/L	FAC	(Fe10);	or	10	μmol/L	FAC	and	15	mmol/L	
fructose	 together	 (FF10).	 Protein	 expression	 changes	 of	 ferroportin	 were	 semi-quantified	 by	
Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	Western	blot	
results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	
time	points.	All	results	are	expressed	as	relative	expression	levels	following	normalisation	to	the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	

Fruc M Fe1 FF1
Fe1

0
FF10

0.0

0.5

1.0

1.5

2.0

N
or

m
al

is
ed

 o
pt

ic
al

 d
en

si
ty

 (a
.u

.)

   Fruc        M       Fe1        FF1      FF1       Fe10       FF10

*

*

Ferroportin
(63 kDa)

GAPDH
(40 kDa)

Treatment

**



	 149 | Page 

	

	

Figure	7.9	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	low	dose	iron	and	fructose	together	
(FF1),	high	dose	iron	(Fe10),	and	high	dose	iron	and	fructose	together	(FF10)	on	HepG2	IRP2	
protein	expression.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	high	dose	iron,	10	μmol/L	FAC	(Fe10);	or	10	μmol/L	FAC	and	15	mmol/L	
fructose	together	 (FF10).	Protein	expression	changes	of	 IRP2	were	semi-quantified	by	Western	
blot	analysis	normalised	 to	GAPDH	using	 ImageJ	software;	 representative	Western	blot	 results	
for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	time	
points.	 All	 results	 are	 expressed	 as	 relative	 expression	 levels	 following	 normalisation	 to	 the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	
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Figure	7.10	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	low	dose	iron	and	fructose	together	
(FF1),	high	dose	iron	(Fe10),	and	high	dose	iron	and	fructose	together	(FF10)	on	HepG2	
Transferrin	Receptor	1	(TfR1)	protein	expression.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	high	dose	iron,	high	dose	iron,	10	μmol/L	FAC	(Fe10);	or	10	μmol/L	FAC	
and	 15	 mmol/L	 fructose	 together	 (FF10).	 Protein	 expression	 changes	 of	 TfR1were	 semi-
quantified	by	Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	
Western	blot	results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	
three	 separate	 time	 points.	 All	 results	 are	 expressed	 as	 relative	 expression	 levels	 following	
normalisation	to	the	control	group	(MEM	alone).	Each	treatment	was	compared	to	the	control	
M	and	a	significant	difference	indicated	by	an	*	(Sidak’s	multiple	comparisons	test;	p≤0.05).	Data	
for	linked	pairs	were	analysed	by	Sidak’s	multiple	comparisons	test	and	considered	significant	at	
p≤0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	link	with	an	arrow.	Trend	
analysis:	trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	
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7.4.3:		 Caco-2	and	HepG2	-	genes	and	proteins	related	to	colorectal	cancer	(CRC),	
hepatocellular	carcinoma	(HCC),	and	non-alcoholic	fatty	liver	disease	(NAFLD).	

7.4.3.1:		 HepG2	cells		
7.4.3.1.1:		 Microarray	Results		

Full available microarray enrichment results and Genego maps are in Appendix One. 

Expression of 940 genes was uniquely altered by treatment with fructose and ferric 
ammonium citrate together (FF) compared with MEM (M), fructose (15 mmol/L; 
FRUC) or ferric ammonium citrate (1 µmol/L FAC). The top three canonical pathways 
(determined by statistical significance) in which these genes were found were: 
triacylglycerol metabolism; IL-27 signalling pathway; and Activin A signalling 
regulation. Selected specific genes related to CRC, HCC and/or NAFLD changed within 
these top three pathways, as well other altered genes related to these diseases from 
statistically significant lower ranked pathways, follow below and are also shown in 
Table 7.5.  

Altered expression of genes in the top three pathways is indicated by the colour blue. 
Gene expression of the following were increased: Aldehyde dehydrogenase family 1 
member B1 (AL1B1); aldo-keto reductase family 7, member A2 (AKR7A2); Cytosolic 
glycerol-3-phosphate dehydrogenase 1 (GPD1); histone deacetylase 1 (HDAC1); C-
terminal binding protein (CTBP1); Cylin D (CCND1); Cyclin D2 (CCND2); and S-Phase 
Kinase-Associated Protein 2, E3 Ubiquitin Protein Ligase (SKP2).  

Gene expression of the following were decreased: Nuclear Factor- κ Beta (NFKB1); 
SMAD2; SMAD3; STAT3; Casein kinase 1 alpha (CSNK1A1); Janus Kinase 1; and c-
Jun & c-Fos. 

The expression of 574 genes was uniquely changed by treatment with fructose alone. 
The top three canonical pathways (determined by statistical significance) altered by 
fructose treatment alone were immune response alternative complement pathway, 
immune response lectin-induced complement pathway, and immune response classical 
complement pathway. Selected specific genes related to CRC, HCC and/or NAFLD 
changed within these top three pathways, as well other altered genes related to these 
diseases from statistically significant lower ranked pathways, follow below and are also 
shown in Table 7.5. 

Altered expression of genes in the top three pathways is indicated by the colour blue. 
Gene expression of the following were increased: complement component three (C3); C5 
Convertase (C2); CD59 Molecule (CD59); C8 Gamma subunit (C8G); Membrane Attack 
Complex (C8A); Clusterin (CLU); and Heat shock protein 90 (HSP90AB1). 

Treatment with FAC alone uniquely changed expression of 88 genes. The top three 
canonical pathways (as determined by statistical significance) altered by FAC alone were 
Carbohydrate Responsive Element-binding protein (ChREBP), Unsaturated fatty acid 
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biosynthesis, and Prostaglandin E2 Cancer pathways. Selected specific genes related to 
CRC, HCC and/or NAFLD changed within these top three pathways, as well other altered 
genes related to these diseases from statistically significant lower ranked pathways, 
follow below and are also shown in Table 7.5.  

Altered expression of genes in the top three pathways is indicated by the colour blue. 
Gene expression of the following were increased: 5' AMP-activated protein kinase 
gamma subunit (AMPK gamma subunit); Actin/Actin, Beta (ACTB). 

Altered expression of genes in the top three pathways is indicated by the colour blue. 
Gene expression of the following were decreased: Acyl CoA synthetase (ACSL); Acyl-
CoA synthetase long-chain family member 4; Stearoyl-CoA desaturase-1 (SCD1); Fatty 
Acid Desaturase 1 (FAD1); Prostaglandin E4 Receptor (PGE2R4); Hepatocyte Nuclear 
Factor 4A (HNF4A); T-cell factor/lymphoid enhancer factor (TCF/LEF). 
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Table	7.5	Microarray	results	showing	genes	altered	£	or	³	1.5	fold	(Discoveries	based	on	a	FDR	
analysis	where	q=0.050;	literature	references	for	comments	available	in	discussion	section).	

 Fructose and Ferric ammonium citrate (FF) unique 

                                                                     Gene                                              
Gene                                                          Symbol                      Comments 

In
cr

ea
se

d 

Aldehyde dehydrogenase family 1 member B1 AL1B1 

Metabolizes retinaldehyde to generate 
retinoic acid -vitamin A derivative 
necessary for cell growth and development; 
increased expression associated with CRC  

Aldo-keto reductase family 7, member A2 AKR7A2 

Liver enzyme involved in detoxification  of 
aldehydes and ketones  including methyl 
glyoxal – a potential toxic by product of 
fructose metabolism 

C-terminal binding protein CTBP1 Transcriptional regulator, mutations 
associated with CRC &HCC 

Cyclin D CCND1 

Regulator of associated cyclin dependent 
kinases that function in regulation of cell 
cycle; mutations associated with CRC & 
HCC 

Cyclin D2 CCND2 

Regulator of associated cyclin dependent 
kinases that function in regulation of cell 
cycle; mutations associated with CRC & 
HCC 

Cytosolic Glycerol-3-phosphate Dehydrogenase GPD1 

Essential enzyme for carbohydrate and lipid 
metabolism; catalyses the conversion of 
dihydroxyacetone phosphate and NADH to 
glycerol-3-phosphate & NAD+. Mutations 
associated with fatty liver disorders. 

Histone deacytylase 1 HDAC1 Enzyme that participates in control of gene 
expression; mutations associated with HCC 

S-Phase Kinase-Associated Protein 2,  
E3 Ubiquitin Protein Ligase (Skp2) 

SKP2 Proto-oncogene; mutations associated with 
multiple cancers including CRC & HCC 

D
ec

re
as

ed
 

Casein kinase 1 alpha CKA2 

Kinase involved in multiple signalling 
pathways including Wnt & Akt-Mtor; 
mutations associated with increased CRC 
and HCC risk 

c-Jun & c-Fos   JUN 

Proto-oncogenes; together make up 
Activator Protein 1 (AP-1) – transcription 
factor involved in cell cycle regulation & 
inflammatory pathways 

Nuclear Factor- κ Beta (NF-κb)  NFKB1 
Transcription factor involved in 
inflammation and cancer through its effects 
on cytokines, apoptosis & angiogenesis 

SMAD2   SMAD2 

Signal transducer and transcriptional 
modulator integral to multiple signalling 
pathways including iron homeostasis & 
inflammation/part of TGF-β pathway 

SMAD3 SMAD3 

Signal transducer and transcriptional 
modulator integral to multiple signalling 
pathways including iron homeostasis & 
inflammation/ part of TGF-β pathway 

STAT3  STAT3 

Component of a pleiotropic signalling 
cascade involved in iron homeostasis, 
inflammation & oncogenesis/part of NF-κb 
pathway 
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Table 7.5 Microarray results (cont.) 

Fructose Alone 
                                                                           Gene                                              
          Gene                                                        Symbol                      Comments 

In
cr

ea
se

d 

C3 C3 
Component of the complement activation 
cascade immune system; disturbances 
associated with metabolic disease. 

C5 convertase C2 
Component of the complement attack 
cascade immune system; disturbances 
associated with metabolic disease. 

C8 gamma subunit C8G 
Component of the complement attack 
cascade immune system; disturbances 
associated with metabolic disease. 

CD59 CD59 
Component of the complement attack 
cascade immune system; disturbances 
associated with metabolic disease. 

Clusterin CLU 

Interacts with terminal complement attack 
cascade; also extracellular chaperone 
protein involved in cell proliferation, 
apoptosis, & carcinogenesis 

Heat shock protein 90  HSP90AB1 

Intracellular chaperone protein released in 
response to stress that controls transport, 
folding/unfolding, assembly of complexes, 
and correct subcellular location of client 
proteins; transports many oncogenic client 
proteins -  mutations associated with 
multiple malignancies 

Membrane Attack Complex C8A 
Component of the complement attack 
cascade; disturbances associated with 
metabolic disease. 
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Table 7.5 Microarray results (cont.) 

FAC Alone 
                                                                            Gene                                              
          Gene                                                        Symbol                      Comments 

In
cr

ea
se

d 

Actin beta subunit ACTB 
Component of the cellular cytoskeleton; 
involved in apoptosis and malignant cell 
contraction, deformability and invasion 

Actin complex --- 
Component of the cellular cytoskeleton; 
involved in apoptosis and malignant cell 
contraction, deformability and invasion 

AMPK γ subunit PRKAG2 

Regulatory subunit of kinase that functions 
as a cell energy sensor and master 
modulator of energy pathways; mutations 
may either promote or suppress malignancy 

D
ec

re
as

ed
 

Acyl-CoA synthetase long-chain family 
member 4 

ACSL4 

Enzyme that form acyl-CoAs, involved in 
fatty acid metabolism, membrane 
modification and lipid signalling; 
 involved in liver lipid distribution & 
malignant cell proliferation 

Fatty Acid Desaturase 1 FAD1 
Enzyme egulates unsaturation of fatty 
acids; mutations associated with 
malignancy 

Hepatocyte Nuclear Factor 4A (HNF4A) HNF4A 

Hepatic nuclear receptor involved in 
regulation of metabolism, differentiation 
and proliferation and possibly iron; 
mutations associated with diabetes and 
HCC 

Prostaglandin E4 Receptor (PGE2R4) PGE2R4 
Receptors regulating tumour cell growth, 
invasion and migration involved in 
multiple malignancies including CRC 

Stearoyl-CoA Desaturase-1(SCD) SCD1 

Key regulator of the fatty acid composition 
of cellular lipids; mutations associated with 
fatty liver and cancer cell proliferation 
 

TCF/LEF Transcription Factors 
TCF7/ 
LEF1 

Transcription factors that are part of the 
Wnt signalling pathways; mutations 
associated with CRC,HCC & Diabetes 

 

7.4.3.1.2:		 Quantitative	real-time	rt-PCR	–	HepG2	cells	

Initial phase PCR was carried out with the same HepG2 cell samples used for microarray 
analysis, and second phase quantitative real-time rt-PCR (unless otherwise specified) was 
carried out in cells with no wash-out period. All initial phase quantitative real-time rt-
PCR results are shown in Figure 7.11; second phase quantitative real-time rt-PCR results 
are shown in Figures 7.12-7.16. 
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As suggested by the microarray results, initial phase quantitative real-time rt-PCR 
experiments verified that  1 µmol/L FAC and 15 mmol/L fructose together (FF1) 
treatments decreased relative mRNA expression of SMAD 3, and STAT 3 and NF-κb 
(p≤0.05). Fructose alone also decreased the expression of these genes, but this only 
reached statistical significance for NF-κb. Initial phase quantitative real-time rt-PCR 
showed no change in relative mRNA expression of SMAD2, in contrast with microarray 
results (Figure 7.11). 

Follow up second phase quantitative real-time rt-PCR experiments  demonstrated a 1.2 
fold increased expression of  NF-κb mRNA after treatment with FF10, but this did not 
reach statistical significance. Confirming initial phase real-time rt-PCR findings, when 
HepG2 cells were treated with FF1 and compared to “with-wash-out” control cells  
mRNA levels of NF-κb were less, whereas mRNA levels of NF-κb of FF1 treated cells in 
comparison with control cells with no wash-out were increased; the difference between 
FF1 versus M+ and FF1 versus M was statistically significant (p≤0.05) (Figure 7.12). 

As SMADs 2 and 3 are both part of the Transforming Growth Factor Beta 1 (TGF-β1) 
signalling pathway, gene expression of this key cytokine was evaluated by second phase 
quantitative real-time rt-PCR; neither FF1 or FF10 altered mRNA expression of TGF-β1 
(Figure 7.13). Iron alone, and fructose alone, were not tested. 

Alterations in Wnt/β-catenin pathways have been implicated in both HCC and CRC 
development in multiple studies, therefore levels of β-catenin mRNA were measured 
although no changes had been noted in the microarray findings.  β-catenin mRNA levels 
measured by second phase quantitative real-time rt-PCR were not changed either by FF1 
or FF10, consistent with microarray results (Figure 7.14); iron alone, and fructose alone, 
were not tested. 

Second phase quantitative real-time rt-PCR confirmed the increase in Cyclin D2 by 
fructose and iron treatments seen in microarray analysis; both FF1 and FF10 increased 
relative mRNA expression of Cyclin D2 1.5 fold (p≤0.05) (Figure 7.14). 

Consistent with microarray results, FF1 treatment of HepG2 cells significantly increased 
expression of proto-oncogene Skp2 mRNA 2.3 fold with FF1, and 1.6 fold with FF10 as 
measured by second phase quantitative real-time rt-PCR (p≤0.05). Effects of iron alone, 
and fructose alone on Skp2 RNA levels were not tested (Figure 7.15). 

In contrast with microarray results in which fructose alone increased HSP90 expression, 
follow up initial phase PCR demonstrated that HSP90 mRNA expression was 
significantly increased with fructose and iron together (1.3 fold; p≤0.05); interestingly 
both iron alone, and fructose alone, did minimally increase mRNA relative expression but 
this did not reach statistical significance (Figure 7.11). 
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Also in contrast with microarray findings, in which HNF4A had been decreased by iron 
alone, follow up initial and second phase PCR found that HNF4A was significantly 
decreased only by iron and fructose together (FF); FF1 decreased expression by 1.4 fold, 
and FF10 by 1.6 fold in second phase PCR studies (p≤0.05) (Figures 7.11 and 7.16). Of 
note, however, second phase PCR did demonstrate decreased HNF4A mRNA by 1.6 fold 
after HepG2 cell treatment with iron alone, but this was not statistically significant. 
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Figure	7.11	Initial	phase	quantitative	real-time	rt-PCR	effects	of	fructose	(Fruc),	iron	(FAC),	and	
iron	and	fructose	together	(FF)	on	mRNA	expression	relative	to	controls	in	HepG2	cells.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	fructose	(Fruc);	1	μmol/L	FAC	(FAC);	1	μmol/L	FAC	and	15	mmol/L	fructose	together	(FF;	
Fructose	and	FAC).	Changes	in	RNA	expression	were	quantified	by	quantitative	real-time	rt-PCR,	
normalised	 to	 both	 27S	 ribosome	 and	 GAPDH.	 RNA	 samples	 were	 derived	 from	 pooled	 RNA	
samples	 used	 in	 microarray	 analysis.	 All	 results	 are	 expressed	 as	 relative	 expression	 levels	
following	 normalisation	 to	 the	 control	 group	 (MEM	 alone).	 Data	 shown	 in	 grey	 were	 not	
significantly	 different	 from	 MEM;	 data	 shown	 in	 black	 were	 different	 compared	 with	 MEM	
(Sidak’s	multiple	comparisons	test	p≤0.05).		
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Figure	7.12	Effect	of	foetal	bovine	serum	(FBS)	and	energy	deprivation	on	HepG2	NF-κb	mRNA	
fold	changes.		
HepG2	control	 cells	 that	were	not	FBS	and	energy	deprived	 (M;	no	wash-out)	were	compared	
both	to	control	cells	with	a	longer	period	of	FBS	and	energy	deprivation	(M+;	with	wash-out)	and	
iron	and	fructose	treated	cells	(FF1).	HepG2	cells	grown	as	a	monolayer	were	treated	at	24	or	48	
hours	with	one	of	the	following:	MEM	alone	for	24	hours	(M),	MEM	alone	for	48	hours	(M+),	and	
1	 μmol/L	 FAC	 and	 15	 mmol/L	 fructose	 together	 (FF1).	 Changes	 in	 RNA	 fold	 expression	 were	
measured	by	quantitative	real-time	rt-PCR,	normalised	to	both	18S	and	GAPDH	reference	genes.	
Experiments	were	repeated	≥	3	over	three	separate	time	points.	All	results	are	expressed	as	fold	
change	 following	 normalisation	 to	 the	 control	 group	 (MEM	 alone;	 denoted	 as	 M).	 	 Each	
treatment	was	compared	as	a	ratio	to	the	control	M;	the	logs	of	these	ratios	were	compared	and	
a	 significant	 difference	 is	 indicated	 by	 an	 *	 (Sidak’s	 multiple	 comparisons	 test;	 p<=0.05).		
Similarly,	data	 for	 linked	pairs	were	analysed	using	 the	 log	of	 the	 ratio	 to	 the	control	M	using	
Sidak’s	multiple	comparisons	test	and	considered	significant	at	p<=0.05;	significance	is	indicated	
by	an	*.	
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Figure	7.13	HepG2	NF-κβ	and	TGF-β	mRNA	fold	change	expression	after	treatment	with	low	
dose	iron	and	fructose	(FF1),	and	high	dose	iron	and	fructose	(FF10).	
HepG2	 cells	 grown	 as	 a	 monolayer	 were	 treated	 at	 24-48	 hours	 with	 one	 of	 the	 following:	
1μmol/L	FAC	and	15	mmol/L	fructose	together	(FF1);	or	10	μmol/L	FAC	and	15	mmol/L	fructose	
together	 (FF10).	 	Changes	 in	RNA	expression	were	quantified	by	quantitative	 real-time	 rt-PCR,	
normalised	 to	both	18S	and	GAPDH.	Experiments	were	 repeated	≥	3	over	 three	separate	 time	
points.	 All	 results	 are	 expressed	 as	 fold	 change	 following	 normalisation	 to	 the	 control	 group	
(MEM	alone;	denoted	as	M).		Each	treatment	was	compared	as	a	ratio	to	the	control	M;	the	logs	
of	these	ratios	were	compared	and	a	significant	difference	is	indicated	by	an	*	(Sidak’s	multiple	
comparisons	 test;	p<=0.05).	 	Similarly,	data	 for	 linked	pairs	were	analysed	using	 the	 log	of	 the	
ratio	 to	 the	 control	 M	 using	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	
p<=0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	link	with	an	arrow.		
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Figure	7.14	HepG2	β-catenin	and	Cyclin	D2	mRNA	fold	expression	change	after	treatment	with	
low	dose	iron	and	fructose,	and	high	dose	iron	and	fructose.		
HepG2	 cells	 grown	 as	 a	monolayer	were	 treated	 at	 24-48	 hours	with	 one	 of	 the	 following:	 1	
μmol/L	FAC	and	15	mmol/L	fructose	together	(FF1);	or	10	μmol/L	FAC	and	15	mmol/L	fructose	
together	 (FF10).	 	 Changes	 in	RNA	expression	were	measured	by	quantitative	 real-time	 rt-PCR,	
normalised	 to	both	18S	and	GAPDH.	Experiments	were	 repeated	≥	3	over	 three	separate	 time	
points.	 All	 results	 are	 expressed	 as	 fold	 change	 following	 normalisation	 to	 the	 control	 group	
(MEM	alone;	denoted	as	M).		Each	treatment	was	compared	as	a	ratio	to	the	control	M;	the	logs	
of	these	ratios	were	compared	and	a	significant	difference	is	indicated	by	an	*	(Sidak’s	multiple	
comparisons	 test;	p<=0.05).	 	Similarly,	data	 for	 linked	pairs	were	analysed	using	 the	 log	of	 the	
ratio	 to	 the	 control	 M	 using	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	
p<=0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	link	with	an	arrow.		
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Figure	7.15	HepG2	Skp2	mRNA	fold	expression	change	after	treatment	with	low	dose	iron	and	
fructose,	and	high	dose	iron	and	fructose.		
HepG2	 cells	 grown	 as	 a	 monolayer	 were	 treated	 at	 24-48	 hours	 with	 one	 of	 the	 following:	
1μmol/L	FAC	and	15	mmol/L	fructose	together	(FF1);	or	10	μmol/L	FAC	and	15	mmol/L	fructose	
together	 (FF10).	 	 Changes	 in	RNA	expression	were	measured	by	quantitative	 real-time	 rt-PCR,	
normalised	 to	both	18S	and	GAPDH.	Experiments	were	 repeated	≥	3	over	 three	separate	 time	
points.	 All	 results	 are	 expressed	 as	 fold	 change	 following	 normalisation	 to	 the	 control	 group	
(MEM	alone;	denoted	as	M).		Each	treatment	was	compared	as	a	ratio	to	the	control	M;	the	logs	
of	these	ratios	were	compared	and	a	significant	difference	is	indicated	by	an	*	(Sidak’s	multiple	
comparisons	 test;	p<=0.05).	 	Similarly,	data	 for	 linked	pairs	were	analysed	using	 the	 log	of	 the	
ratio	 to	 the	 control	 M	 using	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	
p<=0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	link	with	an	arrow.		
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Figure	7.16	HepG2	HNF4a	mRNA	fold	expression	change	after	treatment	with	low	dose	iron,	
low	dose	iron	and	fructose,	and	high	dose	iron	and	fructose.		
HepG2	 cells	 grown	 as	 a	 monolayer	 were	 treated	 at	 24-48	 hours	 with	 one	 of	 the	 following:	
1μmol/L	FAC	(Fe1);	1μmol/L	FAC	and	15	mmol/L	fructose	together	(FF1);	or	10	μmol/L	FAC	and	
15	mmol/L	fructose	together	(FF10).		Changes	in	RNA	expression	were	measured	by	quantitative	
real-time	rt-PCR,	normalised	to	both	18S	and	GAPDH.	Experiments	were	repeated	≥	3	over	three	
separate	 time	 points.	 All	 results	 are	 expressed	 as	 fold	 change	 following	 normalisation	 to	 the	
control	 group	 (MEM	 alone;	 denoted	 as	M).	 	 Each	 treatment	 was	 compared	 as	 a	 ratio	 to	 the	
control	M;	the	logs	of	these	ratios	were	compared	and	a	significant	difference	is	indicated	by	an	
*	 (Sidak’s	multiple	 comparisons	 test;	 p<=0.05).	 	 Similarly,	 data	 for	 linked	 pairs	were	 analysed	
using	 the	 log	 of	 the	 ratio	 to	 the	 control	 M	 using	 Sidak’s	 multiple	 comparisons	 test	 and	
considered	significant	at	p<=0.05;	a	significant	difference	between	linked	pairs	is	indicated	by	a	
link	with	an	arrow.		
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7.4.3.1.3:		 Effect	of	treatments	on	HepG2	cell	HSP90	protein	expression.	

HSP90 protein levels did not increase with fructose alone treatments compared with 
control. Levels increased with treatment with Fe1 and Fe10 by approximately 25 and 
10 %, respectively, but this was not statistically significant. Levels increased with 
treatment with FF1 and FF10 by approximately 45 and 10 % respectively, though this 
was only significant for FF1 versus MEM (p≤0.05) (Figure 7.17). 
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Figure	7.17	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	high	dose	iron	(Fe10),	low	dose	iron	
and	fructose	together	(FF1),	and	high	dose	iron	and	fructose	together	(FF10)	on	HSP90	protein	
expression	in	HepG2	cells.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	high	dose	iron,	10	μmol/L	FAC	(Fe10);	or	10	μmol/L	FAC	and	15	mmol/L	
fructose	together	(FF10).	Protein	expression	changes	of	HSP90	were	semi-quantified	by	Western	
blot	analysis	normalised	 to	GAPDH	using	 ImageJ	software;	 representative	Western	blot	 results	
for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	time	
points.	 All	 results	 are	 expressed	 as	 relative	 expression	 levels	 following	 normalisation	 to	 the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p£0.05).	Data	 for	 linked	pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p£0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	did	not	indicate	a	significant	ordered	response.	

7.4.3.1.4:		 Effect	of	treatments	on	HepG2	cell	protein	expression	of	HNF4A	

There was no significant difference in protein expression of HNF4A in cells treated with 
fructose alone. Contrary to the results seen in our PCR experiments, protein expression of 
HNF4A increased for cells treated with both Fe1 and Fe10, by approximately 15 and 
100 % respectively, and increased for cells treated with FF10 by approximately 40 %. 
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Individually these differences did not reach statistical significance, but the trend was 
significant for an increase in the order MEM/Fructose, Fe1, FF1, F10 and FF10 as 
analysed by Trend analysis (p≤0.05) (Figure 7.18).  

	

Figure	7.18	Effect	of	fructose	(Fruc),	low	dose	iron	(Fe1),	high	dose	iron	(Fe10),	low	dose	iron	
and	fructose	together	(FF1),	and	high	dose	iron	and	fructose	together	(FF10)	on	HepG2	HNF4A	
protein	expression.		
HepG2	cells	 grown	as	a	monolayer	were	 treated	at	24-48	hours	with	one	of	 the	 following:	15	
mmol/L	 fructose	 (Fruc);	 low	 dose	 iron,	 1	 μmol/L	 FAC	 (Fe1);	 1	 μmol/L	 FAC	 and	 15	 mmol/L	
fructose	together	(FF1);	high	dose	iron,	10	μmol/L	FAC	(Fe10);	or	10	μmol/L	FAC	and	15	mmol/L	
fructose	 together	 (FF10).	 Protein	 expression	 changes	 of	 HNF4A	 were	 semi-quantified	 by	
Western	blot	analysis	normalised	to	GAPDH	using	ImageJ	software;	representative	Western	blot	
results	for	each	treatment	are	shown	above.	Experiments	were	repeated	≥	3	over	three	separate	
time	points.	All	results	are	expressed	as	relative	expression	levels	following	normalisation	to	the	
control	 group	 (MEM	alone).	 Each	 treatment	was	 compared	 to	 the	 control	M	and	a	 significant	
difference	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	 p≤0.05).	 Data	 for	 linked	 pairs	
were	 analysed	 by	 Sidak’s	 multiple	 comparisons	 test	 and	 considered	 significant	 at	 p≤0.05;	 a	
significant	difference	between	 linked	pairs	 is	 indicated	by	a	 link	with	an	arrow.	Trend	analysis:	
trend	analysis	indicated	a	significant	ordered	response	(p≤0.05).	
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7.4.3.2:		 Caco-2	cells	-	second	phase	quantitative	real-time	rt-PCR.	
7.4.3.2.1:		 Effect	of	treatments	on	Caco-2	cell	gene	expression	of	APC	and	p53.	

Fe30 and FF100 did not alter Caco-2 cell APC mRNA levels; Fe100 decreased APC gene 
expression by approximately 1.3 fold, and FF30 decreased expression of APC by 
approximately 1.5 fold (p≤0.05) although this did not reach statistical significance 
(Figure 7.19). The effect of fructose alone on APC expression has not been tested.  

P53 mRNA levels did not change with treatments with Fe30, Fe100, FF30 or FF100 
(Figure 7.19). The effect of fructose alone on p53 expression has not been tested. 

	

Figure	7.19	Caco-2	cell	APC	and	p53	mRNA	fold	changes	after	treatment	with	iron	and	
fructose.		
Caco-2	 cells	 grown	 as	 a	monolayer	were	 treated	 at	 19-21	 days	with	 one	 of	 the	 following:	 30	
μmol/L	 FeCl3	 alone	 (Fe30);	 30	μmol/L	 FeCl3	 and	 and	66	mmol/L	 fructose	 together	 (FF30);	 100	
μmol/L	FeCl3	alone;	or	100	μmol/L	FeCl3	and	66	mmol/L	fructose	together	(FF100).	 	Changes	in	
RNA	 expression	were	measured	 by	 quantitative	 real-time	 rt-PCR,	 normalised	 to	 both	 18S	 and	
GAPDH.	 Experiments	 were	 repeated	 ≥	 3	 over	 three	 separate	 time	 points.	 All	 results	 are	
expressed	as	fold	change	following	normalisation	to	the	control	group	(MEM	alone).	All	results	
are	expressed	as	fold	change	following	normalisation	to	the	control	group	(MEM	alone;	denoted	
as	M).		Each	treatment	was	compared	as	a	ratio	to	the	control	M;	the	logs	of	these	ratios	were	
compared	 and	 a	 significant	 difference	 is	 indicated	 by	 an	 *	 (Sidak’s	multiple	 comparisons	 test;	
p<=0.05).		Similarly,	data	for	linked	pairs	were	analysed	using	the	log	of	the	ratio	to	the	control	
M	 using	 Sidak’s	multiple	 comparisons	 test	 and	 considered	 significant	 at	 p<=0.05;	 a	 significant	
difference	between	linked	pairs	is	indicated	by	a	link	with	an	arrow.		
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7.5:		 Discussion	

7.5.1:		 Effects	of	fructose	on	iron	transporter	and	homeostasis	proteins	
7.5.1.1:		 Caco-2	cells		

Enterocyte iron levels are finely adjusted both to meet intracellular iron needs and also 
whole body iron homeostasis; in iron deficiency gut DMT1 and ferroportin levels 
increase, which results both in increased iron uptake and also flux through the enterocyte 
(Zoller, Koch et al. 2001, Taylor, Qu et al. 2011). An increase in these iron transport 
proteins was not observed in Caco-2 cells after treatment with fructose alone, suggesting 
that the observed increase in Caco-2 cell ferritin seen with combined fructose and iron 
treatments was not secondary to increased expression of these transport proteins. 
However, a limitation of this study was that transporter expression was measured at only 
a single time point – therefore a transient but physiologically relevant change in 
transporter expression may have been missed. 

Control and fructose treated cells demonstrated the highest levels of DMT1 and 
ferroportin; this is as expected since these cells would have been cultured in essentially 
iron free media for 48 hours and thus be iron deficient.  Iron treatments alone, and 
equivalent iron with added fructose treatments, decreased expression of both DMT1 and 
ferroportin in an iron-dose respondent manner consistent with the expected effects of 
increased intracellular iron on the expression of these proteins in the gut (Zoller, Koch et 
al. 2001). However, although fructose and iron together produced higher ferritin levels, 
compared with iron alone at the same iron concentrations (chapter three and also see 
reference(Christides and Sharp 2013), the protein expression of DMT1 and ferroportin 
was not significantly different between these two treatments in this current set of 
experiments (Figures 7.3 and 7.4), suggesting either that the difference in iron uptake was 
not high enough to change translational or post-translational levels of these iron 
transporters, or that the Western blot technique was not sensitive enough to detect subtle 
differences in protein expression. Ferritin levels in Caco-2 cells treated with iron alone, 
compared with iron combined with fructose, increased by approximately 40 % (chapter 
three and also see reference (Christides and Sharp 2013), but in absolute terms ferritin 
levels only went from ≈ 10 ng ferritin/mg protein to  ≈ 14 ng ferritin/mg protein, which 
may not be enough to significantly alter iron-transport protein expression levels. 

As would be predicted, Caco-2 TfR1 mRNA expression decreased with increasing 
concentrations of iron treatments (Ponka and Lok 1999). Furthermore, there was a 
significant two-fold difference in TfR1 mRNA expression between Caco-2 cells treated 
with high dose iron combined with fructose, compared with high dose iron alone, and 
although not statistically significant, a 30 % difference in mRNA expression between low 
dose iron combined with fructose, compared with low dose iron alone (Figure 7.1). 
However, there was no associated difference in TfR1 protein expression between iron and 
fructose versus iron alone treatments, at either high or low dose iron. Similarly, with the 
protein expression of the two other membrane bound iron transporters discussed above, 
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this discrepancy may be the result of Western blot lack of sensitivity, an issue that is 
particularly relevant for membrane associated proteins such as DMT1, ferroportin and 
TfR1 (Kaur and Bachhawat 2009). Alternatively, the time frame of experiments may 
have missed an earlier or later occurring alteration in protein expression.  

The IRP/IRE system is the main translational control point of cellular iron homeostasis, 
and the predominant and rapid-response system that maintains intracellular iron levels 
appropriate to cellular needs (Muckenthaler, Galy et al. 2008). IRP1 is constitutively 
expressed functioning as a cytoplasmic aconitase in iron replete cellular conditions, and 
as part of the IRE/IRP system under low iron condition (Walden, Selezneva et al. 2006). 
In contrast, IRP2 is degraded by the proteasome under iron replete conditions (Vashisht, 
Zumbrennen et al. 2009) and thus levels are a more direct measure of intracellular iron 
status. IRP2 levels were highest in control and fructose treated cells indicative of 
underlying low intracellular iron status and reflecting the 48 hour period of iron depletion 
prior to and during in vitro digestions; levels decreased with increasing concentration of 
iron treatments, but there was no difference in IRP2 protein expression between iron 
alone, and iron and fructose treated cells. Western blot detection conditions suggest that 
overall Caco-2 cell levels of IRP2 are low as bands were not detected until an extended 
period of film exposure (20 minutes), and band density was lower compared with other 
tested proteins; thus detection of small changes in IRP2 protein levels may not have been 
observable.  

In summary, the observed increase in Caco-2 cell ferritin after treating cells with iron and 
fructose, in comparison with iron alone, does not appear to be related to fructose-induced 
changes in the iron transporters DyctB, DMT1, ferroportin, TfR1 or the iron-homeostasis 
protein  IRP2, within the experimental time frame of these studies.  

7.5.1.2:		 HepG2	cells	

As increased ferritin levels were also observed in HepG2 cells treated with a combination 
of iron and fructose, compared with iron alone (chapter three, also see reference 
(Christides and Sharp 2013), evaluation of expression of a number of iron-related genes 
and proteins was carried out in this cell line. Consistent with the results for Caco-2 cells, 
no changes in the measured iron-homeostasis proteins in response to fructose alone 
treatments were found, suggesting that the observed increase in HepG2 cell ferritin after 
treatment with iron and fructose is not a consequence of increased levels of the measured 
iron transporters or homeostasis proteins. Once again, however, the important caveat 
about the single time point nature of these experiments also applies to HepG2 studies. 

In contrast with Caco-2 cells, HepG2 cell ferroportin protein levels significantly 
increased with iron treatments (Figure 7.8). Hepatocyte ferroportin, however, has a 5’ 
IRE that results in ferroportin mRNA degradation in iron-replete conditions, thus this 
response is consistent with increased iron loading of HepG2 cells (Anderson, Shen et al. 
2012). Enterocyte ferroportin is primarily the non-IRE variant (Zhang, Hughes et al. 
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2009); the increase observed in gut ferroportin levels with iron deficiency is mediated 
through a hypoxic response element in the gene’s promoter area (Taylor, Qu et al. 2011). 
Similarly, with Caco-2 cell results, no differentiation between cells treated with iron 
alone, versus same-dose iron combined with fructose, was observed despite documented 
increases in ferritin for possibly the same reasons outlined above re Caco-2 cell results.  

HepG2 TfR1 mRNA expression decreased significantly with iron treatments, and there 
was a significant difference between iron alone treated cells compared with combined 
same-dose iron and fructose, suggesting that intracellular iron levels were different 
enough between iron alone versus iron and fructose treated cells to transcriptionally down 
regulate TfR1. 

Both IRP2 and TfR1 protein levels decreased in HepG2 cells with iron treatments in a 
dose dependent manner, but in contrast with mRNA changes no difference in protein 
levels of the transporters between iron and fructose, and iron alone treated cells was 
observed. This suggests that, as with Caco-2 cells, the Western blot may not be sensitive 
enough to detect subtle differences in the expression of these proteins, or that intracellular 
iron differences are not great enough to change protein expression. Lastly, protein 
changes may have occurred outside the time frame of the conducted experiments and thus 
transient, or delayed, changes missed.  

HepG2 mRNA expression of TfR2, a receptor that is involved in regulatory pathways of 
iron metabolism, rather than cellular uptake for metabolic needs (Rapisarda, Puppi et al. 
2010) was unchanged by fructose treatments suggesting that fructose did not increase iron 
uptake in HepG2 cells by altering iron homeostatic control mechanisms in the TfR2 
pathway within the time frame of these experiments.  

7.5.2:		 Effects	of	iron	and	fructose	on	genes	and	proteins	related	to	CRC,	HCC	and	
NAFLD	

Caco-2 and HepG2 cell gene and protein analysis demonstrated significant changes in 
pathways related to CRC, HCC and NAFLD; there were changes in metabolic pathways, 
and also in expression of proteins involved in cell signalling underlying inflammation and 
oncogenesis. 

There is epidemiological evidence of an association between iron intake and CRC risk 
(Nelson 2001, Ashmore, Rogers et al. 2016). Suggested mechanisms by which iron 
increases CRC risk include reactive oxygen species (ROS) mediated mutations, nutrient 
support for rapidly proliferating cells,  and alterations in cell signalling pathways that 
underlie malignant cell transformation and promotion (Chua, Klopcic et al. 2010). 
Aberrations in the canonical Wnt-β-catenin-TCF/LEF signalling pathway underlie the 
majority of spontaneously occurring cases of CRC (Schneikert and Behrens 2007). Wnt, a 
secreted protein, binds to one of several membrane receptors; the heterodimer formed 
then stabilises cytosolic β-catenin allowing it to translocate to the nucleus, bind with 
TCF/LEF, and function as a transcription complex acting on genes related to 



	 171 | Page 

	

differentiation, proliferation and migration.  In low Wnt conditions β-catenin is degraded 
by a destruction complex consisting of a scaffold with binding domains for β-catenin, 
Axin, Adenomatous Polyposis Coli (APC), kinases Glycogen synthase kinase 3 beta 
(GSK3β) and Casein kinase 1α/ε, that then targets β-catenin to the proteasome 
(Schneikert and Behrens 2007). Mutations in the tumour suppressor APC gene underlie 
the majority of hereditary CRC cases, and approximately 50 % of spontaneously 
occurring cases of CRC (Schneikert and Behrens 2007).  Decreased expression or loss-of-
function APC mutations lead to overexpression of cytosolic β-catenin and its 
translocation to the nucleus. There β-catenin interacts with the transcription factors 
TCF/LEF, and increases expression of target genes that promote cancer development 
(Schneikert and Behrens 2007). Mutations of Casein kinase 1α/ε may have the same 
effect, as function of the destruction complex is compromised (Schittek and Sinnberg 
2014). Microarray analysis in HepG2 cells revealed decreased levels of Casein kinase 1α 
(CK1α) and TCF/LEF after treatment with iron alone (Table 7.5); investigation of 
whether these changes also occur in Caco-2 cells exposed to iron  treatments is warranted 
to evaluate if these changes may play a part in the increased incidence of CRC seen in 
epidemiological studies in association with iron intake and status.  Another interesting 
microarray finding in HepG2 cells that should be investigated in colon cancer cells was 
the finding that  iron-fructose treatments increased expression of Aldehyde 
dehydrogenase family 1 member B1 (AL1B1). A recent in vitro and mouse xenograft 
study demonstrated that suppression of this enzyme, which is responsible for metabolisng 
the vitamin A derivative retinaldehyde to retinoic acid, was associated with slower 
growth of colon cancer cells and tumours xenografts (Singh, Arcaroli et al. 2015). 

Treatment of Caco-2 cells with high dose iron alone did significantly decrease APC 
mRNA expression by 1.3 fold, and low dose iron and fructose together also decreased 
APC expression by 1.5 fold although this did not reach statistical significance 
(Figure 7.19). Decreased APC levels would be predicted to lead to increased expression 
of β-catenin and thus Wnt target genes such as Cyclins D1 and D2, as indeed was 
observed in the HepG2 cell line; dysregulation of Cyclin Ds is associated with malignant 
transformation of cells because of disordered cell cycle regulation (Musgrove, Caldon et 
al. 2011). Research using in vitro and mouse models has demonstrated iron induced 
increased Wnt signalling including increased expression of Cyclin D2, but only in cells 
with a non-functional APC protein, (Brookes, Boult et al. 2008, Radulescu, Brookes et al. 
2012) as is the case in Caco-2 cells, and thus consistent with the results of the studies in 
this thesis. Further evaluation of the effects of iron and fructose on Caco-2 cell APC gene 
and protein expression, as well as downstream targets of Wnt signalling, is warranted to 
explore these findings.  Furthermore, exploration of the effects of iron and fructose in 
other colon cancer derived cells would provide more robust evidence that the findings 
have broad implications. A significant amount of iron and fructose is consumed in the 
modern diet, therefore even modest changes in a pathway that is central to CRC disease 
pathogenesis may have important consequences. 
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Figure 7.20 presents a simplified version of Wnt signalling including the possible effects 
of iron and fructose treatments as observed in the experiments in this thesis chapter. 
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Figure	7.20	Simplified	Wnt	signalling	pathway	under:	A)	Physiological	conditions,	and	B)	After	
iron	and	fructose	exposure.		
Figure	 7.20(A):	 Under	 physiological	 conditions	 with	 low	 levels	 of	 Wnt,	 β-catenin	 is	 primarily	
bound	 to	 the	 destruction	 complex	 consisting	 of	 APC,	 Axin,	 Gskβ	 3	 kinase	 (GSKβ3)	 and	 Casein	
kinase	1α	 (CK1)	and	degraded	by	 the	proteasome	 (not	 shown);	 therefore	 transcription	of	Wnt	
target	genes	including	Cyclin	D2	is	limited.	Figure	7.20(B):	Iron	and	fructose	decrease	expression	
of	 APC	 and	 Casein	 kinase	 1α	 leading	 to	 decreased	 binding	 of	 β-catenin	 by	 the	 destruction	
complex,	 and	 therefore	 increased	 intracellular	 levels	 of	 β-catenin	 that	 then	 translocate	 to	 the	
nucleus,	bind	with	TCF/LEF	and	increase	transcription	of	Wnt	target	genes	such	as	Cyclin	D2.	If	
this	leads	to	unregulated	cell	replication	and	proliferation	malignant	transformation	may	occur.	

There is also an intriguing possible connection between Wnt signalling and metabolic 
reprogramming in colon cancer. Cancer cell metabolism is increasingly recognised as part 
of the oncogenic process itself, rather than simply a by-product of mutagenesis, or an 
adaption required for rapidly proliferating cells (Seyfried and Shelton 2010, Seyfried 
2012). Aerobic glycolysis, in which cancer cells in the presence of oxygen ferment 
glucose (or fructose) to lactate rather than pyruvate -- and thus effectively uncouple 
glycolysis from pyruvate oxidation - was originally described by Otto Warburg and is 
known as the Warburg Effect (Warburg 1956). Current evidence suggests that cancer 
cells reprogramme glycolysis to produce anabolic substrate precursors and reducing 
equivalents that support the production of nucleotides, lipids and proteins required for cell 
proliferation, in addition to providing energy. An in vitro study using colon cancer cells 
and in vivo tumour xenografts found evidence that Wnt-induced TCF/LEF alterations 
changed metabolism-related target genes; the changes then created a favourable tumour 
environment (Pate, Stringari et al. 2014). Both iron and fructose can alter cell 
metabolism, therefore how the two nutrients together affect colon cell metabolism, and 
indeed metabolism of liver cells that are also exposed to significant amounts of both of 
these nutrients, requires further attention as iron and fructose may act synergistically to 
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support cancer cell metabolism and proliferation. In the proposed model of cancer as a 
metabolic disorder, it is hypothesised that mitochondrial dysfunction as a result of an 
insult, such as oxidative stress, both impairs cellular respiration and leads to mutations 
that promote tumourigenesis (Seyfried 2012). Furthermore, some researchers suggest that 
disordered intracellular iron metabolism underlies or contributes to this mitochondrial 
dysfunction (Robert L Elliott 2012). Lastly, fructose is also metabolised  through the 
glycolytic pathway, but critically after the main point of homeostatic control in glycolysis 
by phosphofructokinase (Mayes 1993, Timson 2012), thus fructose effectively will 
continue through glycolysis without negative feedback and glycolytic products will be a 
function of fructose concentration . Putting all of the above together, intracellular iron 
may lead to cancer causing mutations, with associated metabolic changes and cellular 
requirements that are then supported by the unregulated flux of fructose through 
glycolysis. The importance of glycolysis to cancer metabolism is underscored by the 
observation that one of the functions of the tumour suppressor protein p53 is suppression 
of this metabolic pathway, and  loss of p53 may contribute to conversion of cells to 
aerobic glycolysis (Olovnikov, Kravchenko et al. 2009). In the research for this thesis 
neither iron alone nor iron and fructose together altered p53 mRNA expression, but 
analysis of p53 protein expression and localisation after iron and fructose treatments 
would more definitely rule out fructose-iron induced changes in this tumour suppressor. 
Figure 7.21 provides a simplified schematic presentation of possible mechanisms by 
which iron and fructose could promote cancer cell transformation and proliferation. 



	 175 | Page 

	

	

	
Figure	7.21	Model	of	disordered	iron	and	carbohydrate	metabolism	in	cells	that	may	
synergistically	lead	to	initiation	and	promotion	of	cancer.		
Excess	or	dysregulated	intracellular	 iron	increases	reactive	oxygen	species	(ROS)	that	then	lead	
to	 damage	 of	 lipid	 membranes,	 intracellular	 proteins,	 mitochondria	 and	 DNA.	 	 The	 result	 is	
activation	 of	 cellular	 stress	 responses,	 mutations	 in	 enzymes	 that	 lead	 to	 tumour-favourable	
metabolic	 products	 such	 as	 changed	 transketolase	 isoforms	 producing	more	 nucleotides	 (Liu,	
Huang	 et	 al.	 2010),	 mutations	 in	 tumour	 promotion	 and	 suppressor	 genes,	 and	 also	 in	 iron	
import	proteins	such	as	Transferrin	Receptor	1	(Brookes,	Hughes	et	al.	2006,	Boult,	Roberts	et	al.	
2008)	 to	 support	 increased	 cellular	 metabolic	 and	 proliferative	 needs.	 ROS	 impaired	 ferritin	
damage	may	 also	 release	 more	 iron	 that	 then	 through	 Fenton	 chemistry	 increases	 ROS	 thus	
continuing	the	cycle	and	further	increasing	oxidative	stress.	Iron	induced	mitochondrial	damage	
may	 both	 impair	 cellular	 respiration,	 and	 also	 lead	 to	 increased	 release	 of	 ROS,	 once	 again	
continuing	 the	 cycle.	 As	 the	 cell	 begins	 to	 undergo	 malignant	 transformation	 it	 converts	 to	
aerobic	glycolysis	to	meet	metabolic	requirements;	fructose	facilitates	the	production	of	needed	
anabolic	 substrates	 through	 unregulated	 entry	 into	 glycolysis	 thus	 supporting	 malignantly	
transformed	cells	survival	and	proliferation.		

The metabolic changes observed by Warburg are seen in the majority of cancer cells, and 
thus the above discussion may also apply to the effects of iron and fructose on liver cells, 
and both iron and fructose intake have been associated with HCC in epidemiological 
studies (Tasevska, Jiao et al. 2012, Kew 2014).  As mentioned, the gene changes in 
Casein kinase 1a, Cyclins D1 and D2, and TCF/LEF were actually observed in HepG2 
cells, although at this time only the increase in Cyclin D2 has been verified by 
quantitative real-time rt-PCR. Altered Wnt signalling is implicated in HCC pathogenesis 
(Clevers and Nusse 2012), therefore further verification of microarray results including 
analysis of Wnt signalling, β-catenin, TCF/LEF, Cyclin D1, and Casein Kinase 1a gene 
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and protein expression, and cellular localisation, with iron and fructose treatments is 
warranted. Investigation of HepG2 β-catenin expression by quantitative real-time rt-PCR 
was carried out and found to be unchanged by any treatment. This is not surprising given 
that Wnt- β-catenin associated mutations typically act by changing either protein 
expression or intracellular location (i.e. cytoslic versus nuclear) rather than gene 
expression of β-catenin. 

Expression of several other HCC-related genes was changed by iron and fructose 
treatments. HSP90 expression increased; the change was confirmed by quantitative real-
time rt-PCR, and furthermore, Western blot analysis confirmed a moderate but significant 
increase in HSP90 protein expression with iron and fructose treatments. 

Mutations and over expression of HSP90 are associated with HCC. HSP90 is a 
constitutively expressed molecular chaperone that co-chaperones some 200 proteins 
involved in signalling pathways, metabolism, and stress adaptation, and elevated 
expression of HSP90 is associated with increased risk and progression of HCC (Sun, 
Xing et al. 2007). Recently, evidence has emerged that suggests cancer cells hijack 
HSP90 and use it to chaperone and protect abnormal proteins essential for cancer cell 
survival (Whitesell and Lindquist 2005, Trepel, Mollapour et al. 2010); the centrality of 
HSP90 to oncogenesis is illustrated by the large number of anti-HSP90 drugs currently 
being developed as chemotherapeutic agents including for HCC (Trepel, Mollapour et al. 
2010). Therefore, further study of the effects of iron, and combined iron and fructose, on 
expression of HSP90, and in particular key HSP90 client protein expression and trasnport 
analysis is warranted. 

There were expression changes noted in HepG2 cells in several other genes associated 
with CRC and HCC after iron-fructose treatments. The largest increase in gene 
expression occurred in the proto-oncogene S phase kinase-associated protein (Skp2); 
Skp2 mRNA levels increased 2.5 fold after iron-fructose treatments as measured by 
second phase quantitative real-time rt-PCR. Skp2 over expression is associated with 
worse prognosis in both CRC and HCC; it is part of a ligase complex that mediates the 
degradation of cell cycle regulatory proteins and it is believed that the mechanism by 
which it promotes oncogenesis is through increased/dysregulated destruction of key 
molecules in cell cycle progression (Hershko 2008, Shin, Kim et al. 2012). Furthermore, 
an in vitro study found that Akt1, a HSP90 client protein, controls Skp2 protein stability 
and RNA expression, and it was postulated that this was one of the underlying 
mechanisms by which Akt promotes tumourigenesis (Gao, Inuzuka et al. 2009).  

Expression of Histone Deacytylase 1 and C-terminal binding protein (CtBP1), 
transcriptional co-repressors that when mutated are associated with HCC, was elevated by 
iron-fructose treatments. HDAC1 has been proposed to cause HCC by silencing of 
tumour suppressor genes (Iakova, Timchenko et al. 2011). Lastly, microarray analysis 
demonstrated decreased expression of c-Jun/c-Fos, and Janus kinase 1, after treatments 
with iron and fructose together. C-Jun and c-Fos together make up AP-1, a transcription 
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factor involved in control of the cell cycle amongst many other functions. Overexpression 
or dysregulation of these proto-oncogenes is associated with multiple malignancies and 
has also been associated with disease progression in NAFLD (Kodama and Brenner 
2009). Decreased expression of these proto-oncogenes would be predicted to be 
protective against malignant transformation. Further research is needed to determine if 
the observed alterations in gene expression of HepG2 cells exposed to iron-fructose 
treatments leads to associated alterations in protein expression and localization, and also 
downstream targets of these genes. Furthermore, other than for Skp2 in which results 
were confirmed under non-energy/FBS deprived conditions, all the remaining changes 
need to be evaluated in no wash-out experiments, and verified by further PCR work. 

Research both in vivo and in vitro suggests that both iron and fructose increase the risk 
for disease progression in NAFLD. One of the major pathways in the development of 
NASH is the NF-κb/STAT inflammatory pathway.  This pathway is stimulated  both  by 
fatty acids and also by reactive oxygen species (ROS), and studies have demonstrated that 
fructose increases de novo hepatic lipogenesis (DNL) and free fatty acid (FFA) flux; it 
has been proposed that  by increasing DNL and FFAs fructose increases NF-κb activity 
and thus promotes an inflammatory response in the fatty liver (Mouzaki and Allard 
2012). Iron has also been shown to increase ROS-induced  NF-κb signalling 
(Bhattacharyya, Ghosh et al. 2012). In addition, the TGF-β/SMAD pathway is the other 
pathway implicated in NAFLD pathogenesis (Yang, Roh et al. 2014), and once again 
there is evidence that iron and fructose increase TGF-β/SMAD pathway activity (Lee and 
Friedman 2011). Thus it was an unexpected finding that gene expression of SMADs 2 
and 3, and NF-kb and STAT 3-- key proteins in the above pathways -- were decreased by 
iron and fructose treatments in liver cells both in the microarray analysis, and then follow 
up initial quantitative real-time rt-PCR.  It was hypothesised that comparatively decreased 
levels of the above genes was in response to energy provided with fructose, or fructose 
and iron treatment of cells, compared with iron alone or MEM alone treatment of HepG2 
cells. Treatment of cells with iron alone in the microarray analysis resulted in increased 
expression of 5' AMP-activated protein kinase (AMPK) gamma subunit, the regulatory 
subunit of this key kinase involved in sensing cellular energy homeostasis. AMPK 
increases in response to low cellular energy levels leading to increased activity of energy 
generating pathways, and decreased activity of anabolic pathways (Hardie, Ross et al. 
2012). Consistent with a low cellular energy state in iron treated cells, expression levels 
of stearoyl-CoA desaturase (SCD), fatty acid desaturase 1 (FAS) and acyl-CoA 
synthetase (ACC)- key anabolic proteins involved in fatty acid synthesis- were decreased 
in cells treated with FAC alone; AMPK decreases transcription of all of these anabolic 
related genes (Hardie, Ross et al. 2012). Thus one possible interpretation of the 
microarray results is that low energy induced stress changes in control cells, though not as 
significant as in iron alone treated cells, led to comparatively lower levels of SMADs 2 
and 3, and NF-kb and STAT 3 in combination iron and fructose (i.e. energy provided) 
treated cells.  Consistent with this hypothesis, initial phase quantitative real-time PCR 
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revealed that fructose alone also decreased expression of NF-κb, STAT3 and SMAD3 
(Figure 7.11). 

Another possible explanation for the observed changes in the SMAD and NF-kb 
pathways is that the increased ferritin formation found in previous experiments is actually 
protective against inflammation by trapping iron within ferritin, rather than increasing 
levels of “free” intracellular iron. ROS production and cell stress are related to “free” iron 
from the labile iron pool, and ferritin is protective against oxidative stress by binding 
iron. Thus if iron and fructose treatments only increased ferritin rather than “free” iron 
there might be no deleterious effects observed. Lastly, work by Spasojević et al, and 
others, suggests that short-term exposure to fructose may be protective against oxidative 
stress by chelating free intracellular iron, and thus rendering it less reactive (Valeri, Boess 
et al. 1997, Spasojevic, Bajic et al. 2009).The second phase PCR experiments, conducted 
in HepG2 cells with no wash-out, suggests that at least the NF-kb expression changes did 
relate  to energy deprivation as NF-kb mRNA levels were increased after iron-fructose 
treatments of control cells with a wash-out in comparison with no wash-out control cells 
(Figure 7.12). 

Expression of several genes involved in lipid and carbohydrate metabolism were altered 
by iron-fructose HepG2 treatments. Microarray analysis demonstrated increased 
expression of the enzyme Aldo-keto reductase family 7, member A2 (AKR7A2). A recent 
in vitro study in HepG2 cells found that methyl glyoxal induced expression of this 
enzyme as a protective mechanism (Li, Ma et al. 2015), and previous work by several 
research groups suggests that fructose may be hepatotoxic and mutagenic, in part, through 
iron Fenton-chemistry associated production of toxic metabolites such as methyl glyoxal 
(Manini, La Pietra et al. 2006, Lee, Bruce et al. 2009). The observed increase of this 
enzyme in these experiments is consistent with the above, and it is significant that 
increased expression was only noted in iron-fructose treated cells rather than fructose 
alone suggesting that exogenous iron did indeed exacerbate toxin production. Lastly, 
another enzyme induced by iron-fructose treatments, but not by fructose alone, was 
cytosolic glycerol-3-phosphate dehydrogenase (GPD1); this enzyme catalyses the 
reversible conversion of dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate 
(G3P) and regenerates NAD+ from NADH (simplified role of G6PD in glycolysis is 
illustrated in Figure 7.22). GPD1 is central to both glucose and fructose metabolism, 
maintains reducing equivalents for biosynthesis, and also provides the glycerol backbone 
for lipid biosynthesis. Indeed, one study suggested that increased expression of this 
enzyme in adipose tissue increased lipogenesis/triacylglycerol synthesis, and mutations in 
this gene have been associated with fatty liver and fibrosis (Swierczynski, Zabrocka et al. 
2003, Basel-Vanagaite, Zevit et al. 2012).  It is interesting that the addition of iron would 
increase its expression over and above fructose alone, suggesting a possible mechanism 
by which iron and fructose together would synergistically increase hepatosteatosis if this 
effect also occurred in vivo. 
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Figure	7.22	Role	of	cytosolic-glycerol-3-phosphate	dehydrogenase	(GPD1)	in	glucose	and	
fructose	metabolism.		
Fructose	or	glucose	enter	 the	 cell	 and	are	phosphorylated	at	 the	1	and	6	 carbon,	 respectively	
(fructose-1-P,	 glucose-6-P).	 Glucose-6-P	 undergoes	 isomerisation	 to	 fructose-6-P,	 and	 then	
undergoes	 another	 phosphorylation	 at	 the	 one	 carbon	 to	 form	 fructose	 1,6	 biphosphate	
(fructose-1,6-biP)	 –	 this	 is	 a	 one	 of	 the	 rate	 limiting	 steps	 in	 glycolysis	 and	 also	 a	 major	
regulatory	point	of	 the	 cycle.	ATP	and	 citrate,	 indicators	of	 a	high	energy	 cellular	 state	 inhibit	
glycolysis	 at	 this	 point,	 but	 because	 fructose	 does	 not	 undergo	 this	 enzymatic	 step	 it	 is	 not	
inhibited	and	continues	 through	glycolysis	dependent	on	concentration.	Both	 fructose-1-P	and	
fructose-1,6-biP	are	 then	 cleaved	 to	dihydroxyacetone	phosphate;	 the	other	 three	 carbons	 in	
glucose	 form	 glyceraldehyde-3phosphate	 (glyceraldehyde-3P),	 whereas	 glyceraldehyde	 is	
formed	 from	 the	 remaining	 three	 fructose	 carbons.	However,	 fructose-derived	 glyceraldehyde	
can	 be	 freely	 phosphorylated	 to	 glyceraldehyde-3P,	 and	 dihydroxyacetone	 phosphate	 and	
glyceraldehyde-3P	are	also	in	equilibrium.	Glyceraldehyde-3P	can	then	be	further	metabolised	to	
pyruvate,	or	lactate	(the	Warburg	effect	if	this	occurs	in	the	presence	of	oxygen).	GPD1	catalyses	
the	reversible	conversion	of	dihydroxyacetone	phosphate	(DHAP)	and	reduced	nicotine	adenine	
dinucleotide	 (NADH)	 to	 glycerol-3-phosphate	 (G3P)	 and	 NAD+.	 G3P	 can	 then	 be	 used	 as	 the	
backbone	for	triacyglycerol	synthesis.			

Another potentially significant effect of iron and fructose treatments on HepG2 cells were 
changed levels of HNF4A mRNA and protein expression.  Initial microarray analysis 
demonstrated that iron alone decreased expression of HNF4A, a member of the nuclear 
receptor superfamily that is involved in transcriptional regulation of numerous genes 
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involved in liver glucose and lipid metabolism, cellular development and differentiation, 
and inflammation. Mutations of the HNF4A gene, and alterations in HNF4A expression 
have been associated with  diabetes, liver and colon inflammation, fatty liver, CRC and 
HCC  (Hayhurst, Lee et al. 2001, Tanaka, Jiang et al. 2006, Saif-Ali, Harun et al. 2012, 
Babeu and Boudreau 2014, Ning, Ding et al. 2014). Follow up initial quantitative real-
time rt-PCR revealed that combined iron and fructose decreased HNF4A mRNA 
expression by approximately 10 %; iron alone had no statistically significant effect (Fig 
7.11). Second phase PCR confirmed the finding that both low, and high dose iron, 
combined with fructose significantly decreased HNF4A mRNA expression; iron alone 
also decreased mRNA levels 1.5 fold but this was not statistically significant 
(Figure 7.16). The relative consistency of these findings over different experimental 
conditions and different assays suggests that iron and fructose do indeed decrease 
HNF4A mRNA in a dose dependent manner. However, the opposite effect was noted for 
protein expression of HNF4A in which increasing iron concentration, with or without 
fructose, was significantly associated with increased protein expression in a dose 
dependent manner (Figure 7.18). HNF4A itself is transcriptionally, translationally and 
post-translationally regulated by multiple factors that may alter its activity through 
acetylation, phosphorylation and methylation (Schrem, Klempnauer et al. 2002) – levels 
of these modified forms of HNF4A might be relatively increased despite overall 
decreased mRNA expression, explaining the discrepancy between mRNA and protein 
expression levels depending on what variant was recognised by the primary antibody. 
Alternatively, HNF4A has at least 7 different splice variants. The Western blot antibody 
used recognises the canonical HNF4A isoform one (Cell Signaling Technology technical 
support, Dr R Duffy, personal communication March 2016), whereas the RNA hydrolysis 
probe recognizes the isoform two HNF4A variant (ThermoFisher Scientific website, 
accessed March 2016) – the two isoforms share some homology but differ overall, 
therefore it is possible that the iron and fructose differentially alter HNF4A isoform 
expression at the translational level, decreasing mRNA expression of isoform one 
(recognized by the PCR probe), but increasing expression of isoform 2 (recognized by the 
Western blot antibody). Until these different possibilities have been resolved it is difficult 
to predict what impact the observed iron-fructose effects on HNF4A would have. 

The most robust expression change seen in fructose-alone treated HepG2 cells was the 
activation of multiple genes of all three complement pathways, and the associated 
increased expression of Clusterin and the Membrane Attack Complex. Complement 
activation is typically induced by infection, but there were no gene changes identified to 
suggest bacterial HepG2 cell infection; levels of bacterial ribosomes were not detected 
(for example Ribosomal 30-, 23-, 20-, 16- or 5S expression), nor on gross inspection of 
the cells was there evidence of bacterial or fungal infection. A low grade viral infection 
can not, however, be ruled out although the observed robust growth of HepG2 cells in 
culture argues against this. On balance this suggests that fructose itself did increase 
expression of these genes. Recently, complement activation has gained recognition as a 
contributory factor in metabolic disorders including NAFLD and type 2 two diabetes 
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(Rensen, Slaats et al. 2009). An  in vitro study demonstrated that fructoselysine, a glucose 
derived amadori product formed by the binding of glucose to protein/peptide lysine 
residues, caused complement activation (Fortpied, Vertommen et al. 2010). The cell 
culture media used in the experiments in this thesis contained amino acids, therefore it is 
possible that added fructose could form amadori products in culture media over the 
duration of these experiments, and by a similar mechanism activate the HepG2 
complement systems. There are no documented reports of this, to the author’s knowledge, 
therefore initial investigations should look at whether the observed findings can be 
replicated, and if so over what time periods and fructose doses.  

Iron-alone treated HepG2 cells displayed the least number of changed genes, and 
surprisingly there was no expression change of any directly iron-related genes in the top 
10 pathways. Microarray analysis is a powerful and broad screening tool for exploring 
altered gene expression in response to myriad exposures, however it is subject to false 	

positive results secondary to the vast amount of data generated, and furthermore both the 
technical processes involved and data analysis are complex with multiple systems 
available to carry out tests and interpret results. Both low sensitivity of probes and 
discrepancies in fold-change expression have been described by others (Kothapalli, Yoder 
et al. 2002), therefore the microarray may have missed subtle changes in iron-related 
genes. This is corroborated by quantitative real-time rt-PCR HepG2 experiments that 
clearly showed changes in TfR1 mRNA expression in response to iron treatments at the 
same iron concentration as used in microarray experiments (Figure 7.7). 

An interesting finding in relation to cancer pathogenesis and iron-alone treatments 
revealed by microarray analysis was the iron-induced decreased expression of 
prostaglandin E2 Receptor (PGE2R). Increased PGE2R signalling underlies multiple 
cancer-associated pathways and cancers (Wang and Dubois 2010), therefore iron would 
be predicted to have a protective or anti-tumour effect if it did indeed decrease expression 
of this receptor. The mechanism by which iron might decrease expression of this receptor, 
however, is not clear. 

	Microarray analysis revealed that Beta actin was increased by iron-alone treatments; 
quantitative real-time rt-PCR also revealed a 1.2 fold increased expression of actin with 
iron-alone treatments although this did not reach statistical significance. The actin 
cytoskeleton is essential for multiple cellular functions, and pertubations in actin 
secondary to oxidative stress are well described (Dalle-Donne, Rossi et al. 2001). An in 
vitro study in isolated rat endothelial cells specifically found that iron-induced oxidative 
stress led to actin remodelling, although gene expression changes were not analysed 
(Gorbunov, Atkins et al. 2012). The above suggest that HepG2 iron treatments induced 
increased actin mRNA expression secondary to iron-induced oxidative stress, and it 
would be valuable to confirm if this change translates to protein expression both as a 
mechanism of cell injury related to liver fibrosis, but also in view of the ubiquitous use of 
actin alone as a loading control protein for Western blot analysis.		



	 182 | Page 

	

7.6:		 Conclusion	

In summary, fructose did not alter levels of measured iron transporter and homeostasis  
proteins within the time frame of these experiments; the increase in both Caco-2 and 
HepG2 cell ferritin levels associated with combined iron and fructose does not appear to 
be secondary to changes in iron-related proteins. 

 Iron and fructose did alter expression of multiple genes and proteins associated with 
CRC, HCC and NAFLD including genes associated with inflammatory pathways such as 
NF-κB, several key cell cycle related genes and proteins including Cyclin D2, and a key 
liver transcription factor HNF4A. If these changes are confirmed in vivo they may have 
important physiological ramifications in relation to CRC, HCC and NAFLD. 

7.7:		 Limitations	

There are multiple limitations in the above described studies. Although no changes in 
iron-transport and homeostasis molecules was observed that would explain the 
mechanism(s) by which iron-fructose treatments increased Caco-2 and HepG2 ferritin 
levels, the time frame of experiments means that such changes may have been missed. 
Further experiments over several time points would address this question. In addition, a 
broader range of proteins involved in iron transport and homeostasis, in both cell lines, 
should be evaluated to more fully address this question. Lastly, investigation of the 
effects of different doses of fructose and iron would also be useful to see if there is a 
dose-response effect on any of the above proteins.  

Microarray, PCR and protein expression analysis studies revealed many interesting 
changes in relation to all cell treatments that potentially could have pathophysiological 
consequences if they also occurred in vivo. However, the microarray studies should be	
repeated without a wash-out period, in both Caco-2 and HepG2 cells, and ideally rather 
than using pooled samples the experiments should be repeated over three separate times 
(i.e. three biological replicates) to improve the statistical robustness of results. There were 
changes identified in follow up PCR studies, conducted under appropriate conditions, that 
may help to start to explain molecular mechanisms underlying observed effects of iron 
and fructose on CRC, HCC and NAFLD pathogenesis; for example, the effects of iron 
and fructose on HSP90, but deeper exploration of the complex networks associated with 
these changes is needed before any conclusions can be drawn.		

Lastly, repetition of the experiments carried out in this thesis in several different cell lines 
as models of the gut and liver would increase the probability that the results are broadly 
applicable. 
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8 Chapter Eight: conclusion and future work 

8.1:		 Conclusion	

The main hypothesis of this research work was that fructose, the related sweetener high 
fructose corn syrup (HFCS), and the prebiotics fructo- and galactoligosaccharides (FOS 
& GOS) would increase non-haem iron bioavailability as measured by ferritin formation 
in two in vitro cell line models of the gut and liver, respectively.  

The findings of this research support the above hypothesis with the important caveat that 
the presence of polyphenols and phytates, known iron uptake inhibitors, negate this 
effect. Fructose, and a mixture of FOS & GOS, respectively, added to cell culture media, 
as a component of liquid iron supplements, or added to milk-based products, increased 
ferritin formation from non-haem iron in Caco-2 cells. Furthermore, fructose added to 
ferric iron-ascorbic acid solutions at a neutral pH had an additive effect on iron 
bioavailability compared with the known enhancing effects of ascorbic acid. Fructose 
added to ferric iron in solution also increased HepG2 ferritin levels. Fructose present in a 
sweet potato-based infant food with high levels of phytates and polyphenols, however, 
did not appear to improve iron bioavailability indicating that in a mixed diet with high 
levels of these inhibitors the effects of these carbohydrates on iron would be inhibited. 
The addition of fructose to liquid iron supplements, however, might improve their iron 
bioavailability, and as only small amounts of supplements are used on a daily basis this 
would not be expected to lead to excessive fructose intake.  Some supplements already 
add ascorbic acid to improve iron absorption, however, fructose may further improve 
supplement iron bioavailability as it had an additive effect with ascorbic acid, and may be 
more stable in solution over time. Its sweet taste could also improve palatability. Lastly, 
FOS & GOS prebiotics added to milk-based products may improve the iron absorption 
from these formulations targeted at toddlers, a group who are at high-risk for iron 
deficiency anaemia. 

Biochemical assessment of ferrous iron formation using the ferrozine assay suggested that 
the basis for the observed improved non-haem iron bioavailability after fructose 
treatments related to fructose-induced reduction of ferric iron to the more bioavailable 
ferrous iron form. No evidence for a molecular based improvement in iron uptake related 
to alterations in iron-transport proteins was demonstrated, although such changes may 
have been missed within the time frame of experiments. 

The secondary hypothesis of this research was that epithelial colon and liver cell exposure 
to iron and fructose would alter gene and protein expression of molecules involved in 
colorectal cancer (CRC), hepatocellular carcinoma (HCC) and non-alcoholic fatty liver 
disease (NAFLD). Such changes were found by microarray, polymerase chain reaction 
and protein expression analysis studies. In particular, there were changes in expression of 
genes and proteins: in the the Wnt signalling pathway that underlies the majority of cases 
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of CRC; the NF-κb and TGF b pathways implicated in development of NAFLD; several 
cell cycle related molecules including Cyclin D1 and Cyclin D2, and the proto-oncogene 
Skp2; and HNF4A, a key liver transcription factor,  associated with CRC, HCC and 
NAFLD. The assay conditions that produced these results may not have been optimal in 
all studies, but given the significant intake of both iron and fructose in the modern 
Western diet, and the high exposure levels of the two organ systems represented by the in 
vitro models used, follow up of these findings is warranted. This could also be an 
important issue for individuals with high levels of blood non-transferrin bound iron, such 
as those with hereditary iron overload disorders, or haemoglobinopathies.  In addition, 
these possible effects should be evaluated before any recommendations to add fructose to 
iron supplements are suggested. Furthermore, there are already supplements containing 
iron and fructose, thus there is a need to evaluate the effects of such supplements, and 
indeed the effects of a high iron meal eaten with a large sized fructose or HFCS 
sweetened beverage. 

8.2:		 Future	work	

The molecular investigation of iron and fructose effects on expression of key proteins in 
colon and liver cells needs to be completed, both with respect to iron-homeostasis and 
transport proteins, and also with respect to changes that may have pathological 
consequences. Suggested further work on changes to disease-associated molecules after 
iron and fructose exposure in Caco-2 and HepG2 cells is discussed in chapter 7. In 
addition, it would be valuable to look at iron-fructose changes induced in other cell types 
that are associated with colon and liver disease. For example, there is evidence that 
hepatic stellate cells and macrophages may play roles in both NAFLD and HCC, and also 
that alterations in the gut immune system cells cause disease. As with colonocytes and 
hepatocytes, these cells are also exposed to high levels of both fructose and iron. 

The effects of fructose on ferritin and transferrin-bound iron remain unknown at this time. 
It would be valuable to evaluate whether fructose alters their bioavailability, or leads to 
any change in significant genes or proteins. 

Lastly, the above work has been conducted in in vitro models. As George Box stated - 
"The most that can be expected from any model is that it can supply a useful 
approximation to reality: All models are wrong; some models are useful". Caco-2 and 
HepG2 models are useful, but before the findings of this thesis can be disseminated for 
practical applications the results need to be confirmed in vivo. 

 

 

 

 



	 185 | Page 

	

References	

	

	

Allen,	L.,	de	Benoist,			B.,	Dary,	O.,	and	R.	Hurrell	R	(2006).	In	“Guidelines	on	food	fortification	with	
micronutrients”	World	Health	Organization,	Dept.	of	Nutrition	for	Health	and	Development.	

American	Academy	of	Pediatrics	Committee	on	Nutrition	(1989):	Iron-fortified	infant	formulas."	
Pediatrics	84(6):	1114-1115.	

Abboud,	 S.	 and	 D.	 J.	 Haile	 (2000).	 "A	 novel	 mammalian	 iron-regulated	 protein	 involved	 in	
intracellular	iron	metabolism."	J	Biol	Chem	275(26):	19906-19912.	

Abizari,	A.	R.,	D.	Moretti,	 S.	 Schuth,	M.	B.	 Zimmermann,	M.	Armar-Klemesu	and	 I.	D.	Brouwer	
(2012).	 "Phytic	 acid-to-iron	molar	 ratio	 rather	 than	 polyphenol	 concentration	 determines	 iron	
bioavailability	in	whole-cowpea	meal	among	young	women."	J	Nutr	142(11):	1950-1955.	

Adams,	L.	A.,	D.	H.	Crawford,	K.	Stuart,	M.	J.	House,	T.	G.	St	Pierre,	M.	Webb,	H.	L.	Ching,	J.	Kava,	
M.	Bynevelt,	G.	 C.	MacQuillan,	G.	Garas,	O.	 T.	Ayonrinde,	 T.	A.	Mori,	 K.	D.	 Croft,	 X.	Niu,	G.	 P.	
Jeffrey	and	J.	K.	Olynyk	(2015).	"The	impact	of	phlebotomy	in	nonalcoholic	fatty	liver	disease:	A	
prospective,	randomized,	controlled	trial."	Hepatology	61(5):	1555-1564.	

Adams,	L.	A.,	 J.	F.	 Lymp,	 J.	St	Sauver,	S.	O.	Sanderson,	K.	D.	Lindor,	A.	Feldstein	and	P.	Angulo	
(2005).	 "The	 natural	 history	 of	 nonalcoholic	 fatty	 liver	 disease:	 a	 population-based	 cohort	
study."	Gastroenterology	129(1):	113-121.	

Adams,	P.	C.	and	J.	C.	Barton	(2007).	"Haemochromatosis."	Lancet	370(9602):	1855-1860.	

Adams,	P.	C.	and	J.	C.	Barton	(2010).	"How	I	treat	hemochromatosis."	Blood	116(3):	317-325.	

Aisen,	P.,	A.	Leibman	and	J.	Zweier	(1978).	"Stoichiometric	and	site	characteristics	of	the	binding	
of	iron	to	human	transferrin."	J	Biol	Chem	253(6):	1930-1937.	

Akkermans,	 M.D.,	 van	 der	 Horst-Graat,	 J.M.,	 Eussen,	 S.R.,	 van	 Goudoever,	 J.B.,	 and	 F.	 Brus		
(2016).	 Iron	 and	 vitamin	 D	 deficiency	 in	 healthy	 young	 children	 in	 Western	 Europe	 despite	
current	nutritional	recommendations.	J	Pediatr	Gastroenterol	Nutr	62:635-642.	

Amagloh,	 F.	 K.,	 L.	 Brough,	 J.	 L.	 Weber,	 A.	 N.	 Mutukumira,	 A.	 Hardacre	 and	 J.	 Coad	 (2012).	
"Sweetpotato-based	complementary	food	would	be	less	inhibitory	on	mineral	absorption	than	a	
maize-based	infant	food	assessed	by	compositional	analysis."	Int	J	Food	Sci	Nutr	63(8):	957-963.	

Amagloh,	F.	K.	and	J.	Coad	 (2014).	"Orange-fleshed	sweet	potato-based	 infant	 food	 is	a	better	
source	of	dietary	vitamin	A	than	a	maize-legume	blend	as	complementary	food."	Food	Nutr	Bull	
35(1):	51-59.	

Amagloh,	 F.	 K.,	 A.	Hardacre,	 A.	N.	Mutukumira,	 J.	 L.	Weber,	 L.	 Brough	 and	 J.	 Coad	 (2012).	 "A	
household-level	 sweet	 potato-based	 infant	 food	 to	 complement	 vitamin	 A	 supplementation	
initiatives."	Matern	Child	Nutr	8(4):	512-521.	



	 186 | Page 

	

Amagloh,	 F.	 K.,	 A.	 N.	 Mutukumira,	 L.	 Brough,	 J.	 L.	 Weber,	 A.	 Hardacre	 and	 J.	 Coad	 (2013).	
"Carbohydrate	 composition,	 viscosity,	 solubility,	 and	 sensory	 acceptance	 of	 sweetpotato-	 and	
maize-based	complementary	foods."	Food	Nutr	Res	57.	

Anderson,	C.	P.,	M.	Shen,	R.	S.	Eisenstein	and	E.	A.	Leibold	(2012).	"Mammalian	iron	metabolism	
and	its	control	by	iron	regulatory	proteins."	Biochim	Biophys	Acta	1823(9):	1468-1483.	

Andrews,	N.	C.	(1999).	"Disorders	of	iron	metabolism."	N	Engl	J	Med	341(26):	1986-1995.	

Andrews,	N.	C.	and	P.	J.	Schmidt	(2007).	"Iron	homeostasis."	Annu	Rev	Physiol	69:	69-85.	

Armah,	 C.	 N.,	 P.	 Sharp,	 F.	 A.	Mellon,	 S.	 Pariagh,	 E.	 K.	 Lund,	 J.	 R.	 Dainty,	 B.	 Teucher	 and	 S.	 J.	
Fairweather-Tait	(2008).	"L-alpha-glycerophosphocholine	contributes	to	meat's	enhancement	of	
nonheme	iron	absorption."	J	Nutr	138(5):	873-877.	

Arosio,	P.,	R.	Ingrassia	and	P.	Cavadini	(2009).	"Ferritins:	a	family	of	molecules	for	iron	storage,	
antioxidation	and	more."	Biochim	Biophys	Acta	1790(7):	589-599.	

Arredondo,	M.,	R.	Martinez,	M.	T.	Nunez,	M.	Ruz	and	M.	Olivares	(2006).	"Inhibition	of	iron	and	
copper	uptake	by	iron,	copper	and	zinc."	Biol	Res	39(1):	95-102.	

Ashmore,	J.	H.,	C.	J.	Rogers,	S.	L.	Kelleher,	S.	M.	Lesko	and	T.	J.	Hartman	(2016).	"Dietary	Iron	and	
Colorectal	 Cancer	Risk:	A	Review	of	Human	Population	 Studies."	Crit	 Rev	 Food	 Sci	Nutr	56(6):	
1012-1020.	

Au,	A.	P.	and	M.	B.	Reddy	(2000).	"Caco-2	cells	can	be	used	to	assess	human	iron	bioavailability	
from	a	semipurified	meal."	J	Nutr	130(5):	1329-1334.	

Babeu,	J.	P.	and	F.	Boudreau	(2014).	"Hepatocyte	nuclear	factor	4-alpha	involvement	in	liver	and	
intestinal	inflammatory	networks."	World	J	Gastroenterol	20(1):	22-30.	

Bacon,	 B.	 R.,	 P.	 C.	 Adams,	 K.	 V.	 Kowdley,	 L.	W.	 Powell	 and	 A.	 S.	 Tavill	 (2011).	 "Diagnosis	 and	
management	of	hemochromatosis:	2011	practice	guideline	by	the	American	Association	for	the	
Study	of	Liver	Diseases."	Hepatology	54(1):	328-343.	

Baker,	E.,	S.	M.	Baker	and	E.	H.	Morgan	(1998).	"Characterisation	of	non-transferrin-bound	iron	
(ferric	citrate)	uptake	by	rat	hepatocytes	in	culture."	Biochim	Biophys	Acta	1380(1):	21-30.	

Barrett,	 J.	 F.,	 P.	G.	Whittaker,	 J.	D.	 Fenwick,	 J.	G.	Williams	and	T.	 Lind	 (1994).	 "Comparison	of	
stable	 isotopes	 and	 radioisotopes	 in	 the	measurement	 of	 iron	 absorption	 in	 healthy	women."	
Clin	Sci	(Lond)	87(1):	91-95.	

Basel-Vanagaite,	 L.,	 N.	 Zevit,	 A.	 Har	 Zahav,	 L.	 Guo,	 S.	 Parathath,	 M.	 Pasmanik-Chor,	 A.	 D.	
McIntyre,	J.	Wang,	A.	Albin-Kaplanski,	C.	Hartman,	D.	Marom,	A.	Zeharia,	A.	Badir,	O.	Shoerman,	
A.	 J.	 Simon,	G.	Rechavi,	M.	Shohat,	R.	A.	Hegele,	E.	A.	 Fisher	and	R.	 Shamir	 (2012).	 "Transient	
infantile	 hypertriglyceridemia,	 fatty	 liver,	 and	 hepatic	 fibrosis	 caused	 by	 mutated	 GPD1,	
encoding	glycerol-3-phosphate	dehydrogenase	1."	Am	J	Hum	Genet	90(1):	49-60.	

Bates,	B.,	Lennox	A,	Prentice	A,	Bates,	C,	Page	P,	Nicholson	S,	Swan	G,	(2014).	National	Diet	and	
Nutrition	 Survey:	 Results	 from	 Years	 1-4	 (combined)	 of	 the	 Rolling	 Programme	 (2008/2009	 –	
2011/12):	Executive	summary.	D.	o.	Health.	London.	

Bates,	G.	W.,	J.	Boyer,	J.	C.	Hegenauer	and	P.	Saltman	(1972).	"Facilitation	of	iron	absorption	by	
ferric	fructose."	Am	J	Clin	Nutr	25(10):	983-986.	



	 187 | Page 

	

Baynes,	R.	D.,	B.	J.	Macfarlane,	T.	H.	Bothwell,	D.	Siegenberg,	W.	R.	Bezwoda,	U.	Schmidt,	R.	D.	
Lamparelli,	 F.	 Mayet	 and	 A.	 P.	 MacPhail	 (1990).	 "The	 promotive	 effect	 of	 soy	 sauce	 on	 iron	
absorption	in	human	subjects."	Eur	J	Clin	Nutr	44(6):	419-424.	

Beard,	J.	L.	(2000).	"Effectiveness	and	strategies	of	iron	supplementation	during	pregnancy."	Am	
J	Clin	Nutr	71(5	Suppl):	1288S-1294S.	

Beaton,	M.	D.,	S.	Chakrabarti,	M.	Levstik,	M.	Speechley,	P.	Marotta	and	P.	Adams	(2013).	"Phase	
II	 clinical	 trial	 of	 phlebotomy	 for	 non-alcoholic	 fatty	 liver	 disease."	 Aliment	 Pharmacol	 Ther	
37(7):	720-729.	

Beaumont,	 C.,	 J.	 Delaunay,	 G.	 Hetet,	 B.	 Grandchamp,	 M.	 de	 Montalembert	 and	 G.	 Tchernia	
(2006).	 "Two	 new	 human	 DMT1	 gene	 mutations	 in	 a	 patient	 with	 microcytic	 anemia,	 low	
ferritinemia,	and	liver	iron	overload."	Blood	107(10):	4168-4170.	

Beguin,	 Y.	 (2003).	 "Soluble	 transferrin	 receptor	 for	 the	 evaluation	 of	 erythropoiesis	 and	 iron	
status."	Clin	Chim	Acta	329(1-2):	9-22.	

Beiseigel,	 J.	M.,	 J.	R.	Hunt,	R.	P.	Glahn,	R.	M.	Welch,	A.	Menkir	and	B.	B.	Maziya-Dixon	 (2007).	
"Iron	bioavailability	from	maize	and	beans:	a	comparison	of	human	measurements	with	Caco-2	
cell	and	algorithm	predictions."	Am	J	Clin	Nutr	86(2):	388-396.	

Benito,	 E.,	 A.	 Stiggelbout,	 F.	 X.	 Bosch,	 A.	 Obrador,	 J.	 Kaldor,	M.	Mulet	 and	 N.	Munoz	 (1991).	
"Nutritional	factors	in	colorectal	cancer	risk:	a	case-control	study	in	Majorca."	Int	J	Cancer	49(2):	
161-167.	

Bergheim,	 I.,	 S.	 Weber,	 M.	 Vos,	 S.	 Kramer,	 V.	 Volynets,	 S.	 Kaserouni,	 C.	 J.	 McClain	 and	 S.	 C.	
Bischoff	(2008).	"Antibiotics	protect	against	fructose-induced	hepatic	lipid	accumulation	in	mice:	
role	of	endotoxin."	J	Hepatol	48(6):	983-992.	

Bernos,	 E.,	 J.	 M.	 Girardet,	 G.	 Humbert	 and	 G.	 Linden	 (1997).	 "Role	 of	 the	 O-phosphoserine	
clusters	 in	 the	 interaction	 of	 the	 bovine	 milk	 alpha	 s1-,	 beta-,	 kappa-caseins	 and	 the	 PP3	
component	with	immobilized	iron	(III)	ions."	Biochim	Biophys	Acta	1337(1):	149-159.	

Beutler,	E.,	V.	Felitti,	N.	J.	Ho	and	T.	Gelbart	(2002).	"Relationship	of	body	iron	stores	to	levels	of	
serum	 ferritin,	 serum	 iron,	 unsaturated	 iron	 binding	 capacity	 and	 transferrin	 saturation	 in	
patients	with	iron	storage	disease."	Acta	Haematol	107(3):	145-149.	

Beynen,	A.	C.,	 I.	A.	Brouwer	and	A.	G.	Lemmens	(1992).	"Dietary	Fructose	vs	Glucose	Does	Not	
Influence	Iron	Status	in	Rats."	Biological	Trace	Element	Research	35:	89-92.	

Bhattacharyya,	 S.,	 J.	 Ghosh	 and	 P.	 C.	 Sil	 (2012).	 "Iron	 induces	 hepatocytes	 death	 via	 MAPK	
activation	 and	 mitochondria-dependent	 apoptotic	 pathway:	 beneficial	 role	 of	 glycine."	 Free	
Radic	Res	46(10):	1296-1307.	

Bjorn-Rasmussen,	E.	and	L.	Hallberg	(1979).	"Effect	of	animal	proteins	on	the	absorption	of	food	
iron	in	man."	Nutr	Metab	23(3):	192-202.	

Blachier,	F.,	P.	Vaugelade,	V.	Robert,	B.	Kibangou,	F.	Canonne-Hergaux,	S.	Delpal,	F.	Bureau,	H.	
Blottiere	 and	 D.	 Bougle	 (2007).	 "Comparative	 capacities	 of	 the	 pig	 colon	 and	 duodenum	 for	
luminal	iron	absorption."	Can	J	Physiol	Pharmacol	85(2):	185-192.	

Black,	R.	(2003).	"Micronutrient	deficiency--an	underlying	cause	of	morbidity	and	mortality."	Bull	
World	Health	Organ	81(2):	79.	



	 188 | Page 

	

Bloem,	M.	W.,	M.	Wedel,	R.	J.	Egger,	A.	J.	Speek,	J.	Schrijver,	S.	Saowakontha	and	W.	H.	Schreurs	
(1989).	"Iron	metabolism	and	vitamin	A	deficiency	in	children	in	northeast	Thailand."	Am	J	Clin	
Nutr	50(2):	332-338.	

Boato,	 F.,	 G.	 M.	 Wortley,	 R.	 H.	 Liu	 and	 R.	 P.	 Glahn	 (2002).	 "Red	 Grape	 Juice	 Inhibits	 Iron	
Availability:		Application	of	an	in	Vitro	Digestion/Caco-2	Cell	Model."	J	Agric	Food	Chem	50(23):	
6935-6938.	

Bonapace,	 E.	 S.,	 Jr.	 and	 R.	 S.	 Fisher	 (1998).	 "Constipation	 and	 diarrhea	 in	 pregnancy."	
Gastroenterol	Clin	North	Am	27(1):	197-211.	

Boult,	J.,	K.	Roberts,	M.	J.	Brookes,	S.	Hughes,	J.	P.	Bury,	S.	S.	Cross,	G.	J.	Anderson,	R.	Spychal,	T.	
Iqbal	and	C.	Tselepis	(2008).	"Overexpression	of	cellular	 iron	import	proteins	is	associated	with	
malignant	progression	of	esophageal	adenocarcinoma."	Clin	Cancer	Res	14(2):	379-387.	

Bowles,	 A.,	 J.	 Keane,	 T.	 Ernest,	 D.	 Clapham	 and	 C.	 Tuleu	 (2010).	 "Specific	 aspects	 of	 gastro-
intestinal	transit	in	children	for	drug	delivery	design."	Int	J	Pharm	395(1-2):	37-43.	

Braegger,	 C.,	 Chmielewska,	 A.,	 Decsi,	 T.,	 Kolacek,	 S.,	 Mihatsch,	W.,	 Moreno,	 L.,	 et	 al.	 (2011).	
Supplementation	of	 infant	 formula	with	probiotics	 and/or	prebiotics:	A	 systematic	 review	and	
comment	by	the	ESPGHAN	Committee	on	Nutrition.	J	Pediatr	Gastroenterol	Nutr	52:238-250.	

Bravo,	 L.	 (1998).	 "Polyphenols:	 chemistry,	 dietary	 sources,	 metabolism,	 and	 nutritional	
significance."	Nutr	Rev	56(11):	317-333.	

Briske-Anderson,	M.	J.,	J.	W.	Finley	and	S.	M.	Newman	(1997).	"The	influence	of	culture	time	and	
passage	number	on	the	morphological	and	physiological	development	of	Caco-2	cells."	Proc	Soc	
Exp	Biol	Med	214(3):	248-257.	

Brissot,	P.,	M.	Ropert,	C.	Le	Lan	and	O.	Loreal	(2012).	"Non-transferrin	bound	iron:	A	key	role	in	
iron	overload	and	iron	toxicity."	Biochim	Biophys	Acta	1820(3):	403-410.	

Brissot,	 P.,	 T.	 L.	 Wright,	 W.	 L.	 Ma	 and	 R.	 A.	 Weisiger	 (1985).	 "Efficient	 clearance	 of	 non-
transferrin-bound	iron	by	rat	liver.	Implications	for	hepatic	iron	loading	in	iron	overload	states."	J	
Clin	Invest	76(4):	1463-1470.	

Brodan,	V.,	M.	Brodanova,	E.	Kuhn,	V.	Kordac	and	J.	Valek	(1967).	"[Effect	on	the	absorption	of	
iron	 from	the	digestive	system	of	simultaneous	absorption	of	nutrients.	3.	Effect	of	 fructose]."	
Cesk	Gastroenterol	Vyz	21(8):	521-525.	

Brookes,	M.	 J.,	 J.	 Boult,	 K.	 Roberts,	 B.	 T.	 Cooper,	 N.	 A.	 Hotchin,	 G.	Matthews,	 T.	 Iqbal	 and	 C.	
Tselepis	(2008).	"A	role	for	iron	in	Wnt	signalling."	Oncogene	27(7):	966-975.	

Brookes,	M.	J.,	S.	Hughes,	F.	E.	Turner,	G.	Reynolds,	N.	Sharma,	T.	Ismail,	G.	Berx,	A.	T.	McKie,	N.	
Hotchin,	G.	J.	Anderson,	T.	Iqbal	and	C.	Tselepis	(2006).	"Modulation	of	iron	transport	proteins	in	
human	colorectal	carcinogenesis."	Gut	55(10):	1449-1460.	

Brotanek,	J.	M.,	J.	Gosz,	M.	Weitzman	and	G.	Flores	(2008).	"Secular	trends	in	the	prevalence	of	
iron	deficiency	among	US	toddlers,	1976-2002."	Arch	Pediatr	Adolesc	Med	162(4):	374-381.	

Brouwer,	 I.	 A.,	 A.	 G.	 Lemmens	 and	 A.	 C.	 Beynen	 (1993).	 "Dietary	 fructose	 v.	 glucose	 lowers	
ferrous-iron	absorption	in	rats."	British	Journal	of	Nutrition	70:	171-178.	



	 189 | Page 

	

Brune,	 M.,	 L.	 Rossander	 and	 L.	 Hallberg	 (1989a).	 "Iron	 absorption	 and	 phenolic	 compounds:	
importance	of	different	phenolic	structures."	Eur	J	Clin	Nutr	43(8):	547-557.	

Brune,	M.,	 L.	Rossander	and	L.	Hallberg	 (1989).	 "Iron	absorption:	no	 intestinal	adaptation	 to	a	
high-phytate	diet."	Am	J	Clin	Nutr	49(3):	542-545.	

Brune,	 M.,	 L.	 Rossander-Hulten,	 L.	 Hallberg,	 A.	 Gleerup	 and	 A.	 S.	 Sandberg	 (1992).	 "Iron	
absorption	 from	 bread	 in	 humans:	 inhibiting	 effects	 of	 cereal	 fiber,	 phytate	 and	 inositol	
phosphates	with	different	numbers	of	phosphate	groups."	J	Nutr	122(3):	442-449.	

Cade,	 J.	E.,	 J.	A.	Moreton,	B.	O'Hara,	D.	C.	Greenwood,	J.	Moor,	V.	 J.	Burley,	K.	Kukalizch,	D.	T.	
Bishop	and	M.	Worwood	(2005).	"Diet	and	genetic	factors	associated	with	iron	status	in	middle-
aged	women."	Am	J	Clin	Nutr	82(4):	813-820.	

Camaschella,	C.	(2015).	"Iron-Deficiency	Anemia."	N	Engl	J	Med	373(5):	485-486.	

Caro	 I,	 B.	 X.,	 Rousset	 M,	 	 Meunier	 V,	 Bourrie	 M,	 Julian	 B,	 Joyeux	 H,	 Roques	 C,	 Berger	 Y,		
Zweibaum	A,	 	 Fabre	G	 (1995).	 "Characterisation	 of	 a	 newly	 isolated	 Caco-2	 clone	 (TC-7),	 as	 a	
model	of	transport	processes	and	biotransformation	of	drugs."	Int	J	Pharm	116:	147-158.	

Carpenter,	 C.	 E.	 and	 A.	 W.	 Mahoney	 (1992).	 "Contributions	 of	 heme	 and	 nonheme	 iron	 to	
human	nutrition."	Crit	Rev	Food	Sci	Nutr	31(4):	333-367.	

CDC	 (1998).	 Recommendations	 to	 prevent	 and	 control	 iron	 deficiency	 in	 the	 United	 States.	
MMWR	Recomm	Rep,	Centers	for	Disease	Control	and	Prevention.	47:	1-29.	

Chantret,	I.,	A.	Rodolosse,	A.	Barbat,	E.	Dussaulx,	E.	Brot-Laroche,	A.	Zweibaum	and	M.	Rousset	
(1994).	 "Differential	 expression	 of	 sucrase-isomaltase	 in	 clones	 isolated	 from	 early	 and	 late	
passages	of	the	cell	line	Caco-2:	evidence	for	glucose-dependent	negative	regulation."	J	Cell	Sci	
107:	213-225.	

Charley,	P.	J.,	B.	Sarkar,	C.	F.	Stitt	and	P.	Saltman	(1963).	"Chelation	of	iron	by	sugars."	Biochim	
Biophys	Acta	69:	313-321.	

Charley,	P.	J.,	C.	Stitt,	E.	Shore	and	P.	Saltman	(1963).	"Studies	in	the	Regulation	of	Intestinal	Iron	
Absoprtion."	J	Lab	Clin	Med	61:	397-410.	

Chen,	H.,	Z.	K.	Attieh,	T.	Su,	B.	A.	Syed,	H.	Gao,	R.	M.	Alaeddine,	T.	C.	Fox,	J.	Usta,	C.	E.	Naylor,	R.	
W.	Evans,	A.	T.	McKie,	G.	J.	Anderson	and	C.	D.	Vulpe	(2004).	"Hephaestin	is	a	ferroxidase	that	
maintains	partial	activity	in	sex-linked	anemia	mice."	Blood	103(10):	3933-3939.	

Chepelev,	 N.	 L.	 and	 W.	 G.	 Willmore	 (2011).	 "Regulation	 of	 iron	 pathways	 in	 response	 to	
hypoxia."	Free	Radic	Biol	Med	50(6):	645-666.	

Chiplonkar,	 S.	 A.	 and	 V.	 V.	 Agte	 (2006).	 "Statistical	 model	 for	 predicting	 non-heme	 iron	
bioavailability	from	vegetarian	meals."	Int	J	Food	Sci	Nutr	57(7-8):	434-450.	

Christides,	 T.	 and	 P.	 Sharp	 (2013).	 "Sugars	 increase	 non-heme	 iron	 bioavailability	 in	 human	
epithelial	intestinal	and	liver	cells."	PLoS	One	8(12):	e83031.	

Christides,	T.,	D.	Wray,	R.	McBride,	R.	Fairweather	and	P.	Sharp	(2014).	"Iron	bioavailability	from	
commercially	available	iron	supplements."	Eur	J	Nutr.	



	 190 | Page 

	

Chua,	 A.	 C.,	 B.	 Klopcic,	 I.	 C.	 Lawrance,	 J.	 K.	 Olynyk	 and	 D.	 Trinder	 (2010).	 "Iron:	 an	 emerging	
factor	in	colorectal	carcinogenesis."	World	J	Gastroenterol	16(6):	663-672.	

Chung,	 B.,	 T.	 Chaston,	 J.	 Marks,	 S.	 K.	 Srai	 and	 P.	 A.	 Sharp	 (2009).	 "Hepcidin	 decreases	 iron	
transporter	 expression	 in	 vivo	 in	 mouse	 duodenum	 and	 spleen	 and	 in	 vitro	 in	 THP-1	
macrophages	and	intestinal	Caco-2	cells."	J	Nutr	139(8):	1457-1462.	

Cianetti,	L.,	M.	Gabbianelli	and	N.	M.	Sposi	(2010).	"Ferroportin	and	erythroid	cells:	an	update."	
Adv	Hematol	2010.	

Citelli,	 M.,	 L.	 L.	 Bittencourt,	 S.	 V.	 da	 Silva,	 A.	 P.	 Pierucci	 and	 C.	 Pedrosa	 (2012).	 "Vitamin	 A	
modulates	the	expression	of	genes	involved	in	iron	bioavailability."	Biol	Trace	Elem	Res	149(1):	
64-70.	

Clements,	R.	H.,	V.	G.	Katasani,	R.	Palepu,	R.	R.	 Leeth,	T.	D.	 Leath,	B.	P.	Roy	and	S.	M.	Vickers	
(2006).	 "Incidence	 of	 vitamin	 deficiency	 after	 laparoscopic	 Roux-en-Y	 gastric	 bypass	 in	 a	
university	hospital	setting."	Am	Surg	72(12):	1196-1202;	discussion	1203-1194.	

Clevers,	 H.	 and	 R.	 Nusse	 (2012).	 "Wnt/beta-catenin	 signaling	 and	 disease."	 Cell	 149(6):	 1192-
1205.	

Coca-Cola.co.uk.	 "http://www.coca-cola.co.uk/faq/ingredients/how-much-caffeine-is-in-
diet-coke-coca-cola-and-coke-zero.html."	 	 	 Retrieved	 March	 8th	 2012,	 from	
http://www.coca-cola.co.uk/faq/ingredients/how-much-caffeine-is-in-	 dietcoke-coca-cola-
and-coke-zero.html.	

Collings,	R.,	S.	J.	Fairweather-Tait,	J.	R.	Dainty	and	M.	A.	Roe	(2011).	"Low-pH	cola	beverages	do	
not	affect	women's	iron	absorption	from	a	vegetarian	meal."	J	Nutr	141(5):	805-808.	

Collings,	R.,	L.	J.	Harvey,	L.	Hooper,	R.	Hurst,	T.	J.	Brown,	J.	Ansett,	M.	King	and	S.	J.	Fairweather-
Tait	(2013).	"The	absorption	of	iron	from	whole	diets:	a	systematic	review."	Am	J	Clin	Nutr	98(1):	
65-81.	

Commission	 Directive	 2006/141/EC	 of	 22	 December	 2006	 on	 infant	 formulae	 and	 follow-on	
formulae	and	amending	Directive	1999/21/EC	(Text	with	EEA	relevance).	Official	Journal	of	the	
European	 Union.	 30	 December	 2006.	 L401/1.	 http://eur-lex.europa.eu/LexUriServ/LexUri	
Serv.do?uri=OJ:L:2006:401:0001:0033:EN:PDF.	September	11,	2016.	

Constantine,	C.	C.,	G.	J.	Anderson,	C.	D.	Vulpe,	C.	E.	McLaren,	M.	Bahlo,	H.	L.	Yeap,	D.	M.	Gertig,	
N.	J.	Osborne,	N.	A.	Bertalli,	K.	B.	Beckman,	V.	Chen,	P.	Matak,	A.	T.	McKie,	M.	B.	Delatycki,	J.	K.	
Olynyk,	D.	R.	English,	M.	C.	Southey,	G.	G.	Giles,	J.	L.	Hopper,	K.	J.	Allen	and	L.	C.	Gurrin	(2009).	
"A	novel	association	between	a	SNP	in	CYBRD1	and	serum	ferritin	levels	in	a	cohort	study	of	HFE	
hereditary	haemochromatosis."	Br	J	Haematol	147(1):	140-149.	

Cook,	J.	D.	and	E.	R.	Monsen	(1977).	"Vitamin	C,	the	common	cold,	and	iron	absorption."	Am	J	
Clin	Nutr	30(2):	235-241.	

Cook,	J.	D.	and	M.	B.	Reddy	(2001).	"Effect	of	ascorbic	acid	intake	on	nonheme-iron	absorption	
from	a	complete	diet."	Am	J	Clin	Nutr	73(1):	93-98.	

Corradini,	 E.	 and	A.	 Pietrangelo	 (2012).	 "Iron	 and	 steatohepatitis."	 J	Gastroenterol	Hepatol	27	
Suppl	2:	42-46.	



	 191 | Page 

	

Cremonesi,	P.,	A.	Acebron,	K.	B.	Raja	and	R.	J.	Simpson	(2002).	"Iron	absorption:	biochemical	and	
molecular	insights	into	the	importance	of	iron	species	for	intestinal	uptake."	Pharmacol	Toxicol	
91(3):	97-102.	

Crichton,	 R.	 (2009).	 Iron	 Metabolism	 -	 from	Molecular	 Mechanism	 to	 Clinical	 Consequences.	
United	Kingdom,	Wiley.	

Crichton,	R.	R.,	S.	Wilmet,	R.	Legssyer	and	R.	J.	Ward	(2002).	"Molecular	and	cellular	mechanisms	
of	iron	homeostasis	and	toxicity	in	mammalian	cells."	J	Inorg	Biochem	91(1):	9-18.	

Cuervo,	L.	G.	and	K.	Mahomed	(2001).	"Treatments	 for	 iron	deficiency	anaemia	 in	pregnancy."	
Cochrane	Database	Syst	Rev(2):	CD003094.	

Dalle-Donne,	 I.,	 R.	 Rossi,	 A.	 Milzani,	 P.	 Di	 Simplicio	 and	 R.	 Colombo	 (2001).	 "The	 actin	
cytoskeleton	response	to	oxidants:	from	small	heat	shock	protein	phosphorylation	to	changes	in	
the	redox	state	of	actin	itself."	Free	Radic	Biol	Med	31(12):	1624-1632.	

Daniels,	T.	R.,	E.	Bernabeu,	J.	A.	Rodriguez,	S.	Patel,	M.	Kozman,	D.	A.	Chiappetta,	E.	Holler,	J.	Y.	
Ljubimova,	G.	Helguera	 and	M.	 L.	 Penichet	 (2012).	 "The	 transferrin	 receptor	 and	 the	 targeted	
delivery	of	therapeutic	agents	against	cancer."	Biochim	Biophys	Acta	1820(3):	291-317.	

Davey	MW,	M.	M.,	 Inzé	 D,	 Sanmartin	M,	 Kanellis	 A,	 Smirnoff	 N,	 Benzie	 IJ,	 Strain	 JJ,	 Favell	 D,	
Fletcher	 J.	 (2000).	 "Plant	 L-ascorbic	 acid:	 chemistry,	 function,	 metabolism,	 bioavailability	 and	
effects	of	processing."	Journal	of	the	Science	of	Food	and	Agriculture	80(7):	825-860.	

Davidson,	N.	O.,	A.	M.	Hausman,	C.	A.	Ifkovits,	J.	B.	Buse,	G.	W.	Gould,	C.	F.	Burant	and	G.	I.	Bell	
(1992).	 "Human	 intestinal	 glucose	 transporter	 expression	 and	 localization	 of	 GLUT5."	 Am	 J	
Physiol	262(3	Pt	1):	C795-800.	

Davila-Hicks,	P.,	E.	C.	Theil	and	B.	Lonnerdal	(2004).	"Iron	in	ferritin	or	in	salts	(ferrous	sulfate)	is	
equally	bioavailable	in	nonanemic	women."	Am	J	Clin	Nutr	80(4):	936-940.	

Davis,	P.	S.	and	D.	J.	Deller	(1967).	"Effect	of	Orally	Administered	Chelating	Agents	EDTA,	DTPA	
and	Fructose	on	Radioiron	Absorption	in	Man."	Australas	Ann		Med	16(1):	70-74.	

Degerud,	E.	M.,	M.	S.	Manger,	T.	A.	Strand	and	J.	Dierkes	(2015).	"Bioavailability	of	iron,	vitamin	
A,	zinc,	and	folic	acid	when	added	to	condiments	and	seasonings."	Ann	N	Y	Acad	Sci	1357(1):	29-
42.	

Dencker,	H.,	A.	Lunderquist,	G.	Meeuwisse,	C.	Norryd	and	K.	G.	Tranberg	(1972).	"Absorption	of	
fructose	as	measured	by	portal	catheterization."	Scand	J	Gastroenterol	7(8):	701-705.	

Dencker,	H.,	G.	Meeuwisse,	C.	Norryd,	T.	Olin	and	K.	G.	Tranberg	(1973).	"Intestinal	transport	of	
carbohydrates	as	measured	by	portal	catheterization	in	man."	Digestion	9(6):	514-524.	

Detivaud,	L.,	M.	L.	Island,	A.	M.	Jouanolle,	M.	Ropert,	E.	Bardou-Jacquet,	C.	Le	Lan,	A.	Mosser,	P.	
Leroyer,	Y.	Deugnier,	V.	David,	P.	Brissot	and	O.	Loreal	(2013).	"Ferroportin	Diseases:	Functional	
Studies,	a	Link	Between	Genetic	and	Clinical	Phenotype."	Hum	Mutat.	

Deugnier,	 Y.,	 P.	 Brissot	 and	 O.	 Loreal	 (2008).	 "Iron	 and	 the	 liver:	 update	 2008."	 J	 Hepatol	 48	
Suppl	1:	S113-123.	

Deugnier,	 Y.	 and	B.	 Turlin	 (2011).	 "Pathology	of	 hepatic	 iron	overload."	 Semin	 Liver	Dis	31(3):	
260-271.	



	 192 | Page 

	

Doets,	E.	L.,	L.	S.	de	Wit,	R.	A.	Dhonukshe-Rutten,	A.	E.	Cavelaars,	M.	M.	Raats,	L.	Timotijevic,	A.	
Brzozowska,	T.	M.	Wijnhoven,	M.	Pavlovic,	T.	H.	Totland,	L.	F.	Andersen,	J.	Ruprich,	L.	T.	Pijls,	M.	
Ashwell,	 J.	 P.	 Lambert,	 P.	 van	 't	 Veer	 and	 L.	 C.	 de	 Groot	 (2008).	 "Current	 micronutrient	
recommendations	 in	 Europe:	 towards	 understanding	 their	 differences	 and	 similarities."	 Eur	 J	
Nutr	47	Suppl	1:	17-40.	

Dokoumetzidis,	A.,	L.	Kalantzi	and	N.	Fotaki	(2007).	"Predictive	models	for	oral	drug	absorption:	
from	 in	silico	methods	to	 integrated	dynamical	models."	Expert	Opin	Drug	Metab	Toxicol	3(4):	
491-505.	

Domellof,	M.,	C.	Braegger,	C.	Campoy,	V.	Colomb,	T.	Decsi,	M.	Fewtrell,	I.	Hojsak,	W.	Mihatsch,	
C.	 Molgaard,	 R.	 Shamir,	 D.	 Turck,	 J.	 van	 Goudoever	 and	 E.	 C.	 o.	 Nutrition	 (2014).	 "Iron	
requirements	of	infants	and	toddlers."	J	Pediatr	Gastroenterol	Nutr	58(1):	119-129.	

Dong,	Q.,	K.	Yang,	S.	M.	Wong	and	P.	J.	O'Brien	(2010).	"Hepatocyte	or	serum	albumin	protein	
carbonylation	 by	 oxidized	 fructose	 metabolites:	 Glyceraldehyde	 or	 glycolaldehyde	 as	
endogenous	toxins?"	Chem	Biol	Interact	188(1):	31-37.	

Dongiovanni,	P.,	A.	L.	Fracanzani,	S.	Fargion	and	L.	Valenti	(2011).	"Iron	in	fatty	liver	and	in	the	
metabolic	syndrome:	a	promising	therapeutic	target."	J	Hepatol	55(4):	920-932.	

Donovan,	A.,	A.	Brownlie,	Y.	Zhou,	 J.	 Shepard,	S.	 J.	Pratt,	 J.	Moynihan,	B.	H.	Paw,	A.	Drejer,	B.	
Barut,	A.	Zapata,	T.	C.	Law,	C.	Brugnara,	S.	E.	Lux,	G.	S.	Pinkus,	J.	L.	Pinkus,	P.	D.	Kingsley,	J.	Palis,	
M.	D.	Fleming,	N.	C.	Andrews	and	L.	 I.	Zon	(2000).	"Positional	cloning	of	zebrafish	ferroportin1	
identifies	a	conserved	vertebrate	iron	exporter."	Nature	403(6771):	776-781.	

Donovan,	A.,	C.	A.	Lima,	J.	L.	Pinkus,	G.	S.	Pinkus,	L.	I.	Zon,	S.	Robine	and	N.	C.	Andrews	(2005).	
"The	iron	exporter	ferroportin/Slc40a1	is	essential	for	 iron	homeostasis."	Cell	Metab	1(3):	191-
200.	

Drakakaki,	G.,	S.	Marcel,	R.	P.	Glahn,	E.	K.	Lund,	S.	Pariagh,	R.	Fischer,	P.	Christou	and	E.	Stoger	
(2005).	 "Endosperm-specific	 co-expression	 of	 recombinant	 soybean	 ferritin	 and	 Aspergillus	
phytase	in	maize	results	in	significant	increases	in	the	levels	of	bioavailable	iron."	Plant	Mol	Biol	
59(6):	869-880.	

Ekstrand,	A.	I.,	M.	Jonsson,	A.	Lindblom,	A.	Borg	and	M.	Nilbert	(2010).	"Frequent	alterations	of	
the	PI3K/AKT/mTOR	pathways	 in	hereditary	nonpolyposis	 colorectal	 cancer."	Fam	Cancer	9(2):	
125-129.	

Ekstrom,	E.	C.,	S.	M.	Hyder,	A.	M.	Chowdhury,	S.	A.	Chowdhury,	B.	Lonnerdal,	J.	P.	Habicht	and	L.	
A.	 Persson	 (2002).	 "Efficacy	 and	 trial	 effectiveness	 of	 weekly	 and	 daily	 iron	 supplementation	
among	 pregnant	women	 in	 rural	 Bangladesh:	 disentangling	 the	 issues."	 Am	 J	 Clin	 Nutr	 76(6):	
1392-1400.	

Ekstrom,	 E.	 C.,	 F.	 P.	 Kavishe,	 J.	 P.	Habicht,	 E.	 A.	 Frongillo,	 Jr.,	 K.	M.	 Rasmussen	 and	 L.	Hemed	
(1996).	 "Adherence	 to	 iron	 supplementation	 during	 pregnancy	 in	 Tanzania:	 determinants	 and	
hematologic	consequences."	Am	J	Clin	Nutr	64(3):	368-374.	

El-Serag,	H.	B.	and	K.	L.	Rudolph	(2007).	"Hepatocellular	carcinoma:	epidemiology	and	molecular	
carcinogenesis."	Gastroenterology	132(7):	2557-2576.	

Elmberg,	M.,	R.	Hultcrantz,	A.	Ekbom,	L.	Brandt,	S.	Olsson,	R.	Olsson,	S.	Lindgren,	L.	Loof,	P.	Stal,	
S.	Wallerstedt,	S.	Almer,	H.	Sandberg-Gertzen	and	J.	Askling	(2003).	"Cancer	risk	in	patients	with	



	 193 | Page 

	

hereditary	hemochromatosis	and	in	their	first-degree	relatives."	Gastroenterology	125(6):	1733-
1741.	

Etcheverry,	 P.,	 J.	 C.	Wallingford,	 D.	 D.	Miller	 and	 R.	 P.	 Glahn	 (2004).	 "Calcium,	 zinc,	 and	 iron	
bioavailabilities	from	a	commercial	human	milk	fortifier:	a	comparison	study."	J	Dairy	Sci	87(11):	
3629-3637.	

Fairweather-Tait,	S.,	S.	Lynch,	C.	Hotz,	R.	Hurrell,	L.	Abrahamse,	S.	Beebe,	S.	Bering,	K.	Bukhave,	
R.	Glahn,	M.	Hambidge,	J.	Hunt,	B.	Lonnerdal,	D.	Miller,	N.	Mohktar,	P.	Nestel,	M.	Reddy,	A.	S.	
Sandber,	 P.	 Sharp,	B.	 Teucher	 and	T.	 P.	 Trinidad	 (2005).	 "The	usefulness	of	 in	 vitro	models	 to	
predict	the	bioavailability	of	 iron	and	zinc:	a	consensus	statement	from	the	HarvestPlus	expert	
consultation."	Int	J	Vitam	Nutr	Res	75(6):	371-374.	

Fairweather-Tait,	S.	J.,	A.	A.	Wawer,	R.	Gillings,	A.	Jennings	and	P.	K.	Myint	(2014).	"Iron	status	in	
the	elderly."	Mech	Ageing	Dev	136-137:	22-28.	

Fargion,	S.	(1999).	"Dysmetabolic	iron	overload	syndrome."	Haematologica	84(2):	97-98.	

Fargion,	S.,	P.	Dongiovanni,	A.	Guzzo,	S.	Colombo,	 L.	Valenti	and	A.	 L.	 Fracanzani	 (2005).	 "Iron	
and	insulin	resistance."	Aliment	Pharmacol	Ther	22	Suppl	2:	61-63.	

Fargion,	S.,	L.	Valenti	and	A.	L.	Fracanzani	(2010).	"Hemochromatosis	gene	(HFE)	mutations	and	
cancer	risk:	expanding	the	clinical	manifestations	of	hereditary	iron	overload."	Hepatology	51(4):	
1119-1121.	

Feder,	 J.	 N.,	 A.	 Gnirke,	W.	 Thomas,	 Z.	 Tsuchihashi,	 D.	 A.	 Ruddy,	 A.	 Basava,	 F.	 Dormishian,	 R.	
Domingo,	Jr.,	M.	C.	Ellis,	A.	Fullan,	L.	M.	Hinton,	N.	L.	Jones,	B.	E.	Kimmel,	G.	S.	Kronmal,	P.	Lauer,	
V.	K.	Lee,	D.	B.	Loeb,	F.	A.	Mapa,	E.	McClelland,	N.	C.	Meyer,	G.	A.	Mintier,	N.	Moeller,	T.	Moore,	
E.	Morikang,	C.	E.	Prass,	L.	Quintana,	S.	M.	Starnes,	R.	C.	Schatzman,	K.	J.	Brunke,	D.	T.	Drayna,	N.	
J.	Risch,	B.	R.	Bacon	and	R.	K.	Wolff	(1996).	"A	novel	MHC	class	I-like	gene	is	mutated	in	patients	
with	hereditary	haemochromatosis."	Nat	Genet	13(4):	399-408.	

Fedirko,	 V.,	 A.	 Lukanova,	 C.	 Bamia,	 A.	 Trichopolou,	 E.	 Trepo,	 U.	 Nothlings,	 S.	 Schlesinger,	 K.	
Aleksandrova,	P.	Boffetta,	A.	Tjonneland,	N.	F.	Johnsen,	K.	Overvad,	G.	Fagherazzi,	A.	Racine,	M.	
C.	Boutron-Ruault,	V.	Grote,	R.	Kaaks,	H.	Boeing,	A.	Naska,	G.	Adarakis,	 E.	Valanou,	D.	Palli,	 S.	
Sieri,	R.	Tumino,	P.	Vineis,	S.	Panico,	H.	B.	Bueno-de-Mesquita,	P.	D.	Siersema,	P.	H.	Peeters,	E.	
Weiderpass,	G.	 Skeie,	D.	 Engeset,	 J.	 R.	Quiros,	R.	 Zamora-Ros,	M.	 J.	 Sanchez,	 P.	Amiano,	 J.	M.	
Huerta,	A.	Barricarte,	D.	 Johansen,	B.	 Lindkvist,	M.	 Sund,	M.	Werner,	 F.	 Crowe,	K.	 T.	 Khaw,	P.	
Ferrari,	 I.	Romieu,	S.	C.	Chuang,	E.	Riboli	and	M.	Jenab	(2013).	"Glycemic	 index,	glycemic	 load,	
dietary	 carbohydrate,	 and	 dietary	 fiber	 intake	 and	 risk	 of	 liver	 and	 biliary	 tract	 cancers	 in	
Western	Europeans."	Ann	Oncol	24(2):	543-553.	

Feng,	 C.	 Y.,	 S.	 Wong,	 Q.	 Dong,	 J.	 Bruce,	 R.	 Mehta,	 W.	 R.	 Bruce	 and	 P.	 J.	 O'Brien	 (2009).	
"Hepatocyte	 inflammation	 model	 for	 cytotoxicity	 research:	 fructose	 or	 glycolaldehyde	 as	 a	
source	of	endogenous	toxins."	Arch	Physiol	Biochem	115(2):	105-111.	

Fenton,	V.,	I.	Cavill	and	J.	Fisher	(1977).	"Iron	stores	in	pregnancy."	Br	J	Haematol	37(1):	145-149.	

Fleming,	 D.	 J.,	 P.	 F.	 Jacques,	 G.	 E.	 Dallal,	 K.	 L.	 Tucker,	 P.	 W.	 Wilson	 and	 R.	 J.	 Wood	 (1998).	
"Dietary	determinants	of	 iron	stores	 in	a	 free-living	elderly	population:	The	Framingham	Heart	
Study."	Am	J	Clin	Nutr	67(4):	722-733.	



	 194 | Page 

	

Fleming,	 D.	 J.,	 K.	 L.	 Tucker,	 P.	 F.	 Jacques,	 G.	 E.	 Dallal,	 P.	 W.	 Wilson	 and	 R.	 J.	 Wood	 (2002).	
"Dietary	 factors	 associated	 with	 the	 risk	 of	 high	 iron	 stores	 in	 the	 elderly	 Framingham	 Heart	
Study	cohort."	Am	J	Clin	Nutr	76(6):	1375-1384.	

Fleming,	M.	D.,	 C.	 C.	 Trenor,	 3rd,	M.	A.	 Su,	D.	 Foernzler,	 D.	 R.	 Beier,	W.	 F.	 Dietrich	 and	N.	 C.	
Andrews	 (1997).	 "Microcytic	 anaemia	 mice	 have	 a	 mutation	 in	 Nramp2,	 a	 candidate	 iron	
transporter	gene."	Nat	Genet	16(4):	383-386.	

Fleming,	R.	E.,	Q.	Feng	and	R.	S.	Britton	(2011).	"Knockout	mouse	models	of	iron	homeostasis."	
Annu	Rev	Nutr	31:	117-137.	

Fleming,	R.	E.	and	P.	Ponka	(2012).	"Iron	overload	in	human	disease."	N	Engl	J	Med	366(4):	348-
359.	

Fogh,	J.,	J.	M.	Fogh	and	T.	Orfeo	(1977).	"One	hundred	and	twenty-seven	cultured	human	tumor	
cell	lines	producing	tumors	in	nude	mice."	J	Natl	Cancer	Inst	59(1):	221-226.	

Forbes,	A.	L.,	M.	J.	Arnaud,	C.	O.	Chichester,	J.	D.	Cook,	B.	N.	Harrison,	R.	F.	Hurrell,	S.	G.	Kahn,	E.	
R.	 Morris,	 J.	 T.	 Tanner,	 P.	 Whittaker	 and	 et	 al.	 (1989).	 "Comparison	 of	 in	 vitro,	 animal,	 and	
clinical	 determinations	 of	 iron	 bioavailability:	 International	 Nutritional	 Anemia	 Consultative	
Group	Task	Force	report	on	iron	bioavailability."	Am	J	Clin	Nutr	49(2):	225-238.	

Fortpied,	J.,	D.	Vertommen	and	E.	Van	Schaftingen	(2010).	"Binding	of	mannose-binding	lectin	to	
fructosamines:	 a	 potential	 link	 between	 hyperglycaemia	 and	 complement	 activation	 in	
diabetes."	Diabetes	Metab	Res	Rev	26(4):	254-260.	

Freitas	 Kde,	 C.,	 O.	 M.	 Amancio	 and	 M.	 B.	 de	 Morais	 (2012).	 "High-performance	 inulin	 and	
oligofructose	 prebiotics	 increase	 the	 intestinal	 absorption	 of	 iron	 in	 rats	 with	 iron	 deficiency	
anaemia	during	the	growth	phase."	Br	J	Nutr	108(6):	1008-1016.	

Frey,	 P.	 A.	 and	 C.	 E.	 Outten	 (2011).	 "Forging	 ahead:	 new	 mechanistic	 insights	 into	 iron	
biochemistry."	Curr	Opin	Chem	Biol	15(2):	257-259.	

Friel,	 J.	 K.,	 R.	 E.	 Serfass,	 P.	 V.	 Fennessey,	 L.	 V.	 Miller,	 W.	 L.	 Andrews,	 B.	 S.	 Simmons,	 G.	 F.	
Downton	 and	 P.	G.	 Kwa	 (1998).	 "Elevated	 intakes	 of	 zinc	 in	 infant	 formulas	 don	not	 interfere	
with	iron	absorption	in	premature	infants."	J	Pediatr	Gastroenterol	Nutr	27(3):	312-316.	

Fujita,	N.	and	Y.	Takei	(2011).	"Iron	overload	in	nonalcoholic	steatohepatitis."	Adv	Clin	Chem	55:	
105-132.	

Fuqua,	B.	 K.,	 C.	D.	Vulpe	 and	G.	 J.	 Anderson	 (2012).	 "Intestinal	 iron	 absorption."	 J	 Trace	 Elem	
Med	Biol	26(2-3):	115-119.	

Gangloff,	M.,	R.	Glahn,	D.	Miller	and	D.	V.	Campen	(1996).	"Assessment	of	iron	availability	using	
combined	in	vitro	digestion	and	Caco-2	cell	culture."	Nutrition	Research	16:	479–487.	

Ganz,	T.	(2011).	"Hepcidin	and	iron	regulation,	10	years	later."	Blood	117(17):	4425-4433.	

Ganz,	T.	and	E.	Nemeth	(2012).	"Hepcidin	and	iron	homeostasis."	Biochim	Biophys	Acta.	

Gao,	D.,	H.	Inuzuka,	A.	Tseng,	R.	Y.	Chin,	A.	Toker	and	W.	Wei	(2009).	"Phosphorylation	by	Akt1	
promotes	 cytoplasmic	 localization	 of	 Skp2	 and	 impairs	 APCCdh1-mediated	 Skp2	 destruction."	
Nat	Cell	Biol	11(4):	397-408.	



	 195 | Page 

	

Garcia,	M.	N.,	C.	Flowers	and	J.	D.	Cook	(1996).	"The	Caco-2	cell	culture	system	can	be	used	as	a	
model	to	study	food	iron	availability."	J	Nutr	126(1):	251-258.	

García-Casal,	M.	N.	(2006).	"Carotenoids	increase	iron	absorption	from	cereal-based	food	in	the	
human."	Nutrition	Research	26(7):	340-344.	

Garcia-Casal,	M.	 N.,	M.	 Layrisse,	 L.	 Solano,	M.	 A.	 Baron,	 F.	 Arguello,	 D.	 Llovera,	 J.	 Ramirez,	 I.	
Leets	 and	 E.	 Tropper	 (1998).	 "Vitamin	 A	 and	 beta-carotene	 can	 improve	 nonheme	 iron	
absorption	from	rice,	wheat	and	corn	by	humans."	J	Nutr	128(3):	646-650.	

Garcia-Nebot,	M.	J.,	A.	Alegria,	R.	Barbera,	M.	Contreras	Mdel	and	I.	Recio	(2010).	"Milk	versus	
caseinophosphopeptides	 added	 to	 fruit	 beverage:	 resistance	 and	 release	 from	 simulated	
gastrointestinal	digestion."	Peptides	31(4):	555-561.	

Gasteyger,	C.,	M.	Suter,	R.	C.	Gaillard	and	V.	Giusti	(2008).	"Nutritional	deficiencies	after	Roux-
en-Y	 gastric	 bypass	 for	 morbid	 obesity	 often	 cannot	 be	 prevented	 by	 standard	 multivitamin	
supplementation."	Am	J	Clin	Nutr	87(5):	1128-1133.	

Gesquiere,	 I.,	M.	Lannoo,	P.	Augustijns,	C.	Matthys,	B.	Van	der	Schueren	and	V.	Foulon	(2014).	
"Iron	 deficiency	 after	 Roux-en-Y	 gastric	 bypass:	 insufficient	 iron	 absorption	 from	 oral	 iron	
supplements."	Obes	Surg	24(1):	56-61.	

Ghisolfi,	 J.,	M.	Fantino,	D.	Turck,	G.	P.	de	Courcy	and	M.	Vidailhet	 (2013).	 "Nutrient	 intakes	of	
children	aged	1-2	years	as	a	function	of	milk	consumption,	cows'	milk	or	growing-up	milk."	Public	
Health	Nutr	16(3):	524-534.	

Giannetti,	A.	M.,	P.	J.	Halbrooks,	A.	B.	Mason,	T.	M.	Vogt,	C.	A.	Enns	and	P.	J.	Bjorkman	(2005).	
"The	molecular	mechanism	for	receptor-stimulated	iron	release	from	the	plasma	iron	transport	
protein	transferrin."	Structure	13(11):	1613-1623.	

Gibson,	 G.	 R.,	 H.	 M.	 Probert,	 J.	 V.	 Loo,	 R.	 A.	 Rastall	 and	 M.	 B.	 Roberfroid	 (2004).	 "Dietary	
modulation	of	the	human	colonic	microbiota:	updating	the	concept	of	prebiotics."	Nutr	Res	Rev	
17(2):	259-275.	

Gibson,	G.	R.	and	M.	B.	Roberfroid	(1995).	"Dietary	modulation	of	the	human	colonic	microbiota:	
introducing	the	concept	of	prebiotics."	J	Nutr	125(6):	1401-1412.	

Gibson,	 R.	 S.	 (2007).	 "The	 role	 of	 diet-	 and	 host-related	 factors	 in	 nutrient	 bioavailability	 and	
thus	in	nutrient-based	dietary	requirement	estimates."	Food	Nutr	Bull	28(1	Suppl	International):	
S77-100.	

Gibson,	R.	S.,	K.	B.	Bailey,	M.	Gibbs	and	E.	L.	Ferguson	(2010).	"A	review	of	phytate,	 iron,	zinc,	
and	calcium	concentrations	 in	plant-based	complementary	foods	used	in	 low-income	countries	
and	implications	for	bioavailability."	Food	Nutr	Bull	31(2	Suppl):	S134-146.	

Gillooly,	M.,	T.	H.	Bothwell,	R.	W.	Charlton,	J.	D.	Torrance,	W.	R.	Bezwoda,	A.	P.	MacPhail,	D.	P.	
Derman,	L.	Novelli,	P.	Morrall	and	F.	Mayet	(1984).	"Factors	affecting	the	absorption	of	iron	from	
cereals."	Br	J	Nutr	51(1):	37-46.	

Gillooly,	M.,	 T.	 H.	 Bothwell,	 J.	 D.	 Torrance,	 A.	 P.	MacPhail,	 D.	 P.	 Derman,	W.	 R.	 Bezwoda,	W.	
Mills,	 R.	 W.	 Charlton	 and	 F.	 Mayet	 (1983).	 "The	 effects	 of	 organic	 acids,	 phytates	 and	
polyphenols	on	the	absorption	of	iron	from	vegetables."	Br	J	Nutr	49(3):	331-342.	



	 196 | Page 

	

Gillooly,	M.,	 J.	 D.	 Torrance,	 T.	H.	 Bothwell,	 A.	 P.	MacPhail,	 D.	Derman,	W.	Mills	 and	 F.	Mayet	
(1984).	"The	relative	effect	of	ascorbic	acid	on	 iron	absorption	 from	soy-based	and	milk-based	
infant	formulas."	Am	J	Clin	Nutr	40(3):	522-527.	

Gkouvatsos,	 K.,	G.	 Papanikolaou	and	K.	 Pantopoulos	 (2012).	 "Regulation	of	 iron	 transport	 and	
the	role	of	transferrin."	Biochim	Biophys	Acta	1820(3):	188-202.	

Glahn,	R.,	McClements,	D.	J.,	&	Decker,	E.	A.	(2009).	The	use	of	Caco-2	cells	in	defining	nutrient	
bioavailability:	application	to	iron	bioavailability	of	foods.	Designing	functional	foods:	measuring	
and	controlling	food	structure	breakdown	and	nutrient	absorption.	M.	Decker.	Cambridge,	UK,	
Woodhead	Publishing	Ltd:	340-361.	

Glahn,	 R.	 P.	 (2015).	 "Iron	 biofortification	 and	 revisiting	 the	 accuracy	 of	 extrinsic	 labeling	 in	
studies	of	iron	absorption."	J	Nutr	145(5):	1025-1026.	

Glahn,	R.	P.,	Z.	Cheng	and	S.	Giri	 (2015).	 "Extrinsic	Labeling	of	Staple	Food	Crops	with	 Isotopic	
Iron	Does	Not	Consistently	Result	in	Full	Equilibration:	Revisiting	the	Methodology."	J	Agric	Food	
Chem	63(43):	9621-9628.	

Glahn,	R.	P.,	Z.	Cheng,	R.	M.	Welch	and	G.	B.	Gregorio	(2002).	"Comparison	of	iron	bioavailability	
from	 15	 rice	 genotypes:	 studies	 using	 an	 in	 vitro	 digestion/caco-2	 cell	 culture	model."	 J	 Agric	
Food	Chem	50(12):	3586-3591.	

Glahn,	 R.	 P.,	 O.	 A.	 Lee,	 A.	 Yeung,	M.	 I.	 Goldman	 and	 D.	 D.	Miller	 (1998).	 "Caco-2	 cell	 ferritin	
formation	 predicts	 nonradiolabeled	 food	 iron	 availability	 in	 an	 in	 vitro	 digestion/Caco-2	 cell	
culture	model."	J	Nutr	128(9):	1555-1561.	

Glahn,	 R.	 P.,	 M.	 Rassier,	 M.	 I.	 Goldman,	 O.	 A.	 Lee	 and	 J.	 Cha	 (2000).	 "A	 comparison	 of	 iron	
availability	 from	 commercial	 iron	 preparations	 using	 an	 in	 vitro	 digestion/Caco-2	 cell	 culture	
model."	J	Nutr	Biochem	11(2):	62-68.	

Glahn,	 R.	 P.,	 G.	M.	Wortley,	 P.	 K.	 South	 and	D.	D.	Miller	 (2002).	 "Inhibition	 of	 iron	 uptake	 by	
phytic	acid,	tannic	acid,	and	ZnCl2:	studies	using	an	in	vitro	digestion/Caco-2	cell	model."	J	Agric	
Food	Chem	50(2):	390-395.	

Gorbunov,	 N.	 V.,	 J.	 L.	 Atkins,	 N.	 Gurusamy	 and	 B.	 R.	 Pitt	 (2012).	 "Iron-induced	 remodeling	 in	
cultured	rat	pulmonary	artery	endothelial	cells."	Biometals	25(1):	203-217.	

Graham,	R.	M.,	A.	C.	G.	Chua	and	D.	Trinder	(2012).	Plasma	Iron	and	Iron	Delivery	to	the	Tissues.	
Iron	 Physiology	 and	 Pathophysiology	 in	 Humans.	 G.	 J.	 Anderson	 and	 G.	 D.	McLaren.	 London,	
Humana	Press:	117-139.	

Grantham-McGregor,	 S.	 (2003).	 "Does	 iron-deficiency	 anemia	 affect	 child	 development?"	
Pediatrics	112(4):	978.	

Grantham-McGregor,	S.	and	C.	Ani	(2001).	"A	review	of	studies	on	the	effect	of	 iron	deficiency	
on	cognitive	development	in	children."	J	Nutr	131(2S-2):	649S-666S;	discussion	666S-668S.	

Greenwood,	D.	C.,	 J.	E.	Cade,	 J.	A.	Moreton,	B.	O??Hara,	V.	 J.	Burley,	 J.	A.	Randerson-Moor,	K.	
Kukalizch,	 D.	 Thompson,	M.	Worwood	 and	 D.	 T.	 Bishop	 (2005).	 "HFE	 Genotype	Modifies	 the	
Influence	of	Heme	Iron	Intake	on	Iron	Status."	Epidemiology	16(6):	802-805.	

Grootveld,	M.,	 J.	 D.	 Bell,	 B.	Halliwell,	O.	 I.	 Aruoma,	A.	 Bomford	 and	P.	 J.	 Sadler	 (1989).	 "Non-
transferrin-bound	 iron	 in	 plasma	 or	 serum	 from	 patients	 with	 idiopathic	 hemochromatosis.	



	 197 | Page 

	

Characterization	by	high	performance	 liquid	 chromatography	 and	nuclear	magnetic	 resonance	
spectroscopy."	J	Biol	Chem	264(8):	4417-4422.	

Gruenheid,	 S.,	M.	 Cellier,	 S.	 Vidal	 and	P.	Gros	 (1995).	 "Identification	 and	 characterization	of	 a	
second	mouse	Nramp	gene."	Genomics	25(2):	514-525.	

Gunshin,	H.,	Y.	Fujiwara,	A.	O.	Custodio,	C.	Direnzo,	S.	Robine	and	N.	C.	Andrews	(2005).	"Slc11a2	
is	 required	 for	 intestinal	 iron	 absorption	 and	 erythropoiesis	 but	 dispensable	 in	 placenta	 and	
liver."	J	Clin	Invest	115(5):	1258-1266.	

Gunshin,	H.,	B.	Mackenzie,	U.	V.	Berger,	Y.	Gunshin,	M.	F.	Romero,	W.	F.	Boron,	S.	Nussberger,	J.	
L.	 Gollan	 and	 M.	 A.	 Hediger	 (1997).	 "Cloning	 and	 characterization	 of	 a	 mammalian	 proton-
coupled	metal-ion	transporter."	Nature	388(6641):	482-488.	

Gunshin,	H.,	C.	N.	Starr,	C.	Direnzo,	M.	D.	Fleming,	J.	Jin,	E.	L.	Greer,	V.	M.	Sellers,	S.	M.	Galica	
and	N.	 C.	Andrews	 (2005).	 "Cybrd1	 (duodenal	 cytochrome	b)	 is	 not	 necessary	 for	 dietary	 iron	
absorption	in	mice."	Blood	106(8):	2879-2883.	

Haase,	V.	H.	 (2010).	 "Hypoxic	 regulation	of	 erythropoiesis	 and	 iron	metabolism."	 Am	 J	Physiol	
Renal	Physiol	299(1):	F1-13.	

Habib,	F.,	E.	H.	Alabdin,	M.	Alenazy	and	R.	Nooh	 (2009).	 "Compliance	to	 iron	supplementation	
during	pregnancy."	J	Obstet	Gynaecol	29(6):	487-492.	

Haider,	B.	A.,	I.	Olofin,	M.	Wang,	D.	Spiegelman,	M.	Ezzati,	W.	W.	Fawzi	and	G.	Nutrition	Impact	
Model	 Study	 (2013).	 "Anaemia,	 prenatal	 iron	 use,	 and	 risk	 of	 adverse	 pregnancy	 outcomes:	
systematic	review	and	meta-analysis."	BMJ	346:	f3443.	

Halksworth,	G.,	L.	Moseley,	K.	Carter	and	M.	Worwood	(2003).	"Iron	absorption	from	Spatone	(a	
natural	mineral	water)	for	prevention	of	iron	deficiency	in	pregnancy."	Clin	Lab	Haematol	25(4):	
227-231.	

Hallberg,	L.	(1981).	"Bioavailability	of	dietary	iron	in	man."	Annu	Rev	Nutr	1:	123-147.	

Hallberg,	L.,	M.	Brune,	M.	Erlandsson,	A.	S.	Sandberg	and	L.	Rossander-Hulten	(1991).	"Calcium:	
effect	of	different	amounts	on	nonheme-	and	heme-iron	absorption	in	humans."	Am	J	Clin	Nutr	
53(1):	112-119.	

Hallberg,	L.,	M.	Brune	and	L.	Rossander	(1986).	"Effect	of	ascorbic	acid	on	iron	absorption	from	
different	types	of	meals.	Studies	with	ascorbic-acid-rich	foods	and	synthetic	ascorbic	acid	given	
in	different	amounts	with	different	meals."	Hum	Nutr	Appl	Nutr	40(2):	97-113.	

Hallberg,	 L.,	 M.	 Brune	 and	 L.	 Rossander	 (1989a).	 "Iron	 absorption	 in	 man:	 ascorbic	 acid	 and	
dose-dependent	inhibition	by	phytate."	Am	J	Clin	Nutr	49(1):	140-144.	

Hallberg,	L.,	M.	Brune	and	L.	Rossander	(1989).	"The	role	of	vitamin	C	in	iron	absorption."	 Int	J	
Vitam	Nutr	Res	Suppl	30:	103-108.	

Hallberg,	L.	and	L.	Rossander	(1982).	"Effect	of	different	drinks	on	the	absorption	of	non-heme	
iron	from	composite	meals."	Hum	Nutr	Appl	Nutr	36(2):	116-123.	

Hallberg,	L.,	L.	Rossander	and	A.	B.	Skanberg	(1987).	"Phytates	and	the	inhibitory	effect	of	bran	
on	iron	absorption	in	man."	Am	J	Clin	Nutr	45(5):	988-996.	



	 198 | Page 

	

Hallberg,	L.,	L.	Rossander-Hulten,	M.	Brune	and	A.	Gleerup	(1992).	"Calcium	and	iron	absorption:	
mechanism	of	action	and	nutritional	importance."	Eur	J	Clin	Nutr	46(5):	317-327.	

Hallberg,	 L.,	 L.	 Rossander-Hulthen,	M.	 Brune	 and	 A.	 Gleerup	 (1993).	 "Inhibition	 of	 haem-iron	
absorption	in	man	by	calcium."	Br	J	Nutr	69(2):	533-540.	

Halleux,	C.	and	Y.	J.	Schneider	(1994).	"Iron	absorption	by	CaCo	2	cells	cultivated	in	serum-free	
medium	as	in	vitro	model	of	the	human	intestinal	epithelial	barrier."	J	Cell	Physiol	158(1):	17-28.	

Han,	O.	and	E.	Y.	Kim	(2007).	"Colocalization	of	ferroportin-1	with	hephaestin	on	the	basolateral	
membrane	of	human	intestinal	absorptive	cells."	J	Cell	Biochem	101(4):	1000-1010.	

Hardie,	 D.	 G.,	 F.	 A.	 Ross	 and	 S.	 A.	 Hawley	 (2012).	 "AMPK:	 a	 nutrient	 and	 energy	 sensor	 that	
maintains	energy	homeostasis."	Nat	Rev	Mol	Cell	Biol	13(4):	251-262.	

Hart,	J.	J.,	E.	Tako,	L.	V.	Kochian	and	R.	P.	Glahn	(2015).	"Identification	of	Black	Bean	(Phaseolus	
vulgaris	 L.)	 Polyphenols	 That	 Inhibit	 and	 Promote	 Iron	 Uptake	 by	 Caco-2	 Cells."	 J	 Agric	 Food	
Chem	63(25):	5950-5956.	

Harvey,	L.	J.,	C.	Berti,	A.	Casgrain,	I.	Cetin,	R.	Collings,	M.	Gurinovic,	M.	Hermoso,	L.	Hooper,	R.	
Hurst,	 B.	 Koletzko,	 J.	Ngo,	 B.	 R.	 Vinas,	 C.	 Vollhardt,	 V.	 Vucic	 and	 S.	 J.	 Fairweather-Tait	 (2013).	
"EURRECA-Estimating	 Iron	Requirements	 for	Deriving	Dietary	Reference	Values."	Crit	Rev	Food	
Sci	Nutr	53(10):	1064-1076.	

Hayhurst,	G.	P.,	Y.	H.	Lee,	G.	Lambert,	J.	M.	Ward	and	F.	J.	Gonzalez	(2001).	"Hepatocyte	nuclear	
factor	4alpha	(nuclear	receptor	2A1)	is	essential	for	maintenance	of	hepatic	gene	expression	and	
lipid	homeostasis."	Mol	Cell	Biol	21(4):	1393-1403.	

Hazell,	 T.	 (1985).	 "Minerals	 in	 foods:	 dietary	 sources,	 chemical	 forms,	 interactions,	
bioavailability."	World	Rev	Nutr	Diet	46:	1-123.	

Heckman,	M.	A.,	K.	Sherry	and	E.	G.	d.	Mejia	(2010).	"Consumption	of	Sugar	Drinks	in	the	United	
States,	2005–2008."	Compr	Rev	Food	Sci	F	9:	303-317.	

Hediger,	 M.	 A.	 and	 D.	 B.	 Rhoads	 (1994).	 "Molecular	 physiology	 of	 sodium-glucose	
cotransporters."	Physiol	Rev	74(4):	993-1026.	

Heinrich,	 H.	 C.	 (1987).	 "Intestinal	 absorption	 of	 59Fe	 from	 neutron-activated	 commercial	 oral	
iron(III)-citrate	 and	 iron(III)-hydroxide-polymaltose	 complexes	 in	 man."	 Arzneimittelforschung	
37(1A):	105-107.	

Heinrich,	H.	C.,	E.	E.	Gabbe,	J.	Bruggeman	and	K.	H.	Oppitz	(1974).	"Effects	of	Fructose	on	Ferric	
and	Ferrous	Iron	Absorption	in	Man."	Annals	of	Nutrition	&	Metabolism	17(4):	236-248.	

Hellman,	N.	E.	and	J.	D.	Gitlin	(2002).	"Ceruloplasmin	metabolism	and	function."	Annu	Rev	Nutr	
22:	439-458.	

Hentze,	 M.	 W.,	 M.	 U.	 Muckenthaler,	 B.	 Galy	 and	 C.	 Camaschella	 (2010).	 "Two	 to	 tango:	
regulation	of	Mammalian	iron	metabolism."	Cell	142(1):	24-38.	

Herrinton,	L.	J.,	G.	D.	Friedman,	D.	Baer	and	J.	V.	Selby	(1995).	"Transferrin	saturation	and	risk	of	
cancer."	Am	J	Epidemiol	142(7):	692-698.	



	 199 | Page 

	

Hershko,	D.	D.	(2008).	"Oncogenic	properties	and	prognostic	implications	of	the	ubiquitin	ligase	
Skp2	in	cancer."	Cancer	112(7):	1415-1424.	

Hider,	R.	C.	(2002).	"Nature	of	nontransferrin-bound	iron."	Eur	J	Clin	Invest	32	Suppl	1:	50-54.	

Hider,	R.	C.	and	X.	L.	Kong	(2011).	"Glutathione:	a	key	component	of	the	cytoplasmic	labile	iron	
pool."	Biometals	24(6):	1179-1187.	

Hoare,	 J.,	 L.	Henderson,	 C.	 J.	 Bates,	A.	 Prentice,	M.	Birch,	G.	 Swan	 and	M.	 Farron	 (2004).	 The	
National	 Diet	 and	 Nutrition	 Survey:	 Adults	 Aged	 19–64	 Years,	 Volume	 5:	 Summary	 Report.	
Department	of	Health,	Food	Standards	Agency.	London,	TSO.		

Hoekenga,	 O.	 A.,	 M.	 G.	 Lung'aho,	 E.	 Tako,	 L.	 V.	 Kochian	 and	 R.	 P.	 Glahn	 (2011).	 "Iron	
biofortification	of	maize	grain."	Plant	Genetic	Resources	9(02):	327-329.	

Holbrook,	J.	T.,	J.	C.	J.	Smith	and	S.	Reiser	(1989).	"Dietary	fructose	or	starch:	effects	on	copper,	
zinc,	 iron,	 manganese,	 calcium,	 and	 magnesium	 balances	 in	 humans."	 Am	 J	 Clin	 Nutr	 49(6):	
1290-1294.	

Holdsworth,	C.	D.	and	A.	M.	Dawson	(1965).	"Absorption	of	Fructose	in	Man."	Proc	Soc	Exp	Biol	
Med	118:	142-145.	

Hua,	 N.	 W.,	 R.	 A.	 Stoohs	 and	 F.	 S.	 Facchini	 (2001).	 "Low	 iron	 status	 and	 enhanced	 insulin	
sensitivity	in	lacto-ovo	vegetarians."	Br	J	Nutr	86(4):	515-519.	

Hubert,	N.,	G.	Lescoat,	R.	Sciot,	R.	Moirand,	P.	Jego,	P.	Leroyer	and	P.	Brissot	(1993).	"Regulation	
of	ferritin	and	transferrin	receptor	expression	by	iron	in	human	hepatocyte	cultures."	J	Hepatol	
18(3):	301-312.	

Huh,	 E.	 C.,	 A.	 Hotchkiss,	 J.	 Brouillette	 and	 R.	 P.	 Glahn	 (2004).	 "Carbohydrate	 fractions	 from	
cooked	fish	promote	iron	uptake	by	Caco-2	cells."	J	Nutr	134(7):	1681-1689.	

Hui,	 H.,	 D.	 Huang,	 D.	 McArthur,	 N.	 Nissen,	 L.	 G.	 Boros	 and	 A.	 P.	 Heaney	 (2009).	 "Direct	
spectrophotometric	 determination	 of	 serum	 fructose	 in	 pancreatic	 cancer	 patients."	 Pancreas	
38(6):	706-712.	

Hunt,	 J.	R.	and	Z.	K.	Roughead	 (2000).	 "Adaptation	of	 iron	absorption	 in	men	consuming	diets	
with	high	or	low	iron	bioavailability."	Am	J	Clin	Nutr	71(1):	94-102.	

Hunziker,	W.,	M.	Spiess,	G.	Semenza	and	H.	F.	Lodish	(1986).	"The	sucrase-isomaltase	complex:	
primary	 structure,	 membrane-orientation,	 and	 evolution	 of	 a	 stalked,	 intrinsic	 brush	 border	
protein."	Cell	46(2):	227-234.	

Hurrell,	R.	(2010).	"Use	of	ferrous	fumarate	to	fortify	foods	for	infants	and	young	children."	Nutr	
Rev	68(9):	522-530.	

Hurrell,	R.	and	 I.	Egli	 (2010).	 "Iron	bioavailability	and	dietary	 reference	values."	Am	J	Clin	Nutr	
91(5):	1461S-1467S.	

Hurrell,	R.	F.,	M.	A.	Juillerat,	M.	B.	Reddy,	S.	R.	Lynch,	S.	A.	Dassenko	and	J.	D.	Cook	(1992).	"Soy	
protein,	phytate,	and	iron	absorption	in	humans."	Am	J	Clin	Nutr	56(3):	573-578.	

Hurrell,	R.	F.,	S.	R.	Lynch,	T.	P.	Trinidad,	S.	A.	Dassenko	and	J.	D.	Cook	(1989).	"Iron	absorption	in	
humans	as	influenced	by	bovine	milk	proteins."	Am	J	Clin	Nutr	49(3):	546-552.	



	 200 | Page 

	

Hurrell,	R.	F.,	M.	Reddy	and	J.	D.	Cook	(1999).	"Inhibition	of	non-haem	iron	absorption	in	man	by	
polyphenolic-containing	beverages."	Br	J	Nutr	81(4):	289-295.	

Hwang,	 S.	 I.,	 Y.	 Y.	 Lee,	 J.	O.	Park,	H.	 J.	Norton,	 E.	Clemens,	 L.	W.	 Schrum	and	H.	 L.	Bonkovsky	
(2011).	 "Effects	 of	 a	 single	 dose	 of	 oral	 iron	 on	 hepcidin	 concentrations	 in	 human	 urine	 and	
serum	analyzed	by	a	robust	LC-MS/MS	method."	Clin	Chim	Acta	412(23-24):	2241-2247.	

Hyder,	S.	M.,	L.	A.	Persson,	A.	M.	Chowdhury	and	E.	C.	Ekstrom	(2002).	"Do	side-effects	reduce	
compliance	to	iron	supplementation?	A	study	of	daily-	and	weekly-dose	regimens	in	pregnancy."	
J	Health	Popul	Nutr	20(2):	175-179.	

Iakova,	P.,	L.	Timchenko	and	N.	A.	Timchenko	(2011).	"Intracellular	signaling	and	hepatocellular	
carcinoma."	Semin	Cancer	Biol	21(1):	28-34.	

Infusino,	I.,	F.	Braga,	A.	Dolci	and	M.	Panteghini	(2012).	"Soluble	transferrin	receptor	(sTfR)	and	
sTfR/log	 ferritin	 index	 for	 the	diagnosis	 of	 iron-deficiency	 anemia.	A	meta-analysis."	Am	 J	 Clin	
Pathol	138(5):	642-649.	

Iolascon,	 A.,	 M.	 d'Apolito,	 V.	 Servedio,	 F.	 Cimmino,	 A.	 Piga	 and	 C.	 Camaschella	 (2006).	
"Microcytic	anemia	and	hepatic	iron	overload	in	a	child	with	compound	heterozygous	mutations	
in	DMT1	(SCL11A2)."	Blood	107(1):	349-354.	

Ishikawa,	S.	I.,	S.	Tamaki,	K.	Arihara	and	M.	Itoh	(2007).	"Egg	yolk	protein	and	egg	yolk	phosvitin	
inhibit	calcium,	magnesium,	and	iron	absorptions	in	rats."	J	Food	Sci	72(6):	S412-419.	

Ivaturi,	R.	and	C.	Kies	(1992).	"Mineral	balances	in	humans	as	affected	by	fructose,	high	fructose	
corn	syrup	and	sucrose."	Plant	Food	Hum	Nutr	42:	143-151.	

Jaeggi,	 T.,	 G.	 A.	 Kortman,	 D.	 Moretti,	 C.	 Chassard,	 P.	 Holding,	 A.	 Dostal,	 J.	 Boekhorst,	 H.	 M.	
Timmerman,	D.	W.	Swinkels,	H.	Tjalsma,	J.	Njenga,	A.	Mwangi,	 J.	Kvalsvig,	C.	Lacroix	and	M.	B.	
Zimmermann	 (2015).	 "Iron	 fortification	 adversely	 affects	 the	 gut	 microbiome,	 increases	
pathogen	 abundance	 and	 induces	 intestinal	 inflammation	 in	 Kenyan	 infants."	 Gut	 64(5):	 731-
742.	

Jauregui-Lobera,	I.	(2013).	"Iron	deficiency	and	bariatric	surgery."	Nutrients	5(5):	1595-1608.	

Jezequel,	 C.,	 F.	 Laine,	 B.	 Laviolle,	 A.	 Kiani,	 E.	 Bardou-Jacquet	 and	 Y.	 Deugnier	 (2015).	 "Both	
hepatic	 and	 body	 iron	 stores	 are	 increased	 in	 dysmetabolic	 iron	 overload	 syndrome.	 A	 case-
control	study."	PLoS	One	10(6):	e0128530.	

Jin,	F.,	 Z.	Cheng,	M.	A.	Rutzke,	R.	M.	Welch	and	R.	P.	Glahn	 (2008).	 "Extrinsic	 labeling	method	
may	 not	 accurately	 measure	 Fe	 absorption	 from	 cooked	 pinto	 beans	 (Phaseolus	 vulgaris):	
comparison	of	extrinsic	and	intrinsic	labeling	of	beans."	J	Agric	Food	Chem	56(16):	6881-6885.	

Jin,	F.,	C.	Frohman,	T.	W.	Thannhauser,	R.	M.	Welch	and	R.	P.	Glahn	(2009).	"Effects	of	ascorbic	
acid,	phytic	acid	and	tannic	acid	on	iron	bioavailability	from	reconstituted	ferritin	measured	by	
an	in	vitro	digestion-Caco-2	cell	model."	Br	J	Nutr	101(7):	972-981.	

Johnson,	D.	M.,	S.	Yamaji,	 J.	Tennant,	S.	K.	Srai	and	P.	A.	Sharp	 (2005).	"Regulation	of	divalent	
metal	transporter	expression	in	human	intestinal	epithelial	cells	following	exposure	to	non-haem	
iron."	FEBS	Lett	579(9):	1923-1929.	

Johnson,	 M.	 B.	 and	 C.	 A.	 Enns	 (2004).	 "Diferric	 transferrin	 regulates	 transferrin	 receptor	 2	
protein	stability."	Blood	104(13):	4287-4293.	



	 201 | Page 

	

Jumarie,	C.	and	C.	Malo	(1991).	"Caco-2	cells	cultured	in	serum-free	medium	as	a	model	for	the	
study	of	enterocytic	differentiation	in	vitro."	J	Cell	Physiol	149(1):	24-33.	

Kabat,	G.	 C.,	 A.	 B.	Miller,	M.	 Jain	 and	 T.	 E.	 Rohan	 (2007).	 "A	 cohort	 study	 of	 dietary	 iron	 and	
heme	iron	intake	and	risk	of	colorectal	cancer	in	women."	Br	J	Cancer	97(1):	118-122.	

Kakhlon,	O.	 and	 Z.	 I.	 Cabantchik	 (2002).	 "The	 labile	 iron	 pool:	 characterization,	measurement,	
and	participation	in	cellular	processes(1)."	Free	Radic	Biol	Med	33(8):	1037-1046.	

Kalgaonkar,	S.	and	B.	Lonnerdal	(2008).	"Effects	of	dietary	factors	on	iron	uptake	from	ferritin	by	
Caco-2	cells."	J	Nutr	Biochem	19(1):	33-39.	

Kalgaonkar,	 S.	 and	 B.	 Lonnerdal	 (2009).	 "Receptor-mediated	 uptake	 of	 ferritin-bound	 iron	 by	
human	intestinal	Caco-2	cells."	J	Nutr	Biochem	20(4):	304-311.	

Kaur,	J.	and	A.	K.	Bachhawat	(2009).	"A	modified	Western	blot	protocol	for	enhanced	sensitivity	
in	the	detection	of	a	membrane	protein."	Anal	Biochem	384(2):	348-349.	

Kautz,	 L.,	 G.	 Jung,	 E.	 V.	 Valore,	 S.	 Rivella,	 E.	 Nemeth	 and	 T.	 Ganz	 (2014).	 "Identification	 of	
erythroferrone	as	an	erythroid	regulator	of	iron	metabolism."	Nat	Genet	46(7):	678-684.	

Keel,	S.	B.,	R.	T.	Doty,	Z.	Yang,	J.	G.	Quigley,	J.	Chen,	S.	Knoblaugh,	P.	D.	Kingsley,	I.	De	Domenico,	
M.	B.	Vaughn,	J.	Kaplan,	J.	Palis	and	J.	L.	Abkowitz	(2008).	"A	heme	export	protein	is	required	for	
red	blood	cell	differentiation	and	iron	homeostasis."	Science	319(5864):	825-828.	

Keller,	 J.,	 D.	 Frederking	 and	 P.	 Layer	 (2008).	 "The	 spectrum	 and	 treatment	 of	 gastrointestinal	
disorders	during	pregnancy."	Nat	Clin	Pract	Gastroenterol	Hepatol	5(8):	430-443.	

Kelly,	J.	H.	and	G.	J.	Darlington	(1989).	"Modulation	of	the	liver	specific	phenotype	in	the	human	
hepatoblastoma	line	Hep	G2."	In	Vitro	Cell	Dev	Biol	25(2):	217-222.	

Kew,	M.	C.	(2014).	"Hepatic	iron	overload	and	hepatocellular	carcinoma."	Liver	Cancer	3(1):	31-
40.	

Khan,	Y.	and	Z.	A.	Bhutta	(2010).	"Nutritional	deficiencies	in	the	developing	world:	current	status	
and	opportunities	for	intervention."	Pediatr	Clin	North	Am	57(6):	1409-1441.	

Khoursandi,	 S.,	 D.	 Scharlau,	 P.	 Herter,	 C.	 Kuhnen,	 D.	 Martin,	 R.	 K.	 Kinne	 and	 H.	 Kipp	 (2004).	
"Different	modes	 of	 sodium-D-glucose	 cotransporter-mediated	D-glucose	 uptake	 regulation	 in	
Caco-2	cells."	Am	J	Physiol	Cell	Physiol	287(4):	C1041-1047.	

Klewicki,	R.	 (2007).	"The	stability	of	gal-polyols	and	oligosaccharides	during	pasteurization	at	a	
low	pH.	."	LWT-	Food	Science	and	Technology	40(7):	1259-1265.	

Knekt,	P.,	A.	Reunanen,	H.	Takkunen,	A.	Aromaa,	M.	Heliovaara	and	T.	Hakulinen	(1994).	"Body	
iron	stores	and	risk	of	cancer."	Int	J	Cancer	56(3):	379-382.	

Knutson,	 M.	 and	 M.	 Wessling-Resnick	 (2003).	 "Iron	 metabolism	 in	 the	 reticuloendothelial	
system."	Crit	Rev	Biochem	Mol	Biol	38(1):	61-88.	

Kodama,	Y.	and	D.	A.	Brenner	(2009).	"c-Jun	N-terminal	kinase	signaling	 in	the	pathogenesis	of	
nonalcoholic	fatty	liver	disease:	Multiple	roles	in	multiple	steps."	Hepatology	49(1):	6-8.	



	 202 | Page 

	

Koorts,	 A.	 M.	 and	 M.	 Viljoen	 (2007).	 "Ferritin	 and	 ferritin	 isoforms	 II:	 protection	 against	
uncontrolled	cellular	proliferation,	oxidative	damage	and	inflammatory	processes."	Arch	Physiol	
Biochem	113(2):	55-64.	

Kordas,	K.	and	R.	J.	Stoltzfus	(2004).	"New	evidence	of	iron	and	zinc	interplay	at	the	enterocyte	
and	neural	tissues."	J	Nutr	134(6):	1295-1298.	

Kothapalli,	 R.,	 S.	 J.	 Yoder,	 S.	 Mane	 and	 T.	 P.	 Loughran,	 Jr.	 (2002).	 "Microarray	 results:	 how	
accurate	are	they?"	BMC	Bioinformatics	3:	22.	

Krafft,	A.	(2013).	"Iron	supplementation	in	pregnancy."	BMJ	347:	f4399.	

Krause,	A.,	S.	Neitz,	H.	J.	Magert,	A.	Schulz,	W.	G.	Forssmann,	P.	Schulz-Knappe	and	K.	Adermann	
(2000).	"LEAP-1,	a	novel	highly	disulfide-bonded	human	peptide,	exhibits	antimicrobial	activity."	
FEBS	Lett	480(2-3):	147-150.	

Krebs,	N.	F.,	M.	Domellof	and	E.	Ziegler	(2015).	"Balancing	Benefits	and	Risks	of	Iron	Fortification	
in	Resource-Rich	Countries."	J	Pediatr	167(4	Suppl):	S20-25.	

Kumamoto,	 R.,	 H.	 Uto,	 K.	 Oda,	 R.	 Ibusuki,	 S.	 Tanoue,	 S.	 Arima,	 S.	 Mawatari,	 K.	 Kumagai,	 M.	
Numata,	T.	Tamai,	A.	Moriuchi,	H.	Fujita,	M.	Oketani,	A.	 Ido	and	H.	Tsubouchi	 (2013).	"Dietary	
fructose	 enhances	 the	 incidence	 of	 precancerous	 hepatocytes	 induced	 by	 administration	 of	
diethylnitrosamine	in	rat."	Eur	J	Med	Res	18:	54.	

Laparra,	J.	M.,	M.	Diez-Municio,	M.	Herrero	and	F.	J.	Moreno	(2014).	"Structural	differences	of	
prebiotic	oligosaccharides	influence	their	capability	to	enhance	iron	absorption	in	deficient	rats."	
Food	Funct	5(10):	2430-2437.	

Laparra,	 J.	 M.,	 R.	 P.	 Glahn	 and	 D.	 D.	 Miller	 (2009).	 "Assessing	 potential	 effects	 of	 inulin	 and	
probiotic	bacteria	on	Fe	availability	from	common	beans	(Phaseolus	vulgaris	L.)	to	Caco-2	cells."	
J	Food	Sci	74(2):	H40-46.	

Laparra,	 J.	M.,	 E.	 Tako,	R.	P.	Glahn	and	D.	D.	Miller	 (2008).	 "Isolated	glycosaminoglycans	 from	
cooked	 haddock	 enhance	 nonheme	 iron	 uptake	 by	 Caco-2	 cells."	 J	 Agric	 Food	 Chem	 56(21):	
10346-10351.	

Laparra,	 J.	 M.,	 E.	 Tako,	 R.	 P.	 Glahn	 and	 D.	 D.	 Miller	 (2008).	 "Supplemental	 inulin	 does	 not	
enhance	 iron	 bioavailability	 to	 Caco-2	 cells	 from	 milk-	 or	 soy-based,	 probiotic-containing,	
yogurts	but	incubation	at	37	degrees	C	does."	Food	Chem	109(1):	122-128.	

Larsson,	M.,	M.	Minekus	and	R.	Havenaar	 (1997).	"Estimation	of	the	Bioavailability	of	 Iron	and	
Phosphorus	in	Cereals	using	a	Dynamic	In	Vitro	Gastrointestinal	Model."	Journal	of	the	Science	
of	Food	and	Agriculture	74(1):	99-106.	

Lartey,	 A.,	 A.	 Manu,	 K.	 H.	 Brown,	 J.	 M.	 Peerson	 and	 K.	 G.	 Dewey	 (1999).	 "A	 randomized,	
community-based	trial	of	the	effects	of	improved,	centrally	processed	complementary	foods	on	
growth	and	micronutrient	 status	of	Ghanaian	 infants	 from	6	 to	12	mo	of	age."	Am	J	Clin	Nutr	
70(3):	391-404.	

Latunde-Dada,	G.	O.,	R.	J.	Simpson	and	A.	T.	McKie	(2008).	"Duodenal	cytochrome	B	expression	
stimulates	iron	uptake	by	human	intestinal	epithelial	cells."	J	Nutr	138(6):	991-995.	

Layrisse,	M.,	M.	 N.	 Garcia-Casal,	 L.	 Solano,	M.	 A.	 Baron,	 F.	 Arguello,	 D.	 Llovera,	 J.	 Ramirez,	 I.	
Leets	 and	 E.	 Tropper	 (2000).	 "New	 property	 of	 vitamin	 A	 and	 beta-carotene	 on	 human	 iron	



	 203 | Page 

	

absorption:	effect	on	phytate	and	polyphenols	as	 inhibitors	of	 iron	absorption."	Arch	Latinoam	
Nutr	50(3):	243-248.	

Lee,	H.	C.,	M.	Kim	and	J.	R.	Wands	(2006).	"Wnt/Frizzled	signaling	in	hepatocellular	carcinoma."	
Front	Biosci	11:	1901-1915.	

Lee,	J.	W.,	S.	Yong	Song,	J.	J.	Choi,	S.	J.	Lee,	B.	G.	Kim,	C.	S.	Park,	J.	H.	Lee,	C.	Y.	Lin,	R.	B.	Dickson	
and	 D.	 S.	 Bae	 (2005).	 "Increased	 expression	 of	 matriptase	 is	 associated	 with	 histopathologic	
grades	of	cervical	neoplasia."	Hum	Pathol	36(6):	626-633.	

Lee,	O.,	W.	R.	Bruce,	Q.	Dong,	J.	Bruce,	R.	Mehta	and	P.	J.	O'Brien	(2009).	"Fructose	and	carbonyl	
metabolites	as	endogenous	toxins."	Chem	Biol	Interact	178(1-3):	332-339.	

Lee,	P.	 (2009).	 "Role	of	matriptase-2	 (TMPRSS6)	 in	 iron	metabolism."	Acta	Haematol	122(2-3):	
87-96.	

Lee,	U.	E.	and	S.	L.	Friedman	(2011).	"Mechanisms	of	hepatic	fibrogenesis."	Best	Pract	Res	Clin	
Gastroenterol	25(2):	195-206.	

Lennox	A,	 S.	 J.,	Ong	 K,	Henderson	H,	 Allen	 R	 (2011).	 Diet	 and	Nutrition	 Survey	 of	 Infants	 and	
Young	Children:	Executive	Summary.	Department	of	Health,	London.	

Lesjak,	M.,	 R.	Hoque,	 S.	 Balesaria,	 V.	 Skinner,	 E.	 S.	Debnam,	 S.	 K.	 Srai	 and	P.	A.	 Sharp	 (2014).	
"Quercetin	inhibits	intestinal	iron	absorption	and	ferroportin	transporter	expression	in	vivo	and	
in	vitro."	PLoS	One	9(7):	e102900.	

Lestienne,	I.,	P.	Besancon,	B.	Caporiccio,	V.	Lullien-Pellerin	and	S.	Treche	(2005).	"Iron	and	zinc	in	
vitro	 availability	 in	 pearl	millet	 flours	 (Pennisetum	glaucum)	with	 varying	phytate,	 tannin,	 and	
fiber	contents."	J	Agric	Food	Chem	53(8):	3240-3247.	

Li,	D.,	S.	Ma	and	E.	M.	Ellis	(2015).	"Nrf2-mediated	adaptive	response	to	methyl	glyoxal	in	HepG2	
cells	involves	the	induction	of	AKR7A2."	Chem	Biol	Interact	234:	366-371.	

Lim,	 J.	 S.,	 M.	 Mietus-Snyder,	 A.	 Valente,	 J.	 M.	 Schwarz	 and	 R.	 H.	 Lustig	 (2010).	 "The	 role	 of	
fructose	 in	 the	 pathogenesis	 of	 NAFLD	 and	 the	metabolic	 syndrome."	 Nat	 Rev	 Gastroenterol	
Hepatol	7(5):	251-264.	

Liu,	 H.,	 D.	 Huang,	 D.	 L.	 McArthur,	 L.	 G.	 Boros,	 N.	 Nissen	 and	 A.	 P.	 Heaney	 (2010).	 "Fructose	
induces	transketolase	flux	to	promote	pancreatic	cancer	growth."	Cancer	Res	70(15):	6368-6376.	

Lobo,	A.	R.,	E.	H.	Gaievski,	E.	De	Carli,	E.	P.	Alvares	and	C.	Colli	(2014).	"Fructo-oligosaccharides	
and	 iron	 bioavailability	 in	 anaemic	 rats:	 the	 effects	 on	 iron	 species	 distribution,	 ferroportin-1	
expression,	crypt	bifurcation	and	crypt	cell	proliferation	in	the	caecum."	Br	J	Nutr	112(8):	1286-
1295.	

Lonnerdal,	 B.	 (2009).	 "Soybean	 ferritin:	 implications	 for	 iron	 status	 of	 vegetarians."	 Am	 J	 Clin	
Nutr	89(5):	1680S-1685S.	

Lonnerdal,	B.	 (2010).	 "Calcium	and	 iron	absorption--mechanisms	and	public	health	 relevance."	
Int	J	Vitam	Nutr	Res	80(4-5):	293-299.	

Lopez,	A.,	P.	Cacoub,	 I.	C.	Macdougall	and	L.	Peyrin-Biroulet	 (2016).	"Iron	deficiency	anaemia."	
Lancet	387(10021):	907-916.	



	 204 | Page 

	

Lopez,	 H.	W.,	 C.	 Coudray,	 M.	 A.	 Levrat-Verny,	 C.	 Feillet-Coudray,	 C.	 Demigne	 and	 C.	 Remesy	
(2000).	 "Fructooligosaccharides	 enhance	 mineral	 apparent	 absorption	 and	 counteract	 the	
deleterious	effects	of	phytic	acid	on	mineral	homeostasis	 in	rats."	J	Nutr	Biochem	11(10):	500-
508.	

Lozoff,	B.	 and	M.	K.	Georgieff	 (2006).	 "Iron	deficiency	and	brain	development."	 Semin	Pediatr	
Neurol	13(3):	158-165.	

Lozoff,	 B.,	 E.	 Jimenez,	 J.	 Hagen,	 E.	 Mollen	 and	 A.	 W.	 Wolf	 (2000).	 "Poorer	 behavioral	 and	
developmental	 outcome	 more	 than	 10	 years	 after	 treatment	 for	 iron	 deficiency	 in	 infancy."	
Pediatrics	105(4):	E51.	

Lung'aho,	M.	G.	and	R.	P.	Glahn	(2009).	"In	vitro	estimates	of	iron	bioavailability	in	some	Kenyan	
complementary	foods."	Food	Nutr	Bull	30(2):	145-152.	

Lung'aho,	M.	G.	and	R.	P.	Glahn	(2009).	"Micronutrient	sprinkles	add	more	bioavailable	 iron	to	
some	 Kenyan	 complementary	 foods:	 studies	 using	 an	 in	 vitro	 digestion/Caco-2	 cell	 culture	
model."	Matern	Child	Nutr	5(2):	151-158.	

Luten,	C.	H.,	Flynn	A,	Van	dael,	et	al	(1996).	"Interlaboratory	trial	on	the	determination	of	the	in	
vitro	iron	dialysability	from	food."	Journal	of	Food	Science	and	Agriculture	72:	415-424.	

Lv,	C.,	G.	Zhao	and	B.	Lonnerdal	(2015).	"Bioavailability	of	iron	from	plant	and	animal	ferritins."	J	
Nutr	Biochem	26(5):	532-540.	

Lynch,	 S.	 (2005).	 "The	 precision	 of	 in	 vitro	 methods	 and	 algorithms	 for	 predicting	 the	
bioavailability	of	dietary	iron."	Int	J	Vitam	Nutr	Res	75(6):	436-445.	

Ma,	 Q.,	 E.	 Y.	 Kim	 and	 O.	 Han	 (2010).	 "Bioactive	 dietary	 polyphenols	 decrease	 heme	 iron	
absorption	 by	 decreasing	 basolateral	 iron	 release	 in	 human	 intestinal	 Caco-2	 cells."	 J	 Nutr	
140(6):	1117-1121.	

Ma,	Q.,	E.	Y.	Kim,	E.	A.	Lindsay	and	O.	Han	(2011).	"Bioactive	dietary	polyphenols	 inhibit	heme	
iron	absorption	in	a	dose-dependent	manner	in	human	intestinal	Caco-2	cells."	J	Food	Sci	76(5):	
H143-150.	

Ma,	Y.,	R.	D.	Specian,	K.	Y.	Yeh,	M.	Yeh,	J.	Rodriguez-Paris	and	J.	Glass	(2002).	"The	transcytosis	
of	divalent	metal	transporter	1	and	apo-transferrin	during	iron	uptake	in	intestinal	epithelium."	
Am	J	Physiol	Gastrointest	Liver	Physiol	283(4):	G965-974.	

Mahmoud,	 A.	 H.	 and	 A.	 M.	 El	 Anany	 (2014).	 "Nutritional	 and	 sensory	 evaluation	 of	 a	
complementary	 food	 formulated	 from	 rice,	 faba	 beans,	 sweet	 potato	 flour,	 and	 peanut	 oil."	
Food	Nutr	Bull	35(4):	403-413.	

Mahraoui,	 L.,	M.	 Rousset,	 E.	 Dussaulx,	 D.	 Darmoul,	 A.	 Zweibaum	 and	 E.	 Brot-Laroche	 (1992).	
"Expression	and	localization	of	GLUT-5	in	Caco-2	cells,	human	small	 intestine,	and	colon."	Am	J	
Physiol	263(3	Pt	1):	G312-318.	

Manini,	P.,	P.	La	Pietra,	L.	Panzella,	A.	Napolitano	and	M.	d'Ischia	(2006).	"Glyoxal	formation	by	
Fenton-induced	degradation	of	carbohydrates	and	related	compounds."	Carbohydr	Res	341(11):	
1828-1833.	



	 205 | Page 

	

Marriott,	B.	P.,	L.	Olsho,	L.	Hadden	and	P.	Connor	(2010).	"Intake	of	added	sugars	and	selected	
nutrients	 in	 the	 United	 States,	 National	 Health	 and	 Nutrition	 Examination	 Survey	 (NHANES)	
2003-2006."	Crit	Rev	Food	Sci	Nutr	50(3):	228-258.	

Mathers,	 J.	 C.,	 C.	 Meplan	 and	 J.	 E.	 Hesketh	 (2010).	 "Polymorphisms	 affecting	 trace	 element	
bioavailability."	Int	J	Vitam	Nutr	Res	80(4-5):	314-318.	

Mayer,	 J.	 E.,	W.	 H.	 Pfeiffer	 and	 P.	 Beyer	 (2008).	 "Biofortified	 crops	 to	 alleviate	micronutrient	
malnutrition."	Curr	Opin	Plant	Biol	11(2):	166-170.	

Mayes,	P.	A.	 (1993).	 "Intermediary	metabolism	of	 fructose."	Am	J	Clin	Nutr	58(5	Suppl):	754S-
765S.	

Mayle,	 K.	 M.,	 A.	 M.	 Le	 and	 D.	 T.	 Kamei	 (2012).	 "The	 intracellular	 trafficking	 pathway	 of	
transferrin."	Biochim	Biophys	Acta	1820(3):	264-281.	

Mayr,	R.,	A.	R.	Janecke,	M.	Schranz,	W.	J.	Griffiths,	W.	Vogel,	A.	Pietrangelo	and	H.	Zoller	(2010).	
"Ferroportin	 disease:	 a	 systematic	meta-analysis	 of	 clinical	 and	molecular	 findings."	 J	 Hepatol	
53(5):	941-949.	

Mburu,	A.	 S.,	D.	 I.	 Thurnham,	D.	 L.	Mwaniki,	 E.	M.	Muniu,	 F.	Alumasa	and	A.	de	Wagt	 (2008).	
"The	 influence	and	benefits	of	controlling	 for	 inflammation	on	plasma	ferritin	and	hemoglobin	
responses	 following	 a	 multi-micronutrient	 supplement	 in	 apparently	 healthy,	 HIV+	 Kenyan	
adults."	J	Nutr	138(3):	613-619.	

McCarthy	 E.	 K.,	 Ni	 Chaoimh	 C.,	 Hourihane	O.B.	 J.,	 Kenny	 L.C.,	 Irvine	 A.D.,	Murray	 D.M.,	et	 al.	
(2016).	 Iron	 intakes	and	status	of	2-year-old	children	 in	the	Cork	BASELINE	Birth	Cohort	Study.	
Matern	Child	Nutr.	

McCune,	 C.	 A.	 (2008).	 "Sex,	 drugs,	 and	 "heavy	 metal":	 does	 diet	 also	 matter	 in	 the	 clinical	
expression	of	hereditary	hemochromatosis?"	Mayo	Clin	Proc	83(5):	526-528.	

McCune,	C.	A.,	D.	Ravine,	K.	Carter,	H.	A.	Jackson,	D.	Hutton,	J.	Hedderich,	M.	Krawczak	and	M.	
Worwood	 (2006).	 "Iron	 loading	 and	 morbidity	 among	 relatives	 of	 HFE	 C282Y	 homozygotes	
identified	either	by	population	genetic	testing	or	presenting	as	patients."	Gut	55(4):	554-562.	

McKenna,	 D.,	 D.	 Spence,	 S.	 E.	 Haggan,	 E.	 McCrum,	 J.	 C.	 Dornan	 and	 T.	 R.	 Lappin	 (2003).	 "A	
randomized	 trial	 investigating	 an	 iron-rich	 natural	mineral	water	 as	 a	 prophylaxis	 against	 iron	
deficiency	in	pregnancy."	Clin	Lab	Haematol	25(2):	99-103.	

McKie,	A.	T.	(2008).	"The	role	of	Dcytb	in	iron	metabolism:	an	update."	Biochem	Soc	Trans	36(Pt	
6):	1239-1241.	

McKie,	 A.	 T.,	 D.	 Barrow,	 G.	 O.	 Latunde-Dada,	 A.	 Rolfs,	 G.	 Sager,	 E.	 Mudaly,	 M.	 Mudaly,	 C.	
Richardson,	D.	Barlow,	A.	Bomford,	T.	J.	Peters,	K.	B.	Raja,	S.	Shirali,	M.	A.	Hediger,	F.	Farzaneh	
and	R.	J.	Simpson	(2001).	"An	iron-regulated	ferric	reductase	associated	with	the	absorption	of	
dietary	iron."	Science	291(5509):	1755-1759.	

McKie,	 A.	 T.,	 G.	O.	 Latunde-Dada,	 S.	Miret,	 J.	 A.	McGregor,	 G.	 J.	 Anderson,	 C.	 D.	 Vulpe,	 J.	M.	
Wrigglesworth	and	R.	J.	Simpson	(2002).	"Molecular	evidence	for	the	role	of	a	ferric	reductase	in	
iron	transport."	Biochem	Soc	Trans	30(4):	722-724.	

McKie,	A.	 T.,	 P.	Marciani,	A.	Rolfs,	 K.	Brennan,	K.	Wehr,	D.	Barrow,	 S.	Miret,	A.	Bomford,	 T.	 J.	
Peters,	F.	Farzaneh,	M.	A.	Hediger,	M.	W.	Hentze	and	R.	 J.	Simpson	(2000).	"A	novel	duodenal	



	 206 | Page 

	

iron-regulated	 transporter,	 IREG1,	 implicated	 in	 the	 basolateral	 transfer	 of	 iron	 to	 the	
circulation."	Mol	Cell	5(2):	299-309.	

McLean,	E.,	M.	Cogswell,	I.	Egli,	D.	Wojdyla	and	B.	de	Benoist	(2009).	"Worldwide	prevalence	of	
anaemia,	WHO	 Vitamin	 and	Mineral	 Nutrition	 Information	 System,	 1993-2005."	 Public	 Health	
Nutr	12(4):	444-454.	

Mennen,	 L.	 I.,	 R.	 Walker,	 C.	 Bennetau-Pelissero	 and	 A.	 Scalbert	 (2005).	 "Risks	 and	 safety	 of	
polyphenol	consumption."	Am	J	Clin	Nutr	81(1	Suppl):	326S-329S.	

Merryweather-Clarke,	 A.	 T.,	 J.	 J.	 Pointon,	 J.	 D.	 Shearman	 and	 K.	 J.	 Robson	 (1997).	 "Global	
prevalence	of	putative	haemochromatosis	mutations."	J	Med	Genet	34(4):	275-278.	

Messer,	M.	and	A.	Dahlqvist	 (1966).	 "A	one-step	ultramicro	method	 for	 the	assay	of	 intestinal	
disaccharidases."	Anal	Biochem	14(3):	376-392.	

Michaud,	D.	S.,	C.	S.	Fuchs,	S.	Liu,	W.	C.	Willett,	G.	A.	Colditz	and	E.	Giovannucci	(2005).	"Dietary	
glycemic	 load,	 carbohydrate,	 sugar,	 and	 colorectal	 cancer	 risk	 in	 men	 and	 women."	 Cancer	
Epidemiol	Biomarkers	Prev	14(1):	138-147.	

Miller,	 J.	 L.	 (2013).	 "Iron	deficiency	anemia:	a	common	and	curable	disease."	Cold	Spring	Harb	
Perspect	Med	3(7).	

Milward,	E.	A.,	S.	K.	Baines,	M.	W.	Knuiman,	H.	C.	Bartholomew,	M.	L.	Divitini,	D.	G.	Ravine,	D.	G.	
Bruce	and	J.	K.	Olynyk	(2008).	"Noncitrus	fruits	as	novel	dietary	environmental	modifiers	of	iron	
stores	in	people	with	or	without	HFE	gene	mutations."	Mayo	Clin	Proc	83(5):	543-549.	

Mims,	M.	 P.,	 Y.	Guan,	D.	 Pospisilova,	M.	 Priwitzerova,	 K.	 Indrak,	 P.	 Ponka,	 V.	Divoky	 and	 J.	 T.	
Prchal	(2005).	"Identification	of	a	human	mutation	of	DMT1	in	a	patient	with	microcytic	anemia	
and	iron	overload."	Blood	105(3):	1337-1342.	

Miret,	S.,	R.	J.	Simpson	and	A.	T.	McKie	(2003).	"Physiology	and	molecular	biology	of	dietary	iron	
absorption."	Annu	Rev	Nutr	23:	283-301.	

Miyazaki,	 E.,	 J.	 Kato,	 M.	 Kobune,	 K.	 Okumura,	 K.	 Sasaki,	 N.	 Shintani,	 P.	 Arosio	 and	 Y.	 Niitsu	
(2002).	 "Denatured	 H-ferritin	 subunit	 is	 a	 major	 constituent	 of	 haemosiderin	 in	 the	 liver	 of	
patients	with	iron	overload."	Gut	50(3):	413-419.	

Mleczko-Sanecka,	K.,	G.	Casanovas,	A.	Ragab,	K.	Breitkopf,	A.	Muller,	M.	Boutros,	S.	Dooley,	M.	
W.	 Hentze	 and	 M.	 U.	 Muckenthaler	 (2010).	 "SMAD7	 controls	 iron	 metabolism	 as	 a	 potent	
inhibitor	of	hepcidin	expression."	Blood	115(13):	2657-2665.	

Moore,	 J.	 B.,	 P.	 J.	 Gunn	 and	 B.	 A.	 Fielding	 (2014).	 "The	 role	 of	 dietary	 sugars	 and	 de	 novo	
lipogenesis	in	non-alcoholic	fatty	liver	disease."	Nutrients	6(12):	5679-5703.	

Moreira	LM,	L.	 J.,	 Lima	P,	Santos	V,	Santos	FV	 (2012).	Sucrose	chemistry.	Dietary	Sugars.	V.	R.	
Preedy.	Cambridge,	UK,	The	Royal	Society	of	Chemistry:	138-148.	

Moretti,	 D.,	 G.	 M.	 van	 Doorn,	 D.	 W.	 Swinkels	 and	 A.	 Melse-Boonstra	 (2013).	 "Relevance	 of	
dietary	iron	intake	and	bioavailability	in	the	management	of	HFE	hemochromatosis:	a	systematic	
review."	Am	J	Clin	Nutr	98(2):	468-479.	

Mosmann,	 T.	 (1983).	 "Rapid	 colorimetric	 assay	 for	 cellular	 growth	 and	 survival:	 application	 to	
proliferation	and	cytotoxicity	assays."	J	Immunol	Methods	65(1-2):	55-63.	



	 207 | Page 

	

Motulsky,	H.	(2010).	Intuitive	Biostatistics.	Oxford,	UK,	Oxford	University	Press.	

Mouzaki,	M.	and	J.	P.	Allard	(2012).	"The	role	of	nutrients	in	the	development,	progression,	and	
treatment	of	nonalcoholic	fatty	liver	disease."	J	Clin	Gastroenterol	46(6):	457-467.	

Muckenthaler,	M.	U.,	B.	Galy	and	M.	W.	Hentze	(2008).	"Systemic	iron	homeostasis	and	the	iron-
responsive	 element/iron-regulatory	 protein	 (IRE/IRP)	 regulatory	 network."	 Annu	 Rev	 Nutr	 28:	
197-213.	

Musgrove,	E.	A.,	C.	E.	Caldon,	J.	Barraclough,	A.	Stone	and	R.	L.	Sutherland	(2011).	"Cyclin	D	as	a	
therapeutic	target	in	cancer."	Nat	Rev	Cancer	11(8):	558-572.	

Nam,	H.,	C.	Y.	Wang,	L.	Zhang,	W.	Zhang,	S.	Hojyo,	T.	Fukada	and	M.	D.	Knutson	(2013).	"ZIP14	
and	DMT1	 in	 the	 liver,	 pancreas,	 and	 heart	 are	 differentially	 regulated	 by	 iron	 deficiency	 and	
overload:	 implications	 for	 tissue	 iron	 uptake	 in	 iron-related	 disorders."	 Haematologica	 98(7):	
1049-1057.	

Nandal,	 A.,	 J.	 C.	 Ruiz,	 P.	 Subramanian,	 S.	 Ghimire-Rijal,	 R.	 A.	 Sinnamon,	 T.	 L.	 Stemmler,	 R.	 K.	
Bruick	and	C.	C.	Philpott	(2011).	"Activation	of	the	HIF	prolyl	hydroxylase	by	the	iron	chaperones	
PCBP1	and	PCBP2."	Cell	Metab	14(5):	647-657.	

Neckers,	L.	(2007).	"Heat	shock	protein	90:	the	cancer	chaperone."	J	Biosci	32(3):	517-530.	

Nelson,	J.	E.,	L.	Wilson,	E.	M.	Brunt,	M.	M.	Yeh,	D.	E.	Kleiner,	A.	Unalp-Arida	and	K.	V.	Kowdley	
(2011).	"Relationship	between	the	pattern	of	hepatic	iron	deposition	and	histological	severity	in	
nonalcoholic	fatty	liver	disease."	Hepatology	53(2):	448-457.	

Nelson,	R.	 L.	 (1992).	 "Dietary	 iron	and	colorectal	 cancer	 risk."	Free	Radic	Biol	Med	12(2):	161-
168.	

Nelson,	R.	L.	(2001).	"Iron	and	colorectal	cancer	risk:	human	studies."	Nutr	Rev	59(5):	140-148.	

Nemeth,	E.,	S.	Rivera,	V.	Gabayan,	C.	Keller,	S.	Taudorf,	B.	K.	Pedersen	and	T.	Ganz	(2004).	"IL-6	
mediates	 hypoferremia	 of	 inflammation	 by	 inducing	 the	 synthesis	 of	 the	 iron	 regulatory	
hormone	hepcidin."	J	Clin	Invest	113(9):	1271-1276.	

Nemeth,	 E.,	M.	 S.	 Tuttle,	 J.	 Powelson,	M.	B.	 Vaughn,	A.	Donovan,	D.	M.	Ward,	 T.	Ganz	 and	 J.	
Kaplan	(2004).	"Hepcidin	regulates	cellular	iron	efflux	by	binding	to	ferroportin	and	inducing	its	
internalization."	Science	306(5704):	2090-2093.	

Netto,	 B.	 D.,	 E.	 A.	 Moreira,	 J.	 S.	 Patino,	 J.	 P.	 Beninca,	 A.	 A.	 Jordao	 and	 T.	 S.	 Frode	 (2012).	
"Influence	of	Roux-en-Y	gastric	bypass	surgery	on	vitamin	C,	myeloperoxidase,	and	oral	clinical	
manifestations:	a	2-year	follow-up	study."	Nutr	Clin	Pract	27(1):	114-121.	

NICE	 (2008).	 Antenatal	 care:	 Routine	 care	 for	 the	 healthy	 pregnant	woman.	 London,	National	
Institute	for	Clinical	Excellence.	

Nicolas,	G.,	M.	Bennoun,	I.	Devaux,	C.	Beaumont,	B.	Grandchamp,	A.	Kahn	and	S.	Vaulont	(2001).	
"Lack	of	hepcidin	gene	expression	and	severe	tissue	iron	overload	in	upstream	stimulatory	factor	
2	(USF2)	knockout	mice."	Proc	Natl	Acad	Sci	U	S	A	98(15):	8780-8785.	

Niewoehner,	 C.	 B.	 (1986).	 "Metabolic	 effects	 of	 dietary	 versus	 parenteral	 fructose."	 J	 Am	Coll	
Nutr	5(5):	443-450.	



	 208 | Page 

	

Ning,	B.	F.,	J.	Ding,	J.	Liu,	C.	Yin,	W.	P.	Xu,	W.	M.	Cong,	Q.	Zhang,	F.	Chen,	T.	Han,	X.	Deng,	P.	Q.	
Wang,	C.	F.	 Jiang,	 J.	P.	Zhang,	X.	Zhang,	H.	Y.	Wang	and	W.	F.	Xie	 (2014).	 "Hepatocyte	nuclear	
factor	 4alpha-nuclear	 factor-kappaB	 feedback	 circuit	 modulates	 liver	 cancer	 progression."	
Hepatology	60(5):	1607-1619.	

Nomura,	 K.	 and	 T.	 Yamanouchi	 (2012).	 "The	 role	 of	 fructose-enriched	 diets	 in	mechanisms	 of	
nonalcoholic	fatty	liver	disease."	J	Nutr	Biochem	23(3):	203-208.	

Nyaradi,	A.,	J.	Li,	S.	Hickling,	J.	Foster	and	W.	H.	Oddy	(2013).	"The	role	of	nutrition	in	children's	
neurocognitive	development,	from	pregnancy	through	childhood."	Front	Hum	Neurosci	7:	97.	

O'Brien,	J.	and	L.	W.	Powell	(2012).	"Non-alcoholic	fatty	liver	disease:	is	iron	relevant?"	Hepatol	
Int	6(1):	332-341.	

O'Dell,	B.	L.	(1993).	"Fructose	and	mineral	metabolism."	Am	J	Clin	Nutr	58(S):	771S-778S.	

Ohgami,	 R.	 S.,	D.	 R.	 Campagna,	 E.	 L.	Greer,	 B.	Antiochos,	A.	McDonald,	 J.	 Chen,	 J.	 J.	 Sharp,	 Y.	
Fujiwara,	 J.	E.	Barker	and	M.	D.	Fleming	 (2005).	"Identification	of	a	 ferrireductase	required	 for	
efficient	transferrin-dependent	iron	uptake	in	erythroid	cells."	Nat	Genet	37(11):	1264-1269.	

Oikeh,	 S.	 O.,	 A.	 Menkir,	 B.	 Maziya-Dixon,	 R.	 Welch	 and	 R.	 P.	 Glahn	 (2003).	 "Assessment	 of	
concentrations	of	 iron	and	zinc	and	bioavailable	 iron	 in	grains	of	early-maturing	tropical	maize	
varieties."	J	Agric	Food	Chem	51(12):	3688-3694.	

Ojong,	P.	B.,	V.	Njiti,	Z.	B.	Guo,	M.	Gao,	S.	Besong	and	S.	L.	Barnes	(2008).	"Variation	of	Flavonoid	
Content	 Among	 Sweetpotato	 Accessions."	 Journal	 of	 the	 American	 Society	 for	 Horticultural	
Science	133(6):	819-824.	

Olivares,	M.,	F.	Pizarro	and	M.	Ruz	(2007).	"New	insights	about	iron	bioavailability	inhibition	by	
zinc."	Nutrition	23(4):	292-295.	

Olivares,	 M.,	 F.	 Pizarro,	 M.	 Ruz	 and	 D.	 L.	 de	 Romana	 (2012).	 "Acute	 inhibition	 of	 iron	
bioavailability	by	zinc:	studies	in	humans."	Biometals	25(4):	657-664.	

Olivares,	 M.,	 A.	 Wiedeman,	 L.	 Bolivar,	 D.	 Lopez	 de	 Romana	 and	 F.	 Pizarro	 (2012).	 "Effect	 of	
increasing	concentrations	of	zinc	on	the	absorption	of	 iron	from	iron-fortified	milk."	Biol	Trace	
Elem	Res	150(1-3):	21-25.	

Olivieri,	S.,	A.	Conti,	S.	Iannaccone,	C.	V.	Cannistraci,	A.	Campanella,	M.	Barbariga,	F.	Codazzi,	I.	
Pelizzoni,	G.	Magnani,	M.	Pesca,	D.	Franciotta,	S.	F.	Cappa	and	M.	Alessio	(2011).	"Ceruloplasmin	
oxidation,	a	feature	of	Parkinson's	disease	CSF,	inhibits	ferroxidase	activity	and	promotes	cellular	
iron	retention."	J	Neurosci	31(50):	18568-18577.	

Olovnikov,	I.	A.,	J.	E.	Kravchenko	and	P.	M.	Chumakov	(2009).	"Homeostatic	functions	of	the	p53	
tumor	suppressor:	regulation	of	energy	metabolism	and	antioxidant	defense."	Semin	Cancer	Biol	
19(1):	32-41.	

Pandolfo,	M.	and	A.	Pastore	(2009).	"The	pathogenesis	of	Friedreich	ataxia	and	the	structure	and	
function	of	frataxin."	J	Neurol	256	Suppl	1:	9-17.	

Paoletti,	G.,	D.	L.	Bogen	and	A.	K.	Ritchey	(2014).	"Severe	iron-deficiency	anemia	still	an	issue	in	
toddlers."	Clin	Pediatr	(Phila)	53(14):	1352-1358.	



	 209 | Page 

	

Papanikolaou,	G.,	M.	E.	Samuels,	E.	H.	Ludwig,	M.	L.	MacDonald,	P.	L.	Franchini,	M.	P.	Dube,	L.	
Andres,	 J.	MacFarlane,	N.	 Sakellaropoulos,	M.	Politou,	 E.	Nemeth,	 J.	 Thompson,	 J.	 K.	Risler,	 C.	
Zaborowska,	 R.	 Babakaiff,	 C.	 C.	 Radomski,	 T.	 D.	 Pape,	 O.	 Davidas,	 J.	 Christakis,	 P.	 Brissot,	 G.	
Lockitch,	 T.	 Ganz,	 M.	 R.	 Hayden	 and	 Y.	 P.	 Goldberg	 (2004).	 "Mutations	 in	 HFE2	 cause	 iron	
overload	in	chromosome	1q-linked	juvenile	hemochromatosis."	Nat	Genet	36(1):	77-82.	

Park,	 C.	 H.,	 E.	 V.	 Valore,	 A.	 J.	 Waring	 and	 T.	 Ganz	 (2001).	 "Hepcidin,	 a	 urinary	 antimicrobial	
peptide	synthesized	in	the	liver."	J	Biol	Chem	276(11):	7806-7810.	

Parkin,	 D.	M.	 (1992).	 "Studies	 of	 cancer	 in	migrant	 populations:	methods	 and	 interpretation."	
Rev	Epidemiol	Sante	Publique	40(6):	410-424.	

Pate,	K.	T.,	C.	Stringari,	S.	Sprowl-Tanio,	K.	Wang,	T.	TeSlaa,	N.	P.	Hoverter,	M.	M.	McQuade,	C.	
Garner,	M.	A.	Digman,	M.	A.	Teitell,	R.	A.	Edwards,	E.	Gratton	and	M.	L.	Waterman	(2014).	"Wnt	
signaling	directs	 a	metabolic	program	of	 glycolysis	 and	angiogenesis	 in	 colon	 cancer."	 EMBO	 J	
33(13):	1454-1473.	

Patterson,	 J.	 K.,	 X.	 G.	 Lei	 and	 D.	 D.	 Miller	 (2008).	 "The	 pig	 as	 an	 experimental	 model	 for	
elucidating	 the	mechanisms	governing	dietary	 influence	on	mineral	 absorption."	 Exp	Biol	Med	
(Maywood)	233(6):	651-664.	

Patterson,	J.	K.,	M.	A.	Rutzke,	S.	L.	Fubini,	R.	P.	Glahn,	R.	M.	Welch,	X.	Lei	and	D.	D.	Miller	(2009).	
"Dietary	inulin	supplementation	does	not	promote	colonic	iron	absorption	in	a	porcine	model."	J	
Agric	Food	Chem	57(12):	5250-5256.	

Pavord,	S.,	B.	Myers,	S.	Robinson,	S.	Allard,	J.	Strong,	C.	Oppenheimer	and	H.	British	Committee	
for	Standards	in	(2012).	"UK	guidelines	on	the	management	of	iron	deficiency	in	pregnancy."	Br	J	
Haematol	156(5):	588-600.	

Pena-Rosas,	 J.	 P.,	 L.	 M.	 De-Regil,	 T.	 Dowswell	 and	 F.	 E.	 Viteri	 (2012).	 "Daily	 oral	 iron	
supplementation	during	pregnancy."	Cochrane	Database	Syst	Rev	12:	CD004736.	

Pena-Rosas,	 J.	 P.,	 L.	 M.	 De-Regil,	 T.	 Dowswell	 and	 F.	 E.	 Viteri	 (2012).	 "Intermittent	 oral	 iron	
supplementation	during	pregnancy."	Cochrane	Database	Syst	Rev	7:	CD009997.	

Pena-Rosas,	J.	P.	and	F.	E.	Viteri	(2009).	"Effects	and	safety	of	preventive	oral	 iron	or	iron+folic	
acid	supplementation	for	women	during	pregnancy."	Cochrane	Database	Syst	Rev(4):	CD004736.	

Pérez-Conesa,	D.,	López,	G,			Ros,	G.	(2007).	"Effect	of	Probiotic,	Prebiotic	and	Synbiotic	Follow-
up	Infant	Formulas	on	Iron	Bioavailability	in	Rats."	Food	Sci	Tech	Int	13(1):	69-77.	

Petry,	N.,	I.	Egli,	C.	Chassard,	C.	Lacroix	and	R.	Hurrell	(2012).	"Inulin	modifies	the	bifidobacteria	
population,	 fecal	 lactate	concentration,	and	fecal	pH	but	does	not	 influence	 iron	absorption	 in	
women	with	low	iron	status."	Am	J	Clin	Nutr	96(2):	325-331.	

Petry,	 N.,	 I.	 Egli,	 C.	 Zeder,	 T.	 Walczyk	 and	 R.	 Hurrell	 (2010).	 "Polyphenols	 and	 phytic	 acid	
contribute	to	the	low	iron	bioavailability	from	common	beans	in	young	women."	J	Nutr	140(11):	
1977-1982.	

Phillippy,	B.	Q.	(2003).	"Inositol	phosphates	in	foods."	Adv	Food	Nutr	Res	45:	1-60.	

Phillippy,	B.	Q.,	J.	M.	Bland	and	T.	J.	Evens	(2003).	"Ion	chromatography	of	phytate	in	roots	and	
tubers."	J	Agric	Food	Chem	51(2):	350-353.	



	 210 | Page 

	

Pierre,	 J.	 L.	 and	M.	 Fontecave	 (1999).	 "Iron	and	activated	oxygen	 species	 in	biology:	 the	basic	
chemistry."	Biometals	12(3):	195-199.	

Pietrangelo,	 A.	 (2004).	 "Hereditary	 hemochromatosis--a	 new	 look	 at	 an	 old	 disease."	N	 Engl	 J	
Med	350(23):	2383-2397.	

Pietrangelo,	A.	(2005).	"Non-HFE	hemochromatosis."	Semin	Liver	Dis	25(4):	450-460.	

Pietrangelo,	A.	(2006).	"Juvenile	hemochromatosis."	J	Hepatol	45(6):	892-894.	

Pietrangelo,	 A.	 (2009).	 "Iron	 in	 NASH,	 chronic	 liver	 diseases	 and	 HCC:	 how	 much	 iron	 is	 too	
much?"	J	Hepatol	50(2):	249-251.	

Pietrangelo,	A.	 and	C.	 Trautwein	 (2004).	 "Mechanisms	of	 disease:	 The	 role	of	 hepcidin	 in	 iron	
homeostasis--implications	 for	 hemochromatosis	 and	 other	 disorders."	 Nat	 Clin	 Pract	
Gastroenterol	Hepatol	1(1):	39-45.	

Pigeon,	C.,	G.	 Ilyin,	B.	Courselaud,	P.	Leroyer,	B.	Turlin,	P.	Brissot	and	O.	Loreal	 (2001).	"A	new	
mouse	 liver-specific	 gene,	 encoding	 a	 protein	 homologous	 to	 human	 antimicrobial	 peptide	
hepcidin,	is	overexpressed	during	iron	overload."	J	Biol	Chem	276(11):	7811-7819.	

Pinilla-Tenas,	J.	J.,	B.	K.	Sparkman,	A.	Shawki,	A.	C.	Illing,	C.	J.	Mitchell,	N.	Zhao,	J.	P.	Liuzzi,	R.	J.	
Cousins,	M.	 D.	 Knutson	 and	 B.	Mackenzie	 (2011).	 "Zip14	 is	 a	 complex	 broad-scope	metal-ion	
transporter	 whose	 functional	 properties	 support	 roles	 in	 the	 cellular	 uptake	 of	 zinc	 and	
nontransferrin-bound	iron."	Am	J	Physiol	Cell	Physiol	301(4):	C862-871.	

Pollack,	 S.,	 R.	M.	 Kaufman	 and	W.	 H.	 Crosby	 (1964).	 "Iron	 Absorption:	 	 Effects	 of	 Sugars	 and	
Reducing	Agents."	Blood	24:	577-581.	

Ponka,	 P.	 and	 C.	 N.	 Lok	 (1999).	 "The	 transferrin	 receptor:	 role	 in	 health	 and	 disease."	 Int	 J	
Biochem	Cell	Biol	31(10):	1111-1137.	

Popovic,	Z.	and	D.	M.	Templeton	(2004).	"Iron	accumulation	and	iron-regulatory	protein	activity	
in	human	hepatoma	(HepG2)	cells."	Mol	Cell	Biochem	265(1-2):	37-45.	

Qiu,	A.,	M.	 Jansen,	A.	Sakaris,	S.	H.	Min,	S.	Chattopadhyay,	E.	Tsai,	C.	Sandoval,	R.	Zhao,	M.	H.	
Akabas	 and	 I.	 D.	 Goldman	 (2006).	 "Identification	 of	 an	 intestinal	 folate	 transporter	 and	 the	
molecular	basis	for	hereditary	folate	malabsorption."	Cell	127(5):	917-928.	

Quinn,	 E.	 A.	 (2014).	 "Too	much	 of	 a	 good	 thing:	 evolutionary	 perspectives	 on	 infant	 formula	
fortification	in	the	United	States	and	its	effects	on	infant	health."	Am	J	Hum	Biol	26(1):	10-17.	

Radulescu,	S.,	M.	J.	Brookes,	P.	Salgueiro,	R.	A.	Ridgway,	E.	McGhee,	K.	Anderson,	S.	J.	Ford,	D.	H.	
Stones,	 T.	H.	 Iqbal,	 C.	 Tselepis	 and	O.	 J.	 Sansom	 (2012).	 "Luminal	 iron	 levels	 govern	 intestinal	
tumorigenesis	after	Apc	loss	in	vivo."	Cell	Rep	2(2):	270-282.	

Ramakrishnan,	U.	(2002).	"Prevalence	of	micronutrient	malnutrition	worldwide."	Nutr	Rev	60(5	
Pt	2):	S46-52.	

Rand,	E.	B.,	A.	M.	Depaoli,	N.	O.	Davidson,	G.	 I.	Bell	and	C.	F.	Burant	(1993).	"Sequence,	tissue	
distribution,	and	functional	characterization	of	the	rat	fructose	transporter	GLUT5."	Am	J	Physiol	
264(6	Pt	1):	G1169-1176.	



	 211 | Page 

	

Rapisarda,	C.,	J.	Puppi,	R.	D.	Hughes,	A.	Dhawan,	S.	Farnaud,	R.	W.	Evans	and	P.	A.	Sharp	(2010).	
"Transferrin	 receptor	 2	 is	 crucial	 for	 iron	 sensing	 in	 human	 hepatocytes."	 Am	 J	 Physiol	
Gastrointest	Liver	Physiol	299(3):	G778-783.	

Reddy,	 M.	 B.	 and	 J.	 D.	 Cook	 (1991).	 "Assessment	 of	 dietary	 determinants	 of	 nonheme-iron	
absorption	in	humans	and	rats."	Am	J	Clin	Nutr	54(4):	723-728.	

Rensen,	S.	S.,	Y.	Slaats,	A.	Driessen,	C.	J.	Peutz-Kootstra,	J.	Nijhuis,	R.	Steffensen,	J.	W.	Greve	and	
W.	A.	Buurman	(2009).	"Activation	of	the	complement	system	in	human	nonalcoholic	fatty	liver	
disease."	Hepatology	50(6):	1809-1817.	

Research,	W.	C.	R.	F.	A.	 I.	 f.	C.	 (2007).	Food,	Nutrition,	Physical	Activity,	and	the	Prevention	of	
Cancer:	a	Global	Perspective.	Washington	DC:	AICR,	American	Institute	for	Cancer	Research.	

Riby,	 J.	 E.,	 T.	 Fujisawa	 and	 N.	 Kretchmer	 (1993).	 "Fructose	 absorption."	 Am	 J	 Clin	 Nutr	 58(5	
Suppl):	748S-753S.	

Riemer,	 J.,	H.	H.	Hoepken,	H.	 Czerwinska,	 S.	 R.	 Robinson	 and	R.	Dringen	 (2004).	 "Colorimetric	
ferrozine-based	assay	for	the	quantitation	of	 iron	 in	cultured	cells."	Anal	Biochem	331(2):	370-
375.	

Robb,	A.	and	M.	Wessling-Resnick	(2004).	"Regulation	of	transferrin	receptor	2	protein	levels	by	
transferrin."	Blood	104(13):	4294-4299.	

Robert	 L	 Elliott,	 J.	H.	 (2012).	 "Cancer:	 Tumor	 Iron	Metabolism,	Mitochondrial	Dysfunction	 and	
Tumor	 Immunosuppression;	“A	Tight	Partnership—Was	Warburg	Correct?”."	 Journal	of	Cancer	
Therapy	4(4).	

Roos,	 N.,	 J.	 C.	 Sorensen,	 H.	 Sorensen,	 S.	 K.	 Rasmussen,	 A.	 Briend,	 Z.	 Yang	 and	 S.	 L.	 Huffman	
(2013).	 "Screening	 for	 anti-nutritional	 compounds	 in	 complementary	 foods	 and	 food	 aid	
products	for	infants	and	young	children."	Matern	Child	Nutr	9	Suppl	1:	47-71.	

Roughead,	 Z.	 K.	 and	 J.	 R.	 Hunt	 (2000).	 "Adaptation	 in	 iron	 absorption:	 iron	 supplementation	
reduces	nonheme-iron	but	not	heme-iron	absorption	from	food."	Am	J	Clin	Nutr	72(4):	982-989.	

Roza,	 M.	 P.	 d.,	 D.	 VanCampen	 and	 D.	 Miller	 (1986).	 "Effects	 of	 some	 carbohydrates	 on	 iron	
absorption."	Arch	Latinoam	Nutr	36(4):	688-700.	

SACN	 (2010).	 Iron	 and	 Health.	 Scientific	 Advisory	 Committee	 on	 Nutrition,	 Department	 of	
Health.	London:TSO.	

SACN	 (2015).	 Carbohydrates	 and	 Health.	 Scientific	 Advisory	 Committee	 on	 Nutrition,	
Department	of	Health.	London:	TSO.	

Saif-Ali,	 R.,	 R.	 Harun,	 N.	 A.	 Kamaruddin,	 S.	 Al-Jassabi	 and	W.	 Z.	 Ngah	 (2012).	 "Association	 of	
hepatocyte	 nuclear	 factor	 4	 alpha	 polymorphisms	 with	 type	 2	 diabetes	 with	 or	 without	
metabolic	syndrome	in	Malaysia."	Biochem	Genet	50(3-4):	298-308.	

Salovaara,	 S.,	 A.	 S.	 Sandberg	 and	T.	Andlid	 (2002).	 "Organic	 acids	 influence	 iron	uptake	 in	 the	
human	epithelial	cell	line	Caco-2."	J	Agric	Food	Chem	50(21):	6233-6238.	

Sambuy,	Y.,	I.	De	Angelis,	G.	Ranaldi,	M.	L.	Scarino,	A.	Stammati	and	F.	Zucco	(2005).	"The	Caco-2	
cell	line	as	a	model	of	the	intestinal	barrier:	influence	of	cell	and	culture-related	factors	on	Caco-
2	cell	functional	characteristics."	Cell	Biol	Toxicol	21(1):	1-26.	



	 212 | Page 

	

Sawaya,	R.	A.,	J.	Jaffe,	L.	Friedenberg	and	F.	K.	Friedenberg	(2012).	"Vitamin,	mineral,	and	drug	
absorption	following	bariatric	surgery."	Curr	Drug	Metab	13(9):	1345-1355.	

Sazawal,	S.,	R.	E.	Black,	M.	Ramsan,	H.	M.	Chwaya,	R.	J.	Stoltzfus,	A.	Dutta,	U.	Dhingra,	I.	Kabole,	
S.	Deb,	M.	K.	Othman	and	F.	M.	Kabole	(2006).	"Effects	of	routine	prophylactic	supplementation	
with	 iron	and	 folic	 acid	on	admission	 to	hospital	 and	mortality	 in	preschool	 children	 in	 a	high	
malaria	 transmission	 setting:	 community-based,	 randomised,	 placebo-controlled	 trial."	 Lancet	
367(9505):	133-143.	

Sazawal,	S.,	U.	Dhingra,	G.	Hiremath,	A.	Sarkar,	P.	Dhingra,	A.	Dutta,	V.	P.	Menon	and	R.	E.	Black	
(2010).	"Effects	of	Bifidobacterium	lactis	HN019	and	prebiotic	oligosaccharide	added	to	milk	on	
iron	status,	anemia,	and	growth	among	children	1	to	4	years	old."	J	Pediatr	Gastroenterol	Nutr	
51(3):	341-346.	

Schaafsma	G,	 S.	 J.	 (2015).	 "Significance	of	 Inulin	 Fructans	 in	 the	Human	Diet."	Comprehensive	
Reviews	in	Food	Science	and	Food	Safety.	14(1):	37-47.	

Scheers,	N.	M.,	A.	B.	Almgren	and	A.	S.	Sandberg	(2014).	"Proposing	a	Caco-2/HepG2	cell	model	
for	in	vitro	iron	absorption	studies."	J	Nutr	Biochem	25(7):	710-715.	

Scheers,	 N.	 M.	 and	 A.	 S.	 Sandberg	 (2008).	 "Ascorbic	 acid	 uptake	 affects	 ferritin,	 Dcytb	 and	
Nramp2	expression	in	Caco-2	cells."	Eur	J	Nutr	47(7):	401-408.	

Scheers,	N.	M.	 and	A.	 S.	 Sandberg	 (2011).	 "Iron	 regulates	 the	uptake	of	 ascorbic	 acid	 and	 the	
expression	 of	 sodium-dependent	 vitamin	 C	 transporter	 1	 (SVCT1)	 in	 human	 intestinal	 Caco-2	
cells."	Br	J	Nutr:	1-7.	

Scheiber-Mojdehkar,	 B.,	 B.	 Sturm,	 L.	 Plank,	 I.	 Kryzer	 and	 H.	 Goldenberg	 (2003).	 "Influence	 of	
parenteral	 iron	preparations	on	non-transferrin	bound	 iron	uptake,	 the	 iron	regulatory	protein	
and	 the	 expression	 of	 ferritin	 and	 the	 divalent	 metal	 transporter	 DMT-1	 in	 HepG2	 human	
hepatoma	cells."	Biochem	Pharmacol	65(12):	1973-1978.	

Schittek,	B.	and	T.	Sinnberg	(2014).	"Biological	functions	of	casein	kinase	1	isoforms	and	putative	
roles	in	tumorigenesis."	Mol	Cancer	13:	231.	

Schmittgen,	T.	D.	and	K.	J.	Livak	(2008).	"Analyzing	real-time	PCR	data	by	the	comparative	C(T)	
method."	Nat	Protoc	3(6):	1101-1108.	

Schneikert,	J.	and	J.	Behrens	(2007).	"The	canonical	Wnt	signalling	pathway	and	its	APC	partner	
in	colon	cancer	development."	Gut	56(3):	417-425.	

Scholl,	T.	O.	(2005).	"Iron	status	during	pregnancy:	setting	the	stage	for	mother	and	infant."	Am	J	
Clin	Nutr	81(5):	1218S-1222S.	

Schrem,	 H.,	 J.	 Klempnauer	 and	 J.	 Borlak	 (2002).	 "Liver-enriched	 transcription	 factors	 in	 liver	
function	and	development.	Part	I:	the	hepatocyte	nuclear	factor	network	and	liver-specific	gene	
expression."	Pharmacol	Rev	54(1):	129-158.	

Seck,	 B.	 C.	 and	 R.	 T.	 Jackson	 (2008).	 "Determinants	 of	 compliance	with	 iron	 supplementation	
among	pregnant	women	in	Senegal."	Public	Health	Nutr	11(6):	596-605.	

Seyfried,	 T.	 N.	 (2012).	 Cancer	 as	 a	 metabolic	 disease	 :	 on	 the	 origin,	 management,	 and	
prevention	of	cancer.	Hoboken,	N.J.,	Wiley.	



	 213 | Page 

	

Seyfried,	T.	N.	and	L.	M.	Shelton	(2010).	"Cancer	as	a	metabolic	disease."	Nutr	Metab	(Lond)	7:	7.	

Shangari,	 N.	 and	 P.	 J.	 O'Brien	 (2004).	 "The	 cytotoxic	mechanism	 of	 glyoxal	 involves	 oxidative	
stress."	Biochem	Pharmacol	68(7):	1433-1442.	

Shankar,	P.,	M.	Boylan	and	K.	Sriram	(2010).	"Micronutrient	deficiencies	after	bariatric	surgery."	
Nutrition	26(11-12):	1031-1037.	

Sharp,	P.	(2005).	"Methods	and	options	for	estimating	iron	and	zinc	bioavailability	using	Caco-2	
cell	models:	benefits	and	limitations."	Int	J	Vitam	Nutr	Res	75(6):	413-421.	

Sharp,	P.	 and	S.	K.	 Srai	 (2007).	 "Molecular	mechanisms	 involved	 in	 intestinal	 iron	absorption."	
World	J	Gastroenterol	13(35):	4716-4724.	

Sharp,	 P.,	 S.	 Tandy,	 S.	 Yamaji,	 J.	 Tennant,	 M.	 Williams	 and	 S.	 K.	 Singh	 Srai	 (2002).	 "Rapid	
regulation	of	divalent	metal	transporter	(DMT1)	protein	but	not	mRNA	expression	by	non-haem	
iron	in	human	intestinal	Caco-2	cells."	FEBS	Lett	510(1-2):	71-76.	

Sharp,	P.	A.	(2010).	"New	insights	into	the	role	of	iron	in	the	development	of	nonalcoholic	fatty	
liver	disease."	Hepatology	52(2):	408-410.	

Shayeghi,	M.,	G.	O.	Latunde-Dada,	J.	S.	Oakhill,	A.	H.	Laftah,	K.	Takeuchi,	N.	Halliday,	Y.	Khan,	A.	
Warley,	F.	E.	McCann,	R.	C.	Hider,	D.	M.	Frazer,	G.	J.	Anderson,	C.	D.	Vulpe,	R.	J.	Simpson	and	A.	
T.	McKie	(2005).	"Identification	of	an	intestinal	heme	transporter."	Cell	122(5):	789-801.	

Shi,	H.,	K.	Z.	Bencze,	T.	L.	Stemmler	and	C.	C.	Philpott	 (2008).	"A	cytosolic	 iron	chaperone	that	
delivers	iron	to	ferritin."	Science	320(5880):	1207-1210.	

Shin,	E.,	S.	H.	Kim,	H.	Y.	Jeong,	J.	J.	Jang	and	K.	Lee	(2012).	"Nuclear	expression	of	S-phase	kinase-
associated	protein	2	predicts	poor	prognosis	of	hepatocellular	carcinoma."	APMIS	120(5):	349-
357.	

Shindo,	M.,	 Y.	 Torimoto,	 H.	 Saito,	W.	Motomura,	 K.	 Ikuta,	 K.	 Sato,	 Y.	 Fujimoto	 and	 Y.	 Kohgo	
(2006).	"Functional	role	of	DMT1	 in	transferrin-independent	 iron	uptake	by	human	hepatocyte	
and	hepatocellular	carcinoma	cell,	HLF."	Hepatol	Res	35(3):	152-162.	

Shoden,	 A.,	 B.	 W.	 Gabrio	 and	 C.	 A.	 Finch	 (1953).	 "The	 relationship	 between	 ferritin	 and	
hemosiderin	in	rabbits	and	man."	J	Biol	Chem	204(2):	823-830.	

Siegenberg,	 D.,	 R.	 D.	 Baynes,	 T.	 H.	 Bothwell,	 B.	 J.	 Macfarlane,	 R.	 D.	 Lamparelli,	 N.	 G.	 Car,	 P.	
MacPhail,	U.	Schmidt,	A.	Tal	and	F.	Mayet	(1991).	"Ascorbic	acid	prevents	the	dose-dependent	
inhibitory	 effects	 of	 polyphenols	 and	 phytates	 on	 nonheme-iron	 absorption."	 Am	 J	 Clin	 Nutr	
53(2):	537-541.	

Singh,	S.,	J.	Arcaroli,	Y.	Chen,	D.	C.	Thompson,	W.	Messersmith,	A.	Jimeno	and	V.	Vasiliou	(2015).	
"ALDH1B1	 Is	 Crucial	 for	 Colon	 Tumorigenesis	 by	 Modulating	 Wnt/beta-Catenin,	 Notch	 and	
PI3K/Akt	Signaling	Pathways."	PLoS	One	10(5):	e0121648.	

Singhal,	A.,	R.	Morley,	R.	Abbott,	S.	Fairweather-Tait,	T.	Stephenson	and	A.	Lucas	(2000).	"Clinical	
safety	of	iron-fortified	formulas."	Pediatrics	105(3):	E38.	

Sinniah,	R.,	J.	R.	Doggart	and	D.	W.	Neill	(1969).	"Diurnal	variations	of	the	serum	iron	in	normal	
subjects	and	in	patients	with	haemochromatosis."	Br	J	Haematol	17(4):	351-358.	



	 214 | Page 

	

Slavin,	 J.	 (2013).	"Fiber	and	prebiotics:	mechanisms	and	health	benefits."	Nutrients	5(4):	1417-
1435.	

Softic,	 S.,	 D.	 E.	 Cohen	 and	 C.	 R.	 Kahn	 (2016).	 "Role	 of	 Dietary	 Fructose	 and	Hepatic	 De	Novo	
Lipogenesis	in	Fatty	Liver	Disease."	Dig	Dis	Sci	61(5):	1282-1293.	

Song,	M.,	D.	A.	Schuschke,	Z.	Zhou,	T.	Chen,	W.	M.	Pierce,	Jr.,	R.	Wang,	W.	T.	Johnson	and	C.	J.	
McClain	 (2012).	 "High	 fructose	 feeding	 induces	 copper	 deficiency	 in	 Sprague-Dawley	 rats:	 a	
novel	mechanism	for	obesity	related	fatty	liver."	J	Hepatol	56(2):	433-440.	

Song,	M.,	Z.	Zhou,	T.	Chen,	J.	Zhang	and	C.	J.	McClain	(2011).	"Copper	deficiency	exacerbates	bile	
duct	ligation-induced	liver	injury	and	fibrosis	in	rats."	J	Pharmacol	Exp	Ther	339(1):	298-306.	

Sorrentino,	P.,	S.	D'Angelo,	U.	Ferbo,	P.	Micheli,	A.	Bracigliano	and	R.	Vecchione	 (2009).	 "Liver	
iron	 excess	 in	 patients	 with	 hepatocellular	 carcinoma	 developed	 on	 non-alcoholic	 steato-
hepatitis."	J	Hepatol	50(2):	351-357.	

Spasojevic,	I.,	A.	Bajic,	K.	Jovanovic,	M.	Spasic	and	P.	Andjus	(2009).	"Protective	role	of	fructose	
in	the	metabolism	of	astroglial	C6	cells	exposed	to	hydrogen	peroxide."	Carbohydr	Res	344(13):	
1676-1681.	

Spruss,	A.,	G.	Kanuri,	S.	Wagnerberger,	S.	Haub,	S.	C.	Bischoff	and	I.	Bergheim	(2009).	"Toll-like	
receptor	 4	 is	 involved	 in	 the	 development	 of	 fructose-induced	 hepatic	 steatosis	 in	 mice."	
Hepatology	50(4):	1094-1104.	

Starley,	 B.	 Q.,	 C.	 J.	 Calcagno	 and	 S.	 A.	 Harrison	 (2010).	 "Nonalcoholic	 fatty	 liver	 disease	 and	
hepatocellular	carcinoma:	a	weighty	connection."	Hepatology	51(5):	1820-1832.	

Stitt,	C.,	P.	 J.	Charley,	E.	M.	Butt	and	P.	Saltman	 (1962).	 "Rapid	 induction	of	 iron	deposition	 in	
spleen	and	liver	with	an	iron-fructose	chelate."	Proc	Soc	Exp	Biol	Med	110:	70-71.	

Stoltzfus,	 R.	 J.	 (2011).	 "Iron	 interventions	 for	women	and	 children	 in	 low-income	 countries."	 J	
Nutr	141(4):	756S-762S.	

Sturm,	 B.,	 H.	 Goldenberg	 and	 B.	 Scheiber-Mojdehkar	 (2003).	 "Transient	 increase	 of	 the	 labile	
iron	pool	in	HepG2	cells	by	intravenous	iron	preparations."	Eur	J	Biochem	270(18):	3731-3738.	

Sturm,	B.,	H.	Laggner,	N.	Ternes,	H.	Goldenberg	and	B.	Scheiber-Mojdehkar	(2005).	"Intravenous	
iron	 preparations	 and	 ascorbic	 acid:	 effects	 on	 chelatable	 and	 bioavailable	 iron."	 Kidney	 Int	
67(3):	1161-1170.	

Sun,	W.,	B.	Xing,	Y.	Sun,	X.	Du,	M.	Lu,	C.	Hao,	Z.	Lu,	W.	Mi,	S.	Wu,	H.	Wei,	X.	Gao,	Y.	Zhu,	Y.	Jiang,	
X.	Qian	and	F.	He	 (2007).	 "Proteome	analysis	of	hepatocellular	 carcinoma	by	 two-dimensional	
difference	gel	electrophoresis:	novel	protein	markers	 in	hepatocellular	carcinoma	tissues."	Mol	
Cell	Proteomics	6(10):	1798-1808.	

Swan,	G.	 (2004).	 "Findings	 from	 the	 latest	National	 Diet	 and	Nutrition	 Survey."	 Proc	Nutr	 Soc	
63(4):	505-512.	

Swierczynski,	 J.,	 L.	 Zabrocka,	 E.	 Goyke,	 S.	 Raczynska,	 W.	 Adamonis	 and	 Z.	 Sledzinski	 (2003).	
"Enhanced	 glycerol	 3-phosphate	 dehydrogenase	 activity	 in	 adipose	 tissue	 of	 obese	 humans."	
Mol	Cell	Biochem	254(1-2):	55-59.	



	 215 | Page 

	

Taher,	 A.	 (2005).	 "Iron	 overload	 in	 thalassemia	 and	 sickle	 cell	 disease."	 Semin	 Hematol	 42(2	
Suppl	1):	S5-9.	

Tako,	E.,	S.	E.	Beebe,	S.	Reed,	J.	J.	Hart	and	R.	P.	Glahn	(2014).	"Polyphenolic	compounds	appear	
to	limit	the	nutritional	benefit	of	biofortified	higher	iron	black	bean	(Phaseolus	vulgaris	L.)."	Nutr	
J	13:	28.	

Tako,	E.,	M.	W.	Blair	and	R.	P.	Glahn	(2011).	"Biofortified	red	mottled	beans	(Phaseolus	vulgaris	
L.)	 in	a	maize	and	bean	diet	provide	more	bioavailable	 iron	 than	 standard	 red	mottled	beans:	
studies	in	poultry	(Gallus	gallus)	and	an	in	vitro	digestion/Caco-2	model."	Nutr	J	10:	113.	

Tako,	E.	 and	R.	P.	Glahn	 (2010).	 "White	beans	provide	more	bioavailable	 iron	 than	 red	beans:	
studies	 in	poultry	 (Gallus	gallus)	and	an	 in	vitro	digestion/Caco-2	model."	 Int	 J	Vitam	Nutr	Res	
80(6):	416-429.	

Tako,	E.	and	R.	P.	Glahn	(2012).	"Intra-amniotic	administration	and	dietary	inulin	affect	the	iron	
status	and	intestinal	functionality	of	iron-deficient	broiler	chickens."	Poult	Sci	91(6):	1361-1370.	

Tako,	E.,	R.	P.	Glahn,	R.	M.	Welch,	X.	Lei,	K.	Yasuda	and	D.	D.	Miller	(2008).	"Dietary	inulin	affects	
the	 expression	 of	 intestinal	 enterocyte	 iron	 transporters,	 receptors	 and	 storage	 protein	 and	
alters	the	microbiota	in	the	pig	intestine."	Br	J	Nutr	99(3):	472-480.	

Tako,	 E.,	 S.	 M.	 Reed,	 J.	 Budiman,	 J.	 J.	 Hart	 and	 R.	 P.	 Glahn	 (2015).	 "Higher	 iron	 pearl	 millet	
(Pennisetum	 glaucum	 L.)	 provides	 more	 absorbable	 iron	 that	 is	 limited	 by	 increased	
polyphenolic	content."	Nutr	J	14:	11.	

Tako,	E.,	M.	A.	Rutzke	and	R.	P.	Glahn	(2010).	"Using	the	domestic	chicken	(Gallus	gallus)	as	an	in	
vivo	model	for	iron	bioavailability."	Poult	Sci	89(3):	514-521.	

Tanaka,	 T.,	 S.	 Jiang,	H.	Hotta,	 K.	 Takano,	H.	 Iwanari,	 K.	 Sumi,	 K.	Daigo,	R.	Ohashi,	M.	 Sugai,	 C.	
Ikegame,	 H.	 Umezu,	 Y.	 Hirayama,	 Y.	 Midorikawa,	 Y.	 Hippo,	 A.	 Watanabe,	 Y.	 Uchiyama,	 G.	
Hasegawa,	 P.	 Reid,	 H.	 Aburatani,	 T.	 Hamakubo,	 J.	 Sakai,	 M.	 Naito	 and	 T.	 Kodama	 (2006).	
"Dysregulated	expression	of	P1	and	P2	promoter-driven	hepatocyte	nuclear	factor-4alpha	in	the	
pathogenesis	of	human	cancer."	J	Pathol	208(5):	662-672.	

Tandy,	 S.,	M.	Williams,	 A.	 Leggett,	M.	 Lopez-Jimenez,	M.	 Dedes,	 B.	 Ramesh,	 S.	 K.	 Srai	 and	 P.	
Sharp	(2000).	"Nramp2	expression	is	associated	with	pH-dependent	iron	uptake	across	the	apical	
membrane	of	human	intestinal	Caco-2	cells."	J	Biol	Chem	275(2):	1023-1029.	

Tasevska,	 N.,	 L.	 Jiao,	 A.	 J.	 Cross,	 V.	 Kipnis,	 A.	 F.	 Subar,	 A.	 Hollenbeck,	 A.	 Schatzkin	 and	 N.	
Potischman	(2012).	"Sugars	in	diet	and	risk	of	cancer	in	the	NIH-AARP	Diet	and	Health	Study."	Int	
J	Cancer	130(1):	159-169.	

Taylor,	M.,	A.	Qu,	E.	R.	Anderson,	T.	Matsubara,	A.	Martin,	F.	J.	Gonzalez	and	Y.	M.	Shah	(2011).	
"Hypoxia-inducible	factor-2alpha	mediates	the	adaptive	increase	of	intestinal	ferroportin	during	
iron	deficiency	in	mice."	Gastroenterology	140(7):	2044-2055.	

Taylor,	P.	G.,	C.	Martinez-Torres,	E.	L.	Romano	and	M.	Layrisse	 (1986).	"The	effect	of	cysteine-
containing	 peptides	 released	 during	meat	 digestion	 on	 iron	 absorption	 in	 humans."	 Am	 J	 Clin	
Nutr	43(1):	68-71.	

Teow,	C.	C.,	V.	D.	Truong,	R.	F.	McFeeters,	R.	L.	Thompson,	K.	V.	Pecota	and	G.	C.	Yencho	(2007).	
"Antioxidant	 activities,	 phenolic	 and	 beta-carotene	 contents	 of	 sweet	 potato	 genotypes	 with	
varying	flesh	colours."	Food	Chemistry	103(3):	829-838.	



	 216 | Page 

	

Teucher,	 B.,	M.	 Olivares	 and	 H.	 Cori	 (2004).	 "Enhancers	 of	 iron	 absorption:	 ascorbic	 acid	 and	
other	organic	acids."	Int	J	Vitam	Nutr	Res	74(6):	403-419.	

Thomas,	C.	 E.,	 E.	Gaffney-Stomberg,	B.	H.	 Sun,	K.	O.	O'Brien,	 J.	 E.	Kerstetter	and	K.	 L.	 Insogna	
(2013).	"Increasing	dietary	protein	acutely	augments	 intestinal	 iron	transporter	expression	and	
significantly	increases	iron	absorption	in	rats."	FASEB	J	27(6):	2476-2483.	

Thompson,	B.,	P.	Sharp,	R.	Elliott,	S.	Al-Mutairi	and	S.	J.	Fairweather-Tait	(2010).	"Development	
of	a	modified	Caco-2	cell	model	system	for	studying	iron	availability	in	eggs."	J	Agric	Food	Chem	
58(6):	3833-3839.	

Thompson,	 B.	 A.,	 P.	 A.	 Sharp,	 R.	 Elliott	 and	 S.	 J.	 Fairweather-Tait	 (2010).	 "Inhibitory	 effect	 of	
calcium	on	non-heme	 iron	 absorption	may	 be	 related	 to	 translocation	 of	DMT-1	 at	 the	 apical	
membrane	of	enterocytes."	J	Agric	Food	Chem	58(14):	8414-8417.	

Thurnham,	D.	I.,	L.	D.	McCabe,	S.	Haldar,	F.	T.	Wieringa,	C.	A.	Northrop-Clewes	and	G.	P.	McCabe	
(2010).	 "Adjusting	 plasma	 ferritin	 concentrations	 to	 remove	 the	 effects	 of	 subclinical	
inflammation	in	the	assessment	of	 iron	deficiency:	a	meta-analysis."	Am	J	Clin	Nutr	92(3):	546-
555.	

Timson,	D.	J.	(2012).	Fructose	Chemistry.	Dietary	Sugars.	V.	R.	Preedy.	Cambridge,	UK,	The	Royal	
Society	of	Chemistry:	115-135.	

Tirnitz-Parker,	 J.	 E.,	 A.	 Glanfield,	 J.	 K.	 Olynyk	 and	 G.	 A.	 Ramm	 (2013).	 "Iron	 and	 hepatic	
carcinogenesis."	Crit	Rev	Oncog	18(5):	391-407.	

Topping,	D.	L.	and	P.	A.	Mayes	(1971).	"The	concentration	of	fructose,	glucose	and	lactate	in	the	
splanchnic	blood	vessels	of	rats	absorbing	fructose."	Nutr	Metab	13(6):	331-338.	

Torti,	 S.	 V.	 and	 F.	M.	 Torti	 (2013).	 "Iron	 and	 cancer:	more	 ore	 to	 be	mined."	Nat	 Rev	 Cancer	
13(5):	342-355.	

Trepel,	 J.,	 M.	 Mollapour,	 G.	 Giaccone	 and	 L.	 Neckers	 (2010).	 "Targeting	 the	 dynamic	 HSP90	
complex	in	cancer."	Nat	Rev	Cancer	10(8):	537-549.	

Tsuchiya,	 H.,	 Y.	 Ebata,	 T.	 Sakabe,	 S.	 Hama,	 K.	 Kogure	 and	 G.	 Shiota	 (2013).	 "High-fat,	 high-
fructose	diet	induces	hepatic	iron	overload	via	a	hepcidin-independent	mechanism	prior	to	the	
onset	of	liver	steatosis	and	insulin	resistance	in	mice."	Metabolism	62(1):	62-69.	

Tuntipopipat,	S.,	K.	Judprasong,	C.	Zeder,	E.	Wasantwisut,	P.	Winichagoon,	S.	Charoenkiatkul,	R.	
Hurrell	and	T.	Walczyk	(2006).	"Chili,	but	not	turmeric,	inhibits	iron	absorption	in	young	women	
from	an	iron-fortified	composite	meal."	J	Nutr	136(12):	2970-2974.	

Tuomainen,	T.	P.,	K.	Nyyssonen,	R.	Salonen,	A.	Tervahauta,	H.	Korpela,	T.	Lakka,	G.	A.	Kaplan	and	
J.	 T.	 Salonen	 (1997).	 "Body	 iron	 stores	 are	 associated	 with	 serum	 insulin	 and	 blood	 glucose	
concentrations.	Population	study	in	1,013	eastern	Finnish	men."	Diabetes	Care	20(3):	426-428.	

Valenti,	 L.,	 A.	 L.	 Fracanzani,	 P.	 Dongiovanni,	 S.	 Rovida,	 R.	 Rametta,	 E.	 Fatta,	 E.	 A.	 Pulixi,	 M.	
Maggioni	 and	 S.	 Fargion	 (2014).	 "A	 randomized	 trial	 of	 iron	 depletion	 in	 patients	 with	
nonalcoholic	 fatty	 liver	 disease	 and	 hyperferritinemia."	 World	 J	 Gastroenterol	 20(11):	 3002-
3010.	

Valeri,	F.,	F.	Boess,	A.	Wolf,	C.	Goldlin	and	U.	A.	Boelsterli	(1997).	"Fructose	and	tagatose	protect	
against	oxidative	cell	injury	by	iron	chelation."	Free	Radic	Biol	Med	22(1-2):	257-268.	



	 217 | Page 

	

van	 den	 Heuvel,	 E.	 G.,	 G.	 Schaafsma,	 T.	 Muys	 and	 W.	 van	 Dokkum	 (1998).	 "Nondigestible	
oligosaccharides	do	not	 interfere	with	calcium	and	nonheme-iron	absorption	 in	young,	healthy	
men."	Am	J	Clin	Nutr	67(3):	445-451.	

Vashisht,	A.	A.,	K.	B.	Zumbrennen,	X.	Huang,	D.	N.	Powers,	A.	Durazo,	D.	Sun,	N.	Bhaskaran,	A.	
Persson,	M.	Uhlen,	O.	Sangfelt,	C.	Spruck,	E.	A.	Leibold	and	J.	A.	Wohlschlegel	(2009).	"Control	of	
iron	homeostasis	by	an	iron-regulated	ubiquitin	ligase."	Science	326(5953):	718-721.	

Vega,	R.	and	M.	E.	Zuniga-Hansen	(2015).	"The	effect	of	processing	conditions	on	the	stability	of	
fructooligosaccharides	in	acidic	food	products."	Food	Chem	173:	784-789.	

Verstraeten,	 L.	M.	 (1967).	 "D-fructose	 and	 its	 derivatives."	 Adv	 Carbohydr	 Chem	Biochem	22:	
229-305.	

Viadel,	B.,	Perales	S,Barberá	R,	Lagarda,	MJ,	Farré	R	(2007).	"Ferritin	synthesis	by	Caco-2	cells	as	
an	 indicator	of	 iron	bioavailability:	Application	 to	milk-based	 infant	 formulas."	Food	Chemistry	
102(3):	925-931.	

Villanueva,	 A.,	 D.	 Y.	 Chiang,	 P.	 Newell,	 J.	 Peix,	 S.	 Thung,	 C.	 Alsinet,	 V.	 Tovar,	 S.	 Roayaie,	 B.	
Minguez,	M.	 Sole,	 C.	 Battiston,	 S.	 Van	 Laarhoven,	M.	 I.	 Fiel,	 A.	 Di	 Feo,	 Y.	 Hoshida,	 S.	 Yea,	 S.	
Toffanin,	 A.	 Ramos,	 J.	 A.	 Martignetti,	 V.	 Mazzaferro,	 J.	 Bruix,	 S.	 Waxman,	 M.	 Schwartz,	 M.	
Meyerson,	 S.	 L.	 Friedman	 and	 J.	 M.	 Llovet	 (2008).	 "Pivotal	 role	 of	 mTOR	 signaling	 in	
hepatocellular	carcinoma."	Gastroenterology	135(6):	1972-1983,	1983	e1971-1911.	

Vitali	D,	R.	M.,	Cetina-Čižmek	B,	Vedrina	Dragojević		(2011).	"Caco-2	cell	uptake	of	Ca,	Mg	and	Fe	
from	 biscuits	 as	 affected	 by	 enrichment	 with	 pseudocereal/inulin	mixtures."	 Acta	 alimentaria	
40(4):	480-489.	

Vulpe,	 C.	 D.,	 Y.	 M.	 Kuo,	 T.	 L.	 Murphy,	 L.	 Cowley,	 C.	 Askwith,	 N.	 Libina,	 J.	 Gitschier	 and	 G.	 J.	
Anderson	 (1999).	 "Hephaestin,	 a	 ceruloplasmin	 homologue	 implicated	 in	 intestinal	 iron	
transport,	is	defective	in	the	sla	mouse."	Nat	Genet	21(2):	195-199.	

Walczyk,	 T.,	 L.	 Davidsson,	 L.	 Rossander-Hulthen,	 L.	 Hallberg	 and	 R.	 F.	 Hurrell	 (2003).	 "No	
enhancing	effect	of	vitamin	A	on	iron	absorption	in	humans."	Am	J	Clin	Nutr	77(1):	144-149.	

Walczyk,	T.,	S.	Muthayya,	R.	Wegmuller,	P.	Thankachan,	A.	Sierksma,	L.	G.	Frenken,	T.	Thomas,	A.	
Kurpad	and	R.	F.	Hurrell	 (2014).	"Inhibition	of	 iron	absorption	by	calcium	is	modest	 in	an	 iron-
fortified,	 casein-	 and	 whey-based	 drink	 in	 Indian	 children	 and	 is	 easily	 compensated	 for	 by	
addition	of	ascorbic	acid."	J	Nutr	144(11):	1703-1709.	

Walden,	W.	E.,	A.	I.	Selezneva,	J.	Dupuy,	A.	Volbeda,	J.	C.	Fontecilla-Camps,	E.	C.	Theil	and	K.	Volz	
(2006).	 "Structure	of	dual	 function	 iron	regulatory	protein	1	complexed	with	 ferritin	 IRE-RNA."	
Science	314(5807):	1903-1908.	

Walton,	 J.	 and	A.	 Flynn	 (2013).	 "Nutritional	 adequacy	 of	 diets	 containing	 growing	 up	milks	 or	
unfortified	cow's	milk	in	Irish	children	(aged	12-24	months)."	Food	Nutr	Res	57.	

Wang,	D.	and	R.	N.	Dubois	(2010).	"Eicosanoids	and	cancer."	Nat	Rev	Cancer	10(3):	181-193.	

Wang,	W.,	M.	A.	Knovich,	L.	G.	Coffman,	F.	M.	Torti	and	S.	V.	Torti	(2010).	"Serum	ferritin:	Past,	
present	and	future."	Biochim	Biophys	Acta	1800(8):	760-769.	

Wang,	 X.	W.	 and	 Y.	 J.	 Zhang	 (2014).	 "Targeting	mTOR	 network	 in	 colorectal	 cancer	 therapy."	
World	J	Gastroenterol	20(15):	4178-4188.	



	 218 | Page 

	

Wang,	Y.,	T.	Zeng,	S.	E.	Wang,	W.	Wang,	Q.	Wang	and	H.	X.	Yu	(2010).	"Fructo-oligosaccharides	
enhance	 the	 mineral	 absorption	 and	 counteract	 the	 adverse	 effects	 of	 phytic	 acid	 in	 mice."	
Nutrition	26(3):	305-311.	

Warburg,	O.	(1956).	"On	the	origin	of	cancer	cells."	Science	123(3191):	309-314.	

Wenger,	R.	H.	(2002).	"Cellular	adaptation	to	hypoxia:	O2-sensing	protein	hydroxylases,	hypoxia-
inducible	transcription	factors,	and	O2-regulated	gene	expression."	FASEB	J	16(10):	1151-1162.	

West,	A.	R.	and	P.	S.	Oates	(2008).	"Mechanisms	of	heme	iron	absorption:	current	questions	and	
controversies."	World	J	Gastroenterol	14(26):	4101-4110.	

West	 Jr,	 K.P.,	Gernand,	A.	 and	 Sommer,	A	 (2007).	Vitamin	A	 in	nutritional	 anemia.	Nutritional	
Anemia	133.	

Wheby,	M.	S.	and	W.	H.	Crosby	(1963).	"The	Gastrointestinal	Tract	and	Iron	Absorption."	Blood	
22:	416-428.	

Whitesell,	L.	and	S.	L.	Lindquist	(2005).	"HSP90	and	the	chaperoning	of	cancer."	Nat	Rev	Cancer	
5(10):	761-772.	

Whittaker,	S.,	R.	Marais	and	A.	X.	Zhu	(2010).	"The	role	of	signaling	pathways	in	the	development	
and	treatment	of	hepatocellular	carcinoma."	Oncogene	29(36):	4989-5005.	

Whitton,	 C.,	 S.	 K.	 Nicholson,	 C.	 Roberts,	 C.	 J.	 Prynne,	 G.	 K.	 Pot,	 A.	 Olson,	 E.	 Fitt,	 D.	 Cole,	 B.	
Teucher,	 B.	 Bates,	 H.	 Henderson,	 S.	 Pigott,	 C.	 Deverill,	 G.	 Swan	 and	 A.	 M.	 Stephen	 (2011).	
"National	Diet	 and	Nutrition	 Survey:	UK	 food	 consumption	 and	nutrient	 intakes	 from	 the	 first	
year	of	the	rolling	programme	and	comparisons	with	previous	surveys."	Br	J	Nutr	106(12):	1899-
1914.	

WHO	(2009).	Worldwide	prevalence	of	anaemia	1993-2005.	de	Benoist,	E.	M.	B.,	Egli,I.,	and	M.	
Cogswell.	Geneva,	Switzerland,	World	Health	Organization.	

WHO	(2012).	Guideline:	Daily	iron	and	folic	acid	supplementation	in	pregnant	women.	Geneva,	
Switzerland,	World	Health	Organization.	

WHO	(2015).	Data	base	-	Nutrition	Health	Topics:	Iron	deficiency	anemia;	Vitamin	A	Deficiency.	
http://www.who.int/nutrition/topics/en/. Geneva,	 Switzerland,	 World	 Health	
Organization.Accessed	2015.		

Wienk,	 K.	 J.,	 J.	 J.	 Marx	 and	 A.	 C.	 Beynen	 (1999).	 "The	 concept	 of	 iron	 bioavailability	 and	 its	
assessment."	Eur	J	Nutr	38(2):	51-75.	

Williams,	C.	D.,	J.	Stengel,	M.	I.	Asike,	D.	M.	Torres,	J.	Shaw,	M.	Contreras,	C.	L.	Landt	and	S.	A.	
Harrison	(2011).	"Prevalence	of	nonalcoholic	fatty	liver	disease	and	nonalcoholic	steatohepatitis	
among	 a	 largely	 middle-aged	 population	 utilizing	 ultrasound	 and	 liver	 biopsy:	 a	 prospective	
study."	Gastroenterology	140(1):	124-131.	

Williamson,	R.	M.,	J.	F.	Price,	S.	Glancy,	E.	Perry,	L.	D.	Nee,	P.	C.	Hayes,	B.	M.	Frier,	L.	A.	Van	Look,	
G.	 I.	 Johnston,	R.	M.	Reynolds,	M.	W.	Strachan	and	I.	Edinburgh	Type	2	Diabetes	Study	(2011).	
"Prevalence	 of	 and	 risk	 factors	 for	 hepatic	 steatosis	 and	 nonalcoholic	 Fatty	 liver	 disease	 in	
people	with	type	2	diabetes:	the	Edinburgh	Type	2	Diabetes	Study."	Diabetes	Care	34(5):	1139-
1144.	



	 219 | Page 

	

Wood,	M.	J.,	R.	Skoien	and	L.	W.	Powell	(2009).	"The	global	burden	of	iron	overload."	Hepatol	Int	
3(3):	434-444.	

Wortley,	G.,	S.	Leusner,	C.	Good,	E.	Gugger	and	R.	Glahn	(2005).	"Iron	availability	of	a	fortified	
processed	wheat	cereal:	a	comparison	of	fourteen	iron	forms	using	an	in	vitro	digestion/human	
colonic	adenocarcinoma	(CaCo-2)	cell	model."	Br	J	Nutr	93(1):	65-71.	

Worwood,	M.,	W.	D.	Evans,	R.	J.	Villis	and	A.	K.	Burnett	(1996).	"Iron	absorption	from	a	natural	
mineral	water	(Spatone	Iron-Plus)."	Clin	Lab	Haematol	18(1):	23-27.	

Wright,	T.	L.,	P.	Brissot,	W.	L.	Ma	and	R.	A.	Weisiger	(1986).	"Characterization	of	non-transferrin-
bound	iron	clearance	by	rat	liver."	J	Biol	Chem	261(23):	10909-10914.	

Wurzelmann,	J.	I.,	A.	Silver,	D.	M.	Schreinemachers,	R.	S.	Sandler	and	R.	B.	Everson	(1996).	"Iron	
intake	and	the	risk	of	colorectal	cancer."	Cancer	Epidemiol	Biomarkers	Prev	5(7):	503-507.	

Wyman,	S.,	R.	J.	Simpson,	A.	T.	McKie	and	P.	A.	Sharp	(2008).	"Dcytb	(Cybrd1)	functions	as	both	a	
ferric	and	a	cupric	reductase	in	vitro."	FEBS	Lett	582(13):	1901-1906.	

Yang,	L.,	Y.	S.	Roh,	J.	Song,	B.	Zhang,	C.	Liu,	R.	Loomba	and	E.	Seki	(2014).	"Transforming	growth	
factor	 beta	 signaling	 in	 hepatocytes	 participates	 in	 steatohepatitis	 through	 regulation	 of	 cell	
death	and	lipid	metabolism	in	mice."	Hepatology	59(2):	483-495.	

Yasuda,	K.,	H.	D.	Dawson,	E.	V.	Wasmuth,	C.	A.	Roneker,	C.	Chen,	J.	F.	Urban,	R.	M.	Welch,	D.	D.	
Miller	 and	 X.	 G.	 Lei	 (2009).	 "Supplemental	 dietary	 inulin	 influences	 expression	 of	 iron	 and	
inflammation	related	genes	in	young	pigs."	J	Nutr	139(11):	2018-2023.	

Yasuda,	K.,	K.	R.	Roneker,	D.	D.	Miller,	R.	M.	Welch	and	X.	G.	Lei	(2006).	"Supplemental	dietary	
inulin	affects	the	bioavailability	of	iron	in	corn	and	soybean	meal	to	young	pigs."	J	Nutr	136(12):	
3033-3038.	

Ye,	 K.,	 C.	 Cao,	 X.	 Lin,	 K.	 O.	 O'Brien	 and	 Z.	 Gu	 (2015).	 "Natural	 selection	 on	 HFE	 in	 Asian	
populations	contributes	to	enhanced	non-heme	iron	absorption."	BMC	Genet	16:	61.	

Yeung,	C.,	Glahn,	RP,	Welch	RM,	Miller	DD	(2005).	"Prebiotics	and	Iron	Bioavailability	-	Is	There	a	
Connection?"	Journal	of	Food	Science	70(5):	88-92.	

Yu,	Y.,	E.	Gutierrez,	Z.	Kovacevic,	F.	Saletta,	P.	Obeidy,	Y.	Suryo	Rahmanto	and	D.	R.	Richardson	
(2012).	"Iron	chelators	for	the	treatment	of	cancer."	Curr	Med	Chem	19(17):	2689-2702.	

Yun,	S.,	J.	P.	Habicht,	D.	D.	Miller	and	R.	P.	Glahn	(2004).	"An	in	vitro	digestion/Caco-2	cell	culture	
system	 accurately	 predicts	 the	 effects	 of	 ascorbic	 acid	 and	 polyphenolic	 compounds	 on	 iron	
bioavailability	in	humans."	J	Nutr	134(10):	2717-2721.	

Zacharski,	L.	R.,	B.	K.	Chow,	P.	S.	Howes,	G.	Shamayeva,	J.	A.	Baron,	R.	L.	Dalman,	D.	J.	Malenka,	
C.	K.	Ozaki	and	P.	W.	Lavori	(2008).	"Decreased	cancer	risk	after	iron	reduction	in	patients	with	
peripheral	 arterial	 disease:	 results	 from	 a	 randomized	 trial."	 J	 Natl	 Cancer	 Inst	 100(14):	 996-
1002.	

Zanninelli,	G.,	O.	Loreal,	P.	Brissot,	A.	M.	Konijn,	 I.	N.	Slotki,	R.	C.	Hider	and	Z.	 Ioav	Cabantchik	
(2002).	 "The	 labile	 iron	 pool	 of	 hepatocytes	 in	 chronic	 and	 acute	 iron	 overload	 and	 chelator-
induced	iron	deprivation."	J	Hepatol	36(1):	39-46.	



	 220 | Page 

	

Zariwala,	M.	G.,	S.	Somavarapu,	S.	Farnaud	and	D.	Renshaw	(2013).	"Comparison	study	of	oral	
iron	preparations	using	a	human	intestinal	model."	Sci	Pharm	81(4):	1123-1139.	

Zhang,	 D.	 L.,	 R.	 M.	 Hughes,	 H.	 Ollivierre-Wilson,	 M.	 C.	 Ghosh	 and	 T.	 A.	 Rouault	 (2009).	 "A	
ferroportin	 transcript	 that	 lacks	 an	 iron-responsive	 element	 enables	 duodenal	 and	 erythroid	
precursor	cells	to	evade	translational	repression."	Cell	Metab	9(5):	461-473.	

Zhou,	S.	J.,	R.	A.	Gibson,	C.	A.	Crowther	and	M.	Makrides	(2009).	"Should	we	lower	the	dose	of	
iron	when	 treating	 anaemia	 in	 pregnancy?	A	 randomized	 dose-response	 trial."	 Eur	 J	 Clin	Nutr	
63(2):	183-190.	

Zhuge,	 J.	 and	 A.	 I.	 Cederbaum	 (2006).	 "Serum	 deprivation-induced	 HepG2	 cell	 death	 is	
potentiated	by	CYP2E1."	Free	Radic	Biol	Med	40(1):	63-74.	

Ziegler,	 E.	 E.	 (2011).	 "Consumption	 of	 cow's	milk	 as	 a	 cause	 of	 iron	 deficiency	 in	 infants	 and	
toddlers."	Nutr	Rev	69	Suppl	1:	S37-42.	

Zielinska-Dawidziak,	 M.	 (2015).	 "Plant	 ferritin--a	 source	 of	 iron	 to	 prevent	 its	 deficiency."	
Nutrients	7(2):	1184-1201.	

Zimmermann,	M.	B.	(2008).	"Methods	to	assess	iron	and	iodine	status."	Br	J	Nutr	99	Suppl	3:	S2-
9.	

Zimmermann,	M.	B.,	C.	Chassard,	F.	Rohner,	K.	N'Goran	E,	C.	Nindjin,	A.	Dostal,	 J.	Utzinger,	H.	
Ghattas,	 C.	 Lacroix	 and	 R.	 F.	 Hurrell	 (2010).	 "The	 effects	 of	 iron	 fortification	 on	 the	 gut	
microbiota	 in	 African	 children:	 a	 randomized	 controlled	 trial	 in	 Cote	 d'Ivoire."	 Am	 J	 Clin	 Nutr	
92(6):	1406-1415.	

Zimmermann,	M.	 B.	 and	 R.	 F.	 Hurrell	 (2007).	 "Nutritional	 iron	 deficiency."	 Lancet	 370(9586):	
511-520.	

Zoller,	H.,	R.	O.	Koch,	I.	Theurl,	P.	Obrist,	A.	Pietrangelo,	G.	Montosi,	D.	J.	Haile,	W.	Vogel	and	G.	
Weiss	 (2001).	 "Expression	 of	 the	 duodenal	 iron	 transporters	 divalent-metal	 transporter	 1	 and	
ferroportin	1	in	iron	deficiency	and	iron	overload."	Gastroenterology	120(6):	1412-1419.	

 

 



	
	

	 1	

APPENDIX	I	–	GENE	ARRAY	

	

	

Enrichment analysis report

Enrichment by Pathway Maps

# Maps Total pValue Min FDR p-value FDR In Data Genes from
Active Data

1 Triacylglycerol metabolism p.1 28 0.000 1.497 0.000 1.497 10

ACSL6, AKR1C1, AL1B1, ACSL1, 

GKP3, GLPK, GNPAT, ACSL3, 

AKR7A2, GPD1

2 Immune response_IL-27 signaling pathway 24 0.001 0.828 0.001 0.828 8
STAT3, gp130, NF-kB, JAK1, ICAM1, 

Tyk2, IL-27 receptor, IL27RA

3 Signal transduction_Activin A signaling regulation 31 0.001 0.828 0.001 0.828 9

Ubiquitin, FKBP12, N-CoR, HDAC1, 

SMAD3, Histone H3, SMAD2, Histone 

H2, Inhibin alpha subunit

4
Immune response_HSP60 and HSP70/ TLR signaling 

pathway
52 0.001 0.823 0.001 0.823 12

Ubiquitin, MHC class I, AP-1, NF-kB, 

CD14, NF-kB1 (p105), HSP60, 

ICAM1, HSP70, MEK3(MAP2K3), 

MEK6(MAP2K6), c-Jun

5 Vitamin E (alfa-tocopherol) metabolism 17 0.002 0.657 0.002 0.657 6
FACVL1, ACSL6, ACSL1, DHB4, 

AMACR, ACSL3

6 Immune response_IL-2 activation and signaling pathway 45 0.003 0.657 0.003 0.657 10

HMGI/Y, AP-1, c-Raf-1, Calcineurin A 

(catalytic), NF-kB, SMAD3, JAK1, 

PDK (PDPK1), SHP-2, ELF1

7 Immune response_IL-5 signalling 38 0.003 0.657 0.003 0.657 9
STAT3, CrkL, c-Raf-1, JAK1, JunB, 

ICAM1, PDK (PDPK1), SHP-2, c-Jun

8 Cell cycle_Regulation of G1/S transition (part 1) 38 0.003 0.657 0.003 0.657 9

Cyclin D2, Ubiquitin, 

Skp2/TrCP/FBXW, p70 S6 kinase1, 

SMAD3, JunB, SMAD2, TGF-beta 

receptor type II, Cyclin D

9 Development_Angiotensin activation of Akt 25 0.004 0.657 0.004 0.657 7

AGTR1, Calmodulin, GPX1, PDK 

(PDPK1), MEK3(MAP2K3), 

MEK6(MAP2K6), NSGPeroxidase

10

Development_WNT signaling pathway. Part 1. 

Degradation of beta-catenin in the absence WNT 

signaling

19 0.004 0.657 0.004 0.657 6

Cullin 1, Ubiquitin, CtBP, 

Skp2/TrCP/FBXW, HDAC1, Casein 

kinase I alpha

FAC+Fruc vs control unique to FAC+Fruc changes 

genego_FAC/Fruc vs control unique fold change (values)
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Figure 1. The top scored map (map with the lowest p-value) for iron and fructose (FAC&FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes.	 	
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Figure 2. The second scored map (map with the second lowest p-value) for iron and fructose (FAC&FRUC) based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 3. The third scored map (map with the third lowest p-value) based on the enrichment distribution for iron and fructose (FAC&FRUC) 
treatments unique sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 4. The fourth scored map (map with the fourth lowest p-value) for iron and fructose (FAC&FRUC) treatments unique based on the 
enrichment distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 5. The fifth scored map (map with the fifth lowest p-value) for iron and fructose (FAC&FRUC) treatments unique based on the 
enrichment distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 6. The sixth scored map (map with the sixth lowest p-value) for iron and fructose (FAC&FRUC) treatments unique based on the 
enrichment distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 7. The seventh scored map (map with the seventh lowest p-value) for iron and fructose (FAC&FRUC) treatments unique based on the 
enrichment distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Enrichment analysis report

Enrichment by Pathway Maps
# Maps Total pValue Min FDR p-value FDR In Data Genes from

Active Data

1 Immune response_Alternative complement pathway 39 0.000 4.244 0.000 4.244 9 C8gamma, C3a, C3, C3b, iC3b, 
CD59, C3dg, C3c, Clusterin

2 Immune response_Lectin induced complement pathway 49 0.000 3.641 0.000 3.641 9 C8gamma, C3a, C3, C3b, iC3b, 
CD59, C3dg, C3c, Clusterin

3 Immune response_Classical complement pathway 52 0.000 3.589 0.000 3.589 9 C8gamma, C3a, C3, C3b, iC3b, 
CD59, C3dg, C3c, Clusterin

4 Immune response_Antigen presentation by MHC class I 28 0.000 2.502 0.000 2.502 6 HSP90, MHC class I, TAP1 (PSF1), 
PSME3, HSP90 beta, Calreticulin

5 Development_Regulation of telomere length and cellular 
immortalization 35 0.000 2.020 0.000 2.020 6 HSP90, TRF1, hnRNP C, hRap1, 

E2F1, Max

6 Regulation of CFTR activity (norm and CF) 58 0.000 1.712 0.000 1.712 7
PP2A regulatory, Filamin B (TABP), 
PP2A structural, Annexin II, 
Calcineurin A (catalytic), PP2C, G-
protein alpha-s

7 Apoptosis and survival_BAD phosphorylation 42 0.000 1.712 0.000 1.712 6
Bcl-XL, Calcineurin A (catalytic), 
SOS, PP2C, G-protein alpha-s, CDK1 
(p34)

8 Cell cycle_Role of Nek in cell cycle regulation 32 0.001 1.440 0.001 1.440 5 Tubulin beta, NEK7, Aurora-A, 
Histone H3, CDK1 (p34)

9 Cell cycle_Spindle assembly and chromosome 
separation 33 0.001 1.428 0.001 1.428 5 Importin (karyopherin)-beta, Aurora-A, 

NUMA1, Separase, CDK1 (p34)

10 Development_EPO-induced Jak-STAT pathway 35 0.001 1.353 0.001 1.353 5 Bcl-XL, Lyn, SHP-2, XIAP, SOS

Fruc vs cont unique changed genes_genelist
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Figure 8. The top scored map (map with the the lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 9. The second scored map (map with the second lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 10. The third scored map (map with the third lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 11. The fourth scored map (map with the fourth lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 12. The fifth scored map (map with the fifth lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 13. The sixth scored map (map with the sixth lowest p-value) for fructose alone (FRUC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Enrichment analysis report

Enrichment by Pathway Maps
# Maps Total pValue Min FDR p-value FDR In Data Genes from

Active Data

1 Transcription_ChREBP regulation pathway 13 0.000 1.144 0.000 1.144 3 PKA-cat (cAMP-dependent), AMPK 
gamma subunit, Acyl-CoA synthetase

2 Unsaturated fatty acid biosynthesis 16 0.001 1.144 0.001 1.144 3 FADS1, SCD, ACSL4

3 PGE2 pathways in cancer 41 0.001 1.144 0.001 1.144 4 TCF7L2 (TCF4), PKA-cat (cAMP-
dependent), PGE2R4, Tcf(Lef)

4 Regulation of CFTR gating (normal and CF) 7 0.002 0.853 0.002 0.853 2 PKA-cat (cAMP-dependent), AMPK 
gamma1

5 Development_Slit-Robo signaling 28 0.003 0.847 0.003 0.847 3 Actin cytoskeletal, ACTB, Actin

6 Regulation of lipid metabolism_Regulation of lipid 
metabolism via LXR, NF-Y and SREBP 29 0.003 0.847 0.003 0.847 3 CYP51A1, AMPK gamma subunit, 

SCD

7 LRRK2 in neurons in Parkinson's disease 31 0.004 0.831 0.004 0.831 3 PKA-cat (cAMP-dependent), Actin 
cytoskeletal, ACTB

8 Immune response_PGE2 signaling in immune response 33 0.005 0.811 0.005 0.811 3 IL-2, PKA-cat (cAMP-dependent), 
PGE2R4

9 G-protein signaling_Rap2A regulation pathway 14 0.009 0.614 0.009 0.614 2 PKA-cat (cAMP-dependent), cAMP-
GEFII

10 Development_TGF-beta-dependent induction of EMT via 
RhoA,  PI3K and ILK. 42 0.010 0.614 0.010 0.614 3 Caldesmon, ACTB, Actin

FAC vs cont unique changed genes_genelist
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Figure 14. The top scored map (map with the lowest p-value) for iron alone (FAC) treatments unique based on the enrichment distribution 
sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as thermometer-like figures. 
Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate down-regulated expression levels of 
the genes. 



	
	

	 18	

APPENDIX	I	–	GENE	ARRAY	

	

	
Figure 15. The second scored map (map with the second lowest p-value) for iron alone (FAC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 



	
	

	 19	

APPENDIX	I	–	GENE	ARRAY	

	

	
Figure 16. The third scored map (map with the third lowest p-value) for iron alone (FAC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 17. The fourth scored map (map with the fourth lowest p-value) for iron alone (FAC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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Figure 18. The fifth scored map (map with the fifth lowest p-value) for iron alone (FAC) treatments unique based on the enrichment distribution 
sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as thermometer-like figures. 
Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate down-regulated expression levels of 
the genes. 
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Figure 19. The sixth scored map (map with the sixth lowest p-value) for iron alone (FAC) treatments unique based on the enrichment 
distribution sorted by 'Statistically significant Maps' set. Experimental data from all files is linked to and visualized on the maps as 
thermometer-like figures. Up-ward thermometers have red color and indicate up-regulated signals and down-ward (blue) ones indicate 
down-regulated expression levels of the genes. 
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