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Exploring the effect of iron-ligand interac4ons on iron uptake pathways and 
inflammatory response in human cell lines 

 
AGATA TARCZYKOWSKA 

 
Department of Life Sciences, 

Chalmers University of Technology 
 

ABSTRACT 
 
Iron supplementa4on is essen4al for treatment of iron deficiency anemia, the most common nutri4onal disorder 
worldwide (WHO, 2021). While oral iron supplementa4on remains the first-line therapy, its use is not without 
risk, par4cularly for individuals with pre-exis4ng gastrointes4nal condi4ons such as inflammatory bowel disease 
(IBD) or Crohn’s disease, where pro-inflammatory responses to certain iron formula4ons could exacerbate the 
condi4on. Understanding how the iron-ligand interac4ons of oral iron compounds influence their inflammatory 
poten4al is cri4cal for op4mizing treatment safety and efficacy. 
 
Inves4ga4ng six iron chelates and six iron salts demonstrated that all iron chelates significantly induced the MAPK 
signaling pathway, as evidenced by elevated amphiregulin levels (Paper I). The two most chemically stable 
polydentate chelates, ferric EDTA and ferric pyrophosphate, upregulated amphiregulin and IGFr1 at 
physiologically relevant concentra4ons ([Fe]=0.05 mM). This effect was not observed with any of the tested iron 
salts. Ferric pyrophosphate also induced the pro-inflammatory enzyme cyclooxygenase-2 (COX-2) and s4mulated 
produc4on of interleukin-6, indica4ng the most pronounced pro-inflammatory profile among the tested 
compounds.  
 
To further inves4gate these inflammatory responses, we examined COX-2 and lipooxygenase-5 (LOX-5) levels in 
intes4nal cell lines derived from both male and female donors (Paper III). The results demonstrated that solubility 
and the par4cle size, formed in cellular medium (pH 7.4) supplemented with ferric pyrophosphate or ferrous 
fumarate was associated with elevated COX-2 levels in most of the tested cell lines. The fully soluble ferric EDTA 
did not elicit such response. Importantly, these effects occurred independently of ferri4n accumula4on, 
sugges4ng that inflammatory signaling was driven by the formed par4cles, rather than by total cellular iron load.  
 
In a mechanis4c follow-up study (Paper II), ferrous fumarate was found to u4lize both the DMT1 transporter and 
clathrin-mediated endocytosis for cellular uptake, challenging the common view that the intes4nal uptake of 
iron from iron salts is 4ghtly regulated by means of being transported by the DMT1-mediated pathway. Cellular 
uptake of iron from ferrous sulfate and ferric EDTA was confirmed to be independent of clathrin-mediated 
endocytosis. In a gut-liver axis model (Caco-2/HepG2), ferric pyrophosphate treatment (0.2 mM) induced key 
MAPK/ERK pathway ac4vators, including the IFN-γ receptor, EGF, and CDKN1A, which was further validated in 
Caco-2 monocultures exposed to commercially available ferric pyrophosphate (0.4 mM), where IL-6 produc4on 
was observed. This response was not observed in cells treated with a nanopar4culate iron, Iron hydroxide adipate 
tartrate (IHAT). 
 
In conclusion, this thesis demonstrates that the iron-ligand interac4ons are cri4cal determinants of both the 
intes4nal uptake route and downstream inflammatory effects in intes4nal cell models. These insights highlight 
the need to carefully consider the choice of iron ligand, when designing an iron supplements in order to minimize 
adverse effects while ensuring therapeu4c efficacy. 
  
Keywords: dietary iron, non-heme iron, iron salts, iron chelates, iron ligand, solubility, precipita4on, iron uptake, 
inflamma4on, intes4nal epithelial cells, Caco-2, Hutu-80 
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COX-2   Cyclooxygenase 2 
CP   Ceruloplasmin 
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DMEM   Dulbecco's modified Eagle's medium 
DMT1   Divalent metal transporter 1 
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ERK   Extracellular signal-regulated kinases 
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FBS   Fetal bovine serum 
FDA   Food and drug agency 
FPN1   Ferropor9n 
FTH1   Ferri9n heavy chain 
FTL   Ferri9n light chain 
GFAAS   Graphite furnace atomic absorp9on spectroscopy 
HAMP   Hepcidin 
HepG2   Hepatocellular carcinoma 
HEPH   Hephaes9n 
HO-1   Heme oxygenase 
HRG1   Heme responsive gene 1 
Hutu-80  Duodenal adenocarcinoma cells 
IHAT   Iron hydroxide adipate tartrate 
IL-6   Interleukin 6 
IRE   Iron response element 
IRP   Iron regulatory proteins 
JAK   Janus kinases 
STAT   Signal transducer and ac9vator of transcrip9on 
LOX-5   Lipoxygenase 5 
LRP1   Low density lipoprotein receptor-related protein 1 
MAPK   Mitogen-ac9vated protein kinases 
NF-κB   Nuclear factor kappa beta  
NTBI   Non transferrin bound iron 
PEA   Proximity extension assay 
ROS   Reac9ve oxygen species 
SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
STEAP3   Six-transmembrane epithelial an9gen of the prostate 3 
SW1417  Colon adenocarcinoma cell line 
SW48   Colon adenocarcinoma cell line 
TFR1   Transferrin receptor 1 
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UTR   Untranslated region 
ZIP14    Zinc impor9ng protein 
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1. INTRODUCTION 

Iron is an indispensable micronutrient required by nearly all forms of life, and its biological significance 
is rooted in the earliest stages of evolution. Life has originated on Earth approximately 3.5 billion years 
ago in an anoxic environment, where iron was abundant in its soluble form1. Presumably, iron-sulfur 
(Fe-S) minerals provided the catalytic and structural framework, becoming integral components of 
early enzymatic systems. In particular, they served as cofactors for ancient electron transfer proteins 
like ferredoxins, which played central roles in early energy metabolism. As cellular complexity 
increased over evolutionary time, the involvement of iron in biological processes expanded 
significantly2. Living organisms exploit the unique chemical properties of iron, especially its ability to 
reversibly cycle between ferrous (Fe²⁺) and ferric (Fe³⁺) states, for a wide array of functions such as 
oxygen transport, DNA synthesis or the catalytic activity of numerous enzymes. However, the chemical 
reactivity of iron is a double-edged sword. While essential for life, free iron can contribute to ROS 
production damaging proteins, lipids, and nucleic acids3. The importance of balanced iron metabolism 
is underscored by its association with a wide spectrum of clinical conditions. 

Iron deficiency leading to anemia remains a major global health concern, affec9ng approximately 25% 
of the global popula9on4. The regions contribu9ng most significantly to global anemia rates include 
Central and West Africa as well as South Asia. While the prevalence of anemia in developed countries 
is es9mated at around 9%, it rises sharply to 43% in developing regions, with children and women of 
reproduc9ve age being especially vulnerable5, resul9ng in preterm deliveries and  growth retarded 
infants6-8.  
 
The gastrointes9nal tract is exposed to dietary iron due to its absorp9ve role9. There is evidence 
sugges9ng that the source of iron plays a cri9cal role in health outcomes10,11. Dietary iron exists in two 
primary forms: heme iron and non-heme iron. Heme iron, found in animal-based foods such as meat 
and seafood, contains iron in the ferrous (Fe²⁺) state bound within hemoglobin and myoglobin. In 
contrast, non-heme iron, which is present in plant-based foods like nuts, cocoa, beans and cereals, is 
predominantly in the ferric (Fe³⁺) form12. Although heme iron typically makes up only 10–15% of total 
dietary iron intake in popula9ons that consume meat, its superior bioavailability, with absorp9on rates 
ranging from 15% to 35%, means it can contribute over 40% of the iron actually absorbed by the body9. 
High consump9on of red meat in humans has been linked to an increased risk of colorectal cancer, 
although iron itself has not been defini9vely established as the causal factor13-15. In animal models, 
dietary iron for9fica9on has been associated with greater tumor burden, while in cell culture studies, 
different forms of iron have been shown to differen9ally ac9vate growth-promo9ng pathways10,13,16,17.  
 
Oral iron supplementa9on con9nues to be the main approach for trea9ng iron deficiency anemia18, 
owing to its ease of use, affordability, and accessibility. However, its bioavailability is limited and the 
remainder accumulates in the gastrointes9nal tract, omen leading to adverse effects such as mucosal 
irrita9on and dysbiosis19. The biological effects of iron supplements are highly dependent on their 
chemical form which determines their physical proper9es, such as solubility, and which affect cellular 
uptake routes. The differences in chemical form of iron and uptake pathways raise important ques9ons 
about how various iron compounds may influence cellular func9ons and inflammatory responses. 
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2. AIMS 

 
The aim of this thesis was to inves9gate differen9al cellular effects and their mechanisms observed 
with various iron compounds. Specifically, this work focused on inves9ga9ng the hypothesis that 
different iron forms are absorbed through dis9nct mechanisms, and that certain formula9ons may 
bypass normal regulatory pathways, poten9ally interfering with key processes such as inflamma9on 
and apoptosis. Towards the end of this thesis, par9cular emphasis was placed on the extracellular 
environment containing iron, related to iron intake, with the aim of exploring its poten9al link to 
inflammatory responses. 
 
 
The specific aims were to: 
 

A. Inves9gate 12 different iron compounds (6 chelates and 6 salts) and their impact on 96 
inflammatory markers, with the main focus on amphiregulin and its targets, as well as COX-2 
in male Caco-2 and Hutu-80 cell lines (Paper I) 

B. Inves9gate iron uptake routes, focusing on DMT-1 mediated transport and clathrin-mediated 
endocytosis, of 3 iron compounds: ferrous fumarate, ferrous sulfate and ferric EDTA in Hutu-
80 cells (Paper II) 

C. Evaluate whether ferric pyrophosphate induces COX-2 in male-derived (Hutu-80 and Caco-2) 
and female-derived (SW48 and SW1417) intes9nal epithelial cell lines (Paper III) 

D. Assess if the extracellular environment containing ferrous fumarate and ferric pyrophosphate, 
including the forma9on of iron precipitates, contributes to COX-2 induc9on (Paper III) 

E. Study the effects of two types of iron: ferric pyrophosphate (chelated iron) and IHAT 
(nanopar9culate iron) on pro-inflammatory mediators and their impact on intracellular 
signaling associated with inflamma9on in Caco-2 cells and Caco-2/HepG2 co-culture (Paper IV) 
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3. BACKGROUND 

 

3.1 Iron as an essen9al nutrient and its role in the human body 

 
The biological significance of iron stems from its unique ability to exist in mul9ple oxida9on states, 
ranging from -2 to +620. In physiological systems, it mostly occurs in the ferrous (Fe²⁺) and ferric (Fe³⁺) 
states21. This redox ac9vity enables iron to par9cipate effec9vely in electron transfer reac9ons and to 
reversibly bind various ligands. In biological contexts, these ligands typically include oxygen, nitrogen, 
and sulfur atoms22. Iron is involved in numerous physiological func9ons, including oxygen transport, 
where it serves as an integral element of hemoglobin in erythrocytes and myoglobin in muscle 9ssue 
23. In hemoglobin, iron is incorporated into the heme moiety where it binds to oxygen reversibly and 
mediates the transport of oxygen from lungs to the peripheral 9ssues24. As a component of myoglobin, 
an oxygen-binding protein found in the cytoplasm of muscle cells, heme iron aids in the diffusion of 
oxygen from capillaries into the cytosol and mitochondria25. It plays a key role in cellular energy 
metabolism by ac9ng as a cofactor for mitochondrial enzymes (cytochromes) that mediate oxida9ve 
phosphoryla9on and the electron transport chain26. Iron is also essen9al for DNA synthesis27,28, correct 
func9oning of the immune system, par9cularly prolifera9on and ac9vity of lymphocytes and 
macrophages20. Its availability is especially cri9cal during periods of rapid growth and 
neurodevelopment29. Iron must be acquired through dietary intake; insufficient iron supply or 
malabsorp9on can result in iron deficiency anemia and various physiological impairments such as 
perinatal mortality, delayed child mental and physical development, and reduced visual and auditory 
func9on30-32.   

Approximately 60-70% of the total iron content of the body is found in hemoglobin within circula9ng 
red blood cells33. An addi9onal 25% is stored mainly as ferri9n and hemosiderin (a readily mobilizable 
form). The remaining 15% is distributed between myoglobin in muscle 9ssue and a range of iron-
containing enzymes that par9cipate in oxida9ve metabolism and other essen9al cellular func9ons34. 

 

3.2 Iron compounds and their chemistry 

3.2.1 Chemical bonds and iron oxida9on states 

Although iron can theoretically exhibit oxidation states ranging from -2 to +6, the most common and 
relevant for human physiology are +2 and +3, since they are central to iron metabolism in humans35. 
Iron has an atomic number of 26, and its ground-state electron configuration in the neutral form is 
[Ar] 4s² 3d⁶. When iron loses electrons to form cations, the electrons are first removed from the 4s 
orbital and then from the 3d orbitals. In the ferrous state (Fe²⁺), iron loses two electrons, usually both 
from the 4s orbital, resulting in the configuration [Ar] 3d⁶. This configuration is not particularly stable 
because it does not correspond to a half-filled or fully filled d-subshell, and only one of the d-orbitals 
contains a pair of electrons. In the ferric state (Fe³⁺), iron loses one additional electron, this time from 
the 3d orbital, yielding the configuration [Ar] 3d⁵. A 3d⁵ configuration is considered especially stable 
because it corresponds to a half-filled d-subshell, which contains five electrons in total, one electron 
in each of the five d-orbitals with parallel spins. This symmetrical distribution minimizes electron 
repulsion and provides additional stability through exchange energy 36. According to Hund’s rule, half-
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filled orbitals with parallel spins are particularly stable due to maximized exchange interactions37. Fe²⁺, 
with six d-electrons and being less stable, has more potential for electron donation and is generally 
more soluble and reactive under physiological conditions. In aerobic environments, where oxygen is 
abundant and acts as a strong oxidizing agent, Fe³⁺ is favored because its lower electron density and 
stable half-filled d-orbitals make it less prone to further oxidation than Fe²⁺. This stability also 
promotes the formation of stronger coordination complexes with biological ligands, enhancing its role 
in biological systems such as iron metabolism (e.g., in transferrin, ferritin). However, at neutral to basic 
pH, Fe³⁺ tends to form insoluble iron oxides or hydroxides, which limit its bioavailability in the 
intestine38. To facilitate iron transport by the divalent metal transporter DMT1, Fe³⁺ must be reduced 
to Fe²⁺ at the apical membrane of enterocytes by ferrireductases such as Dcytb or by food components 
such as ascorbic acid, since DMT1 transports iron in the ferrous form.  

Iron compounds, used as iron supplements and food for9ficants, have different proper9es such as 
solubility, stability, and bioavailability39 depending on the interac9ons between the iron and its 
ligand/ligands. In simple iron salts, like ferrous sulfate or ferrous gluconate, the ferrous iron forms ionic 
bonds with its ligand. These are formed through electrosta9c a}rac9on between posi9vely charged 
ions, ca9ons,  Fe²⁺ or Fe³⁺ and nega9vely charged counterions, anions, sulfate or gluconate, with no 
electron sharing40. In contrast, chelated iron forms, such as iron bisglycinate41 or ferric EDTA, involve 
coordinate covalent (da9ve) bonds where both electrons in the shared pair originate from a donor 
atom (typically oxygen, nitrogen, or sulfur in the ligand) interac9ng with the orbitals of the Fe2+/Fe3+. 
This bonding forms stable ring-like chelate structure (the forma9on depends on the number of donor 
atoms the ligand has) that shields the iron from precipita9on or oxida9on42. Heme iron is another 
example of a chelate, where Fe²⁺ is centrally coordinated in a porphyrin ring through nitrogen donors43. 
Nanopar9culate forms of iron, such as ferric phosphate or iron oxides, omen u9lize surface coa9ngs 
stabilized through hydrogen bonds or van der Waals interac9ons to improve solubility and delivery.  
 

3.2.2 Iron salts 

 
Iron salts, such as ferrous sulfate (FeSO₄), ferrous fumarate (C₄H₂FeO₄) or ferric chloride (FeCl₃), are 
composed of posi9vely charged metal ions and nega9vely charged counterions in its solid state. They 
interact by electrosta9c forces, forming ionic bonds44. The ionic interac9ons are responsible for high 
mel9ng points of iron salts, solubility in water (ferrous fumarate is an excep9on, because of its strong 
la�ce structure and low hydra9on energy that make it energe9cally unfavorable for the solid to 
dissociate into ions45), allowing Fe ions to become available for transport across membranes in living 
organisms36. In aqueous solu9on, these salts dissociate to release aquated complexes like [Fe(H₂O)₆]²⁺ 
and [Fe(H₂O)₆]³⁺. As pH rises, Fe²⁺ and Fe³⁺ precipitate as hydroxides (Fe(OH)₂ and Fe(OH)₃), with ferric 
hydroxide being especially insoluble at neutral pH46. Clinically, ferrous salts such as ferrous sulfate and 
ferrous fumarate have long been the standard choice for trea9ng iron deficiency (WHO,2021)47, largely 
because their bioavailability was believed to be significantly higher than that of ferric iron 48,49. This 
view has dominated nutri9onal and clinical guidelines for decades, based on the understanding that 
Fe²⁺ is the primary absorbable form of iron through the divalent metal transporter 1 (DMT1) in the 
intes9nal epithelium. However, emerging research challenges this tradi9onal model, showing that iron 
uptake is not strictly limited to Fe²⁺ and may not rely solely on DMT1-mediated transport. Recent 
findings suggest that iron in nanopar9culate or oxide forms can be absorbed through endocy9c 
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pathways50,51, bypassing conven9onal solubiliza9on and reduc9on steps. These insights mark the 
beginning of a paradigm shim in our understanding of iron bioavailability and mean that the role of 
Fe²⁺, while s9ll important, may not be as exclusive as previously thought. As this area of research 
con9nues to grow, it is becoming increasingly clear that iron absorp9on is more flexible and dynamic 
than the classical model implies. 
 

3.2.3 Iron chelates 

Iron chelates are coordination complexes in which iron, commonly in the Fe²⁺ (ferrous) or Fe³⁺ (ferric) 
oxidation state, is bound by ligands through coordinate covalent bonds52. A chelate is normally defined 
as a metal complex having the ligand binding to two or more points on a central metal ion. These 
ligands can be mono- or polydentate, depending on the number of donor atoms used to bind the 
metal. In contrast, polydentate ligands (also called chelating agents), such as 
ethylenediaminetetraacetic acid (EDTA), citrate, pyrophosphate or peptides, possess multiple donor 
atoms that simultaneously coordinate to the iron ion, forming more stable ring-like structures known 
as chelates. The stability of a coordination complex generally increases with the denticity of the ligand 
due to the chelate effect, a thermodynamic phenomenon where polydentate ligands form more stable 
complexes than equivalent monodentate ligands. The entropy of the system increases when a 
polydentate ligand binds to a metal ion, displacing multiple monodentate ligand and resulting in 
higher formation constants, making them less likely to dissociate in solution52,53. Most commonly used 
supplements, in a form of iron chelates, rely on polydentate coordination to ensure solubility and 
minimize free iron54-56. Similarly, biological chelators, like porphyrins in heme or the peptides used in 
food fortification, bind iron through multiple nitrogen or oxygen atoms, forming highly stable 
complexes. 

3.2.4 Nanopar9culate iron 

 
Iron nanopar9cles are gaining a}en9on in the field of iron nutri9on, as researchers work to op9mize 
their unique proper9es that enhance bioavailability while reducing the gastrointes9nal side effects 
commonly associated with conven9onal iron supplements57. The nanopar9cles retain iron in either 
ferric (Fe³⁺) or ferrous (Fe²⁺) oxida9on states, omen in the form of oxides (e.g., Fe₂O₃, Fe₃O₄), 
phosphates, or pyrophosphates. Their nanoscale dimensions (1–100 nm) significantly increase surface 
area-to-volume ra9o, improving solubility in gastric acid and facilita9ng more efficient absorp9on 
across the intes9nal epithelium58. Iron nanopar9cles are omen composed of stabilizing or destabilizing 
agents or surface coa9ngs, such as polysaccharides59, pep9des60, or citrate61, to prevent 
agglomera9on, control reac9vity, and enhance biocompa9bility57. In one study, solid lipid 
nanopar9cles were developed, around 25 nm in size, loaded with ferrous sulphate, which showed 
extended-release proper9es and significantly improved iron bioavailability in rabbits, reaching much 
higher peak plasma concentra9ons than conven9onal iron sulphate tablets62. Nano-sized ferric 
phosphate63 exhibited comparable solubility and rela9ve bioavailability profile to ‘’gold standard’’ iron 
salt, ferrous sulfate. Another type of iron nanopar9cles, including tartrate-modified iron oxo-
hydroxide64  (IHAT), exhibits good absorp9on (around 80% of ferrous sulfate's efficacy) and the EFSA 
approved safety profile. 
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3.2.5 Other forms of iron supplements and for9ficants 

 
Carbonyl iron is a unique form of elemental (zero-valent) iron (Fe⁰), dis9nct from iron salts, chelates, 
or nanopar9cles65,66. Chemically, it is produced by thermal decomposi9on of iron pentacarbonyl 
[Fe(CO)₅], yielding highly pure, fine iron par9cles with a spherical morphology and large surface area67. 
Unlike ionic iron in salts, or complexed iron in chelates, carbonyl iron remains uncharged and insoluble 
in water, dissolving slowly in gastric acid through surface oxida9on and protona9on. Its gradual 
solubiliza9on minimizes free radical forma9on and gastrointes9nal irrita9on, contribu9ng to its safe 
profile 68 in oral supplementa9on69. 
 

3.2.6 Dietary inhibitors and enhancers of iron absorp9on 

Dietary composition can significantly influence the absorption of iron, whether from food sources or 
oral supplements9. Various dietary components act as either inhibitors or enhancers of iron uptake 
into enterocytes. In plant-derived foods, phytate (myo-inositol hexakisphosphate) is the principal 
inhibitor of non-heme iron absorption. It contains six phosphate groups attached to a myo-inositol 
ring, each capable of donating electron pairs to positively charged metal ions such as iron, zinc, and 
calcium. Through these interactions, phytate forms coordinate covalent bonds with metals, often 
acting as a multidentate ligand. This results in the formation of stable, sometimes insoluble, metal-
phytate complexes70. The presence of phytate has a dose-dependent effect, significantly reducing the 
absorption at concentrations as low as 7-35 mg oh phytic acid per meal71. The phytate-to-iron molar 
ratio is a key determinant of absorption efficiency; in cereal- or legume-based meals lacking 
absorption enhancers, a ratio below 0.4:1 is required to support effective iron uptake72. There are 
many ways to reduce the amount of phytates in the food, such as fermentation73, soaking or 
germination as well as addition of synthetic phytase, showing improved bioavailability profile74,75. 
Polyphenols are naturally occurring compounds found in a wide range of plant-based foods, including 
cereals, legumes, tea, coffee, and wine. Their inhibitory effect on non-heme iron absorption has been 
well documented, particularly in studies involving black and herbal teas76,77. In cereals and legumes, 
polyphenols contribute to the overall inhibitory effect on iron absorption, alongside phytate. Calcium 
has been shown to inhibit the absorption of both heme and non-heme iron78. While this inhibitory 
effect is consistently observed in short-term and single-meal studies, evidence from multiple-meal 
studies involving diverse diets suggests that calcium's impact on iron absorption may be attenuated 
under typical dietary conditions79. While animal tissue increases non-heme iron absorption, several 
isolated animal protein from milk and egg have been shown to inhibit this process. Human studies 
have demonstrated that the two major protein fractions of bovine milk, casein and whey, as well as 
egg white, reduce non-heme iron absorption80,81. Similarly, proteins derived from soybeans have also 
been reported to exert an inhibitory effect on non-heme iron absorption.75 

Dietary ascorbic acid is recognized as the most effective enhancer of non-heme iron absorption82, 
particularly important in vegetarian and vegan diets. Its efficacy is partly attributed to its reducing 
capacity, converting ferric (Fe³⁺) to ferrous (Fe²⁺) form, and its ability to form soluble chelates with 
iron82,83. Human radioisotope studies using single meals have demonstrated a clear, dose-dependent 
enhancement of iron absorption with both native and added ascorbic acid82. Ascorbic acid has been 
shown to counteract the inhibitory effects of several dietary components, including phytate71, 
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polyphenols84, calcium, and proteins found in milk products85. Recent findings by Teucher et al. and 
Pizarro et al. have demonstrated that ascorbyl palmitate, a lipid-soluble ester of ascorbic acid, retains 
its absorption-enhancing properties even after thermal processing, such as baking into iron-fortified 
bread86,87. Several amino acids have been shown to improve iron absorption by forming stable, soluble 
complexes with iron, thereby enhancing its bioavailability88-90. Studies have demonstrated that the co-
ingestion of methionine and threonine with low doses of iron can lead to significantly higher 
hemoglobin levels compared to iron supplementation alone, even within a short period of four 
weeks89. Enhancing effect on iron absorption was also observed with histidine, cysteine, and lysine 
speculatively because of the ability to form tridentate chelates with iron, which stabilize iron in 
solution and may facilitate its transport90. Other amino acids such as glutamine, aspartic acid, and 
methionine have also been identified as capable of forming chelatable complexes with iron91. Iron-
glycine chelate has shown positive effects on iron absorption across various species, including 
humans92. 

3.3 The effect of pH on iron bioavailability 

 
The solubility of iron is strongly influenced by the interplay between pH and redox potential of a 
system (Eh), which together determine both the maximum activity of iron in solution and the relative 
distribution of ferrous and ferric species. Across most of the pH-Eh spectrum, ferric iron remains only 
sparingly soluble (forming ferric hydroxo complexes which rapidly precipitate), whereas ferrous iron 
predominates under more reducing and acidic conditions, highlighting the critical dependence of iron 
solubility on redox state93. Ferrous sulfate, dissolved at very low pH (pH 1), has shown strong positive 
correlation between solubility and relative bioavailability in rat models, although the pH was lower 
than the physiological range of gastric acidity and may primarily reflect chemical reactivity rather than 
physiological digestion94. Reductions in gastric acidity, such as those induced by cimetidine (600 mg 
and 900 mg), have been shown to significantly impair non-heme iron absorption (42% and 65%) in 
humans95. The stomach plays a central role in this process by acidifying food, initiating digestion, and 
regulating the rate at which nutrients are delivered to the small intestine. Gastric pH rises slightly after 
food ingestion, but then gradually declines (within approximately two hours) to baseline levels of 
around pH 2, providing the acidic environment necessary for optimal iron solubilization.  Iron 
compounds are broadly classified by solubility characteristics: water-soluble (e.g., ferrous sulfate, 
ferric EDTA), poorly water-soluble but acid-soluble (e.g., ferrous fumarate), poorly soluble in both 
water and acid (e.g., ferric pyrophosphate)96-98. 
 

3.4 The gastrointes9nal tract and iron absorp9on pathways 

The GI tract consists of the oral cavity, pharynx, esophagus, stomach, small intestine (duodenum, 
jejunum, ileum), large intestine, rectum, and anus. The oral cavity is the initial site of digestion, where 
ingested food is mixed with saliva. After swallowing, the food bolus passes through the esophagus and 
enters the stomach, where it encounters hydrochloric acid and gastric enzymes, continuing the 
digestive process99. The gastric environment is highly acidic, with a fasting pH around 2100. Upon 
entering the duodenum, the acidic chyme is neutralized by bicarbonate (HCO₃⁻) secreted by duodenal 
epithelial cells and the pancreas101. The stomach empties its contents into the duodenum, the primary 
site for the absorption of iron and other nutrients102. Approximately one hour after food intake, the 
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pH in the upper duodenum rises to around 4 and gradually increases along its length, reaching about 
8 in the mid-duodenum due to the influence of bile and pancreatic secretions100. Nutrient digestion 
and absorption continue in the jejunum and ileum, which lead into the large intestine. The upper colon 
is primarily responsible for the absorption of water, sodium, and potassium, while nutrient absorption 
is largely complete by this stage103. The lower colon serves as a site for fecal storage and transports 
waste toward the rectum and anus for elimination104. 

 
Figure 1. The human gastrointes9nal tract (created with Biorender.com). 

The GI tract is organized into four main layers: the mucosa, submucosa, muscularis externa, and either 
serosa or adventitia105. The mucosa features a highly folded surface that increases its absorptive 
capacity. These folds (known as plicae circulares) can extend up to 8 mm into the lumen. Covering 
these folds are finger-like projections called villi, which are approximately 1 mm in length and 
composed of a single layer of epithelial cells. Each epithelial cell bears a brush border made up of 
densely packed microvilli, further amplifying the surface area for nutrient absorption. Villi contain 
several specialized cell types, including enterocytes (modelled by e.g. differentiated Caco-2 cells), 
goblet cells that secrete mucus (modelled by e.g. HT29 cells), and L cells, which produce hormones 
(modeled by e.g. Hutu-80 cells). The epithelium is supported by the lamina propria, connective tissue, 
that also contains capillaries, lymphatic vessels, and immune cells. Most intestinal epithelial cells 
originate in the crypts of Lieberkühn, migrate upward along the villus, and are eventually shed at the 
tip. In the duodenum, the epithelial cell turnover cycle is rapid, taking approximately 3 to 5 days, an 
essential feature for regulating nutrient absorption and barrier integrity. Beneath the mucosa, the 
submucosa contains connective tissue, blood and lymphatic vessels, and the submucosal plexus, 
which contributes to local control of secretion and blood flow. The muscularis externa consists of 
smooth muscle layers responsible for peristalsis, regulated by the myenteric plexus. The outermost 
layer is either the serosa, which reduces friction around intraperitoneal organs via secretion of serous 
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fluid, or the adventitia, which provides structural anchoring for retroperitoneal sections of the GI 
tract106.  

The structural specialization of the intestinal mucosa, improves absorptive capacity but also ensures 
efficient regulation of nutrient uptake. Specific membrane transporters are localized to the apical 
surface of enterocytes to mediate selective uptake. One of them is the divalent metal transporter 1 
(DMT1), important for dietary iron acquisition. 

3.4.1 DMT1 mediated iron uptake 

The divalent Metal Transporter 1 (DMT1/NRAMP2/DCT1/SLC11A2) is a protein with 12 membrane-
spanning domains, with N-glycosylation sites located on both its N-terminal and C-terminal tails, 
responsible for mediating active proton-coupled (H+) transport of e.g. ferrous iron (Fe²⁺) across the 
apical membrane of enterocytes in the human intestine. It was first identified through homology with 
Nramp proteins, and later confirmed as the apical iron transporter essential for non-heme iron 
absorption via studies in the Belgrade rat and mk mouse models 107,108. DMT1 is widely expressed 
across various tissues, although typically at low levels, with particularly high expression in the 
duodenum where iron absorption occurs109. Additionally, iron deficiency enhances the expression and 
apical localization of DMT1 in enterocytes, thereby increasing iron uptake from the intestinal 
lumen110,111. It also facilitates uptake of other divalent metal ions such as Zn²⁺, Mn²⁺, Co²⁺, Cd²⁺, 
Ni²⁺111,112. Divalent metal transporter 1 (DMT1) is expressed in four isoforms, generated through the 
use of two alternative promoters (5’) and alternative splicing at the 3ʹ end (IRE)113,114. The presence or 
absence of a 3ʹ iron-responsive element (IRE) in the mRNA's untranslated region regulates isoform 
stability and translation in response to intracellular iron levels, allowing precise control of DMT1 
expression under varying physiological conditions115. Promoter 1A primarily drives expression of the 
1A isoforms, which are most abundant in the intestinal epithelium, particularly in the duodenum, 
where the 1A/+IRE isoform is localized to the apical membrane of enterocytes to facilitate dietary iron 
uptake111,115. Promoter 1B gives rise to the 1B isoforms, which are expressed more broadly across 
tissues such as the liver, kidney, and brain115,116. Among these, the 1B isoform is primarily found in 
endosomal membranes, where it plays a key role in iron transport from transferrin-containing 
endosomes 117 . Since most dietary iron is present in the ferric (Fe³⁺) form, it must first be reduced to 
the ferrous (Fe²⁺), by an apical ferrireductase duodenal cytochrome B (Dcytb/CYBRD1)118 before it can 
be transported into enterocytes via DMT1. Ferric reductase activity is essential for non-heme iron 
uptake by this transporter, as demonstrated in Caco-2 cell studies119. Dcytb is a heme-containing 
transmembrane protein that facilitates the reduction of Fe3+ to Fe2+ by transferring electrons from 
intracellular ascorbate, at the brush border membranes120,121. Since DMT1 co-transports ferrous ions 
(Fe²⁺) along with protons (H⁺), its activity is pH-dependent, with increased transport efficiency at lower 
(more acidic) pH levels122.  

3.4.2 Endocytosis-mediated iron uptake 

While DMT1-mediated transport of Fe²⁺ is the established  pathway for intestinal iron absorption for 
non-heme iron, recent studies have showed that endocytic mechanisms also contribute to iron 
uptake, particularly for nanoparticulate Fe(III) compounds50,51. Clathrin-mediated endocytosis (CME) 
is the most thoroughly characterized endocytic pathway and is ubiquitous across mammalian cells123. 
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It serves as the primary route for the internalization of essential nutrients, i.e. transferrin123,124 via 
clathrin-coated vesicles. Clathrin-mediated endocytosis can be divided into distinct stages: initiation 
of clathrin-coated pits (CCPs), cargo selection, pit growth and maturation, membrane scission, and the 
release of clathrin-coated vesicles (CCVs)125. Clathrin-mediated endocytosis is tightly regulated at 
multiple levels and includes selective recruitment of adaptor proteins, the local lipid environment, 
critical for initiating and stabilizing adaptor and clathrin binding at the plasma membrane as well as 
post-translational modifications such as phosphorylation and ubiquitination of endocytic proteins126. 
In differentiated Caco-2 cells, luminally hydrolyzed Fe(III) poly oxo-hydroxide nanoparticles are taken 
up via clathrin- and caveolin-mediated endocytosis, followed by lysosomal dissolution and lysosomal 
DMT1-mediated transport into the cytosol50. Supporting this, Caco-2 cells supplemented with ferric 
phosphate nanoparticles (NP-FePO₄; size 50–400 nm) and treated with endocytosis blockers such as 
chlorpromazine and sucrose (clathrin-mediated endocytosis) as well as dimethyl amiloride 
(macropinocytosis), showed a significant decrease in ferritin build-up, indicating a vesicular transport 
route51. Lönnerdal’s group demonstrated that Caco-2 cells can absorb ferritin labeled with ⁵⁹Fe, 
suggesting that enterocytes are capable of internalizing ferritin via a receptor-mediated 
mechanism127, and they reported similar findings for soybean ferritin, showing uptake in both Caco-2 
cells and humans using radiolabeled ferritin128. However, these conclusions were challenged by 
Hurrell’s group, who studied ferritin digestion and found that iron is efficiently released from the 
ferritin molecule during cooking and under gastric pH129, meaning it should be absorbed as efficiently 
as other non-heme iron present in food. Some findings suggest that at elevated ferritin 
concentrations, macropinocytosis may function as a secondary pathway for uptake127. 

 
 
Figure 2. Overview of the established non-heme iron absorp9on pathways in human epithelial 
absorp9ve cells (created with Biorender.com). 
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3.4.3 Heme iron uptake 

 
Heme is a coordina9on complex composed of an iron ion bound to a porphyrin ring. When iron is in 
the ferrous (Fe²⁺) state, the heme complex is electrically neutral. In the ferric (Fe³⁺) state, it becomes 
hemin, and carries a posi9ve charge. Heme is hydrophobic and exists in various natural forms, the most 
common being heme b, found in hemoproteins such as hemoglobin, myoglobin or cytochromes (e.g., 
b and P450)130. Heme iron enters enterocytes through at least two proposed pathways. The first 
pathway involves direct transport by heme carriers, such as PCFT/HCP1, which imports intact heme 
into the cytoplasm131,132. A second proposed absorp9on pathway involves receptor-mediated 
endocytosis, where heme binds to a yet uniden9fied apical membrane receptor, is internalized via 
endocy9c vesicles, and subsequently degraded by heme oxygenase (HO-1 or HO-2) to liberate iron133-

135. Evidence from in vivo studies in rats and dogs demonstrates that heme or hemoglobin administered 
into closed duodenal loops is internalized by enterocytes via an endocyto9c pathway. Electron 
microscopy, following heme staining, revealed its localiza9on, first on the microvillus membrane, then 
in apical tubulovesicular structures, and subsequently in secondary lysosomes. The absence of heme 
in the basal cytoplasm or extracellular space, along with its disappearance from lysosomes within 2-3 
hours, supports uptake at the apical membrane by endocytosis. While DMT1 does not transport heme 
directly, it may contribute by expor9ng iron from lysosomes into the cytosol following heme 
degrada9on136. The DMT1 involvement s9ll remains a hypothesis, but if validated, the DMT1 isoform 
involved would likely be the 1B/+IRE variant, which is known to localize to endosomal membranes, 
rather than the 1A isoform that is specifically expressed on the apical surface of enterocytes117. A third 
poten9al mechanism includes basolateral export of heme by Feline Leukemia Virus subgroup C 
Receptor (FLVCR), although its role in apical uptake remains unclear137. 
 

3.4.4 Other mechanism for iron uptake 

 
The integrin-mobilferrin-paraferri9n pathway has been proposed as a mechanism for ferric iron uptake 
in intes9nal epithelial cell, by Umbreit and Conrad138,139. In this model, ferric iron binds to mucin on 
the luminal surface, which chelates the otherwise insoluble iron, making it bioavailable. This iron-
mucin complex interacts with a surface integrin, facilita9ng iron entry into the enterocyte. Once inside, 
ferric iron is reduced by a cytoplasmic ferrireductase, referred to as paraferri9n138. While this pathway 
offers an alterna9ve to the well-established DMT1-mediated ferrous iron uptake, it remains 
controversial. There is limited func9onal evidence suppor9ng its physiological relevance and the 
findings by Han et al. contradict this model119. 
 

3.5 Iron storage 

 
Once iron enters enterocytes, it can follow one of two main intracellular pathways: it may be 
temporarily stored as ferric iron (Fe³⁺) within ferri9n, or it may be exported across the basolateral 
membrane into the bloodstream. Ferri9n is a highly conserved iron-storage protein that plays a central 
role in maintaining cellular iron homeostasis140. It forms a hollow, spherical nanocage composed of 24 
subunits of two types: the heavy (FTH1) and light (FTL) chains141. Each subunit type serves dis9nct but 
complementary func9ons. The H-chain possesses ferroxidase ac9vity, which catalyzes the oxida9on of 
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Fe²⁺ to Fe³⁺, facilita9ng its incorpora9on into the ferri9n core142. The L-chain, while lacking enzyma9c 
ac9vity, promotes iron nuclea9on and stabilizes the mineral core, enhancing long-term iron storage143. 
Together, these subunits allow ferri9n to safely sequester up to 4,500 iron atoms, typically as a ferric 
phosphate complex144. In vitro studies, conducted by Glahn and colleagues145, have shown that cellular 
iron uptake is directly propor9onal to intracellular ferri9n levels, indica9ng that ferri9n not only 
reflects iron status but also serves as a predic9ve marker of iron bioavailability and transport efficiency 
in cellular systems. 
 

3.6 Cellular regula9on of  iron metabolism 

 
Many proteins involved in iron metabolism are post-transcrip9onally regulated by iron-responsive 
elements (IREs), conserved RNA stem-loop structures located in the untranslated regions (UTRs) of 
specific mRNAs146. These IREs are recognized and bound by iron regulatory proteins (IRPs), primarily 
IRP1 and IRP2, which regulate the transla9on of their target mRNAs in response to intracellular iron 
levels. For example, ferri9n and ferropor9n mRNAs contain IREs in their 5ʹ UTRs, where IRP binding 
inhibits transla9on under iron-deficient condi9ons, thus limi9ng iron storage and export. In contrast, 
divalent metal transporter 1 (DMT1) and transferrin receptor 1 (TfR1) mRNAs have IREs in their 3ʹ 
UTRs. Here, IRP binding stabilizes the mRNA, preven9ng degrada9on and thereby promo9ng increased 
iron uptake. TfR1 mRNA contains mul9ple IRE mo9fs in tandem, enhancing its sensi9vity to IRP-
mediated stabiliza9on. This IRE/IRP regulatory system allows for 9ght coordina9on of iron absorp9on, 
transport, storage, and u9liza9on according to cellular iron availability146,147. 
 

3.7 Iron export from intes9nal cells and systemic regula9on 

 
Ferropor9n (FPN1/IREG1/SLC40A1) is the only known iron exporter in mammals and is responsible for 
transpor9ng ferrous iron (Fe²⁺) out of the enterocyte148.For efficient loading onto apotransferrin, the 
Fe²⁺ exported by ferropor9n must first be oxidized to ferric iron (Fe³⁺). This oxida9on is catalyzed by 
the membrane-bound ferroxidase hephaes9n (HEPH) which is homologous to ceruloplasmin (CP) and 
is primarily expressed in enterocytes149. Once oxidized, Fe³⁺ binds to apotransferrin in the plasma, 
forming holo-transferrin, which then circulates to deliver iron to 9ssues. Ferropor9n is 9ghtly regulated 
by the hormone hepcidin, which binds to ferropor9n and triggers its internaliza9on and degrada9on, 
leading to iron efflux reduc9on when body stores are sufficient or during inflamma9on150. 
 
There are at least two primary regulatory mechanisms that help prevent iron overload following iron 
intake. One is the rapid, short-term response at the level of the intes9nal epithelium, commonly 
referred to as the “mucosal block” phenomenon. This occurs within hours amer an ini9al iron dose and 
reduces the absorp9on of iron from subsequent doses. Studies using Caco-2 cells151 and mice152 , 
suggest that this response may involve the internaliza9on and downregula9on of the divalent metal 
transporter 1 (DMT1), limi9ng apical iron uptake into enterocytes. This post-transcrip9onal modula9on 
of DMT1 helps reduce iron influx when luminal iron levels are high. The second, longer-term regulatory 
mechanism is systemic, mediated by the iron-regulatory hormone hepcidin, whose mRNA is 
predominantly expressed in the liver, with lower expression observed in the muscle, intes9ne, 
stomach,  heart and lungs153,154. Hepcidin (HAMP, HEPC, HFE2B, LEAP1) is a pep9de hormone 
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composed of 25 amino acids, and its expression is upregulated in response to elevated systemic iron 
levels or inflamma9on. It acts by binding to the basolateral iron exporter ferropor9n, leading to its 
internaliza9on and degrada9on, which effec9vely blocks iron efflux from enterocytes into the 
bloodstream155. Through this pathway, hepcidin not only limits dietary iron absorp9on but also iron 
release from macrophages and hepatocytes, maintaining systemic iron homeostasis. In iron-replete 
states or during chronic inflamma9on, elevated hepcidin levels can significantly reduce plasma iron 
availability, contribu9ng to iron-restricted erythropoiesis or anemia of inflamma9on156. These two 
layers of control, an enterocyte-intrinsic response and a systemic feedback loop, both can be mediated 
by hepcidin, and 9ghtly regulate iron absorp9on and prevent both deficiency and overload. 
 

3.8 Iron uptake in hepatocytes and macrophages: key regulators of systemic iron homeostasis 

 
Hepatocytes 
Iron uptake into hepatocytes occurs through several mechanisms that accommodate the different 
forms in which iron circulates in the body. The primary pathway involves transferrin receptor 1 (TFR1)-
mediated endocytosis of diferric transferrin, which binds to TFR1 with high affinity, is internalized into 
endosomes, and releases ferric iron upon acidifica9on. This ferric iron is reduced to its ferrous form by 
STEAP3 and then transported into the cytosol via divalent metal transporter 1 (DMT1)157. Hepatocytes 
also express transferrin receptor 2 (TFR2), which binds diferric transferrin with lower affinity than TFR1 
but facilitates iron uptake under physiological transferrin satura9on, and also plays a regulatory role 
affec9ng hepcidin expression158. In states of iron overload, non-transferrin-bound iron (NTBI) becomes 
a significant source of hepa9c iron159. NTBI, omen complexed with low molecular weight ligands like 
citrate, is imported into hepatocytes primarily via DMT1 and ZIP14, with the uptake being saturable160. 
Addi9onal iron sources include ferri9n, heme-hemeopexin, and hemoglobin-haptoglobin complexes, 
which are taken up through receptor-mediated endocytosis followed by lysosomal degrada9on161,162.  
 
Macrophages 
In specialized macrophages such as red pulp macrophages in the spleen and Kupffer cells in the liver, 
the primary route of iron acquisi9on is through erythrophagocytosis163,164. These cells engulf senescent 
red blood cells into phagolysosomes, where hemoglobin is degraded and heme is transported across 
the phagosomal membrane into the cytoplasm by the heme transporter HRG1. There, heme is 
degraded by heme oxygenase-1 (HO-1) into biliverdin, carbon monoxide, and iron. HO-1 is essen9al 
for iron recycling and macrophage viability, with deficiencies causing systemic iron dysregula9on and 
organ damage165,166. Addi9onal iron uptake occurs via transferrin receptor 1 (TfR1), par9cularly in 
9ssue-resident macrophages, where transferrin-bound iron is reduced by STEAP3 and imported via 
DMT1167. Under condi9ons such as hemolysis, macrophages also internalize hemoglobin-haptoglobin 
and heme-hemopexin complexes through CD163 and LRP1 receptors, respec9vely, providing a 
protec9ve mechanism against the toxicity of free heme168. In iron overload states, macrophages 
ac9vely sequester excess iron through phagocytosis of senescent erythrocytes and uptake of non-
transferrin-bound iron, storing it safely in ferri9n to prevent oxida9ve damage164. Within the intes9nal 
environment, macrophages infiltrate the lamina propria and localize near the epithelial layer, where 
they closely interact with enterocytes169. These interac9ons allow macrophages to affect the epithelial 
responses to luminal iron170 and inflamma9on through cytokine signaling171,172.  
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3.9 Cell culture models commonly used in iron transport studies in humans  

 
The Caco-2 cell line, derived from human colorectal adenocarcinoma, is the most common in vitro 
model to study intes9nal iron absorp9on145,173,174. When cultured for 14 days (200 000 cells/well in 12 
well-plates) on permeable supports (e.g., Transwell inserts), Caco-2 cells spontaneously differen9ate 
into polarized epithelial monolayers, mimicking small intes9nal enterocytes. They develop 9ght 
junc9ons, apical microvilli, and express a set of intes9nal enzymes and transporters, such as DMT1 
(divalent metal transporter 1), ferrireductases (e.g., DcytB), and ferropor9n (FPN), which are involved 
in non-heme iron uptake and transcellular transport175,176. Caco-2 monolayers exhibit high 
transepithelial electrical resistance (TEER > 250 Ω·cm²), confirming their func9on as a selec9ve 
barrier177. Uptake studies using radioac9ve ⁵⁹Fe have shown preferen9al absorp9on of Fe²⁺ over Fe³⁺, 
consistent with in vivo findings145. Moreover, Caco-2 cells respond to cellular iron status, if the iron 
levels are low in the culture media, the cells will become iron deficient which leads to upregula9on of 
DMT1 and FPN expression. On the other hand, iron loading suppresses the DMT1 and FPN expression, 
reflec9ng post-transcrip9onal regula9on via iron-regulatory proteins (IRPs) binding to iron-responsive 
elements (IREs) on mRNAs146. 
 
To incorporate systemic regula9on, especially hepcidin-mediated control, coculture system combining 
Caco-2 with HepG2 (hepatocytes) cells has been developed178. In such a model, the two cell types are 
cultured in bicompartmental setups, allowing signaling between the cell epithelia. HepG2 cells 
synthesize and secrete hepcidin, the liver-derived pep9de hormone that regulates systemic iron 
homeostasis. In coculture, iron exposure (≥120 μM Fe) increases hepcidin levels in the medium, which 
downregulates ferropor9n and, at concentra9ons of 10 ng/mL hepcidin, reduces DMT1 expression in 
Caco-2 cells. This model be}er reflects the hepcidin–ferropor9n axis ac9vity, making it valuable for 
inves9ga9ng regulatory responses to iron status and nutri9onal or pharmacological interven9ons178. 
Hutu-80 cells are another cell line used for iron transport studies due to their duodenal origin179, 
aligning with the primary site of dietary iron absorp9on in the human body. Hutu-80 cells offer higher 
transfec9on efficiency compared to Caco-2 cells, making them par9cularly suitable for gene silencing 
and mechanis9c studies involving transporters such as DMT1180. HT29 cells are a human colorectal 
adenocarcinoma cell line commonly used as an in vitro model of the intes9nal epithelium, most omen 
used as a coculture with Caco-2 cells181,182. They are par9cularly valuable for studying intes9nal barrier 
func9on and host–microbe interac9ons due to their ability to differen9ate into mucus-producing 
goblet-like cells under specific culture condi9ons183.   
  
Another cell culture model, to be poten9ally used for iron uptake studies, are intes9nal organoids, 
derived from adult intes9nal stem cells or induced pluripotent stem cells (iPSCs). These are 3D cultures 
that grow on scaffolds and self-organize into mini-gut structures with crypt-villus architecture and 
mul9ple cell types (e.g., enterocytes, goblet cells, Paneth cells)184. In some cases, compared to 
tradi9onal 2D cultures, 3D cell culture models may offer superior physiological relevance by preserving 
9ssue-specific architecture and ability of cell-to-cell and matrix interac9ons. This complexity makes 
them more predic9ve of in vivo responses; for example, colon cancer HCT-116 cells grown in 3D exhibit 
increased resistance to chemotherapeu9c agents such as melphalan, fluorouracil, oxalipla9n, and 
irinotecan, mirroring drug resistance pa}erns commonly observed in vivo185. 
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There have been especially many a}empts to develop intes9nal organoid models that mimic the 
intes9nal environment in irritable bowel syndrome (IBS)186. Studies have begun to explore iron uptake 
and regula9on in organoids187, but challenges remain, such as access to the apical surface, contained 
within the interior of the organoid188. Some exis9ng models show that compared to Caco-2 cells, 
differen9ated intes9nal organoids may more accurately mimic the structural and molecular features 
of intes9nal inflamma9on, including protein expression pa}erns and barrier disrup9on observed in 
IBS pa9ents189,190. Emerging alterna9ve models for studying iron uptake include the use of microfluidic 
gut-on-a-chip systems. These pla�orms u9lize microchannels lined with i.e. human jejunal enteroids 
and human umbilical vein endothelial cells (HUVECs), operated under dynamic flow and mechanical 
strain to mimic physiological condi9ons such as peristalsis and fluid shear stress 191. Some versions 
incorporate endothelial and immune cells or co-cultures with liver cell lines to simulate gut-liver axis 
interac9ons. They are promising pla�orms for studying iron flux, regula9on by hepcidin, and iron-drug 
interac9ons192. 
 

3.10 Iron homeostasis  

Recent advances in molecular biology have significantly enhanced the understanding of the complex 
mechanisms governing iron transport and homeostasis, as well as the pathological consequences 
arising from their disruption. Iron levels require strict regulation to support essential physiological 
functions such as oxygen transport, cellular metabolism, and redox homeostasis, while preventing 
overload-associated toxicity mediated by the generation of reactive oxygen species (ROS)20,21. Even 
though it is widely believed that the body lacks major pathways for active iron excretion, there are 
some studies in both humans and mouse models suggesting otherwise193,194. The most important 
homeostatic mechanism is the intestinal iron absorption: when systemic iron levels are sufficient, 
dietary iron is not absorbed and is instead eliminated through the gastrointestinal tract9,152,195. While 
iron loss can occur through processes such as epithelial cell shedding, menstrual bleeding, or 
therapeutic phlebotomy in cases of iron overload196, there is evidence indicating that excess iron can 
also be actively secreted into bile and excreted via feces197,198.  

Disruptions in iron homeostasis, whether due to deficiency or overload, are associated with 
pathological outcomes such as reduced physical performance or impaired cognitive function199 in iron 
deficiency; or the development of cirrhosis, cardiomyopathy, and diabetes mellitus200 (because of 
toxic accumulation of iron in organs such as the liver, heart, and pancreas), in case of iron overload. 
Reductions in iron stores through phlebotomy or iron chelation have been shown to improve clinical 
outcomes in individuals with diabetes, suggesting potential therapeutic strategies for disease 
management201,202. Iron chelation has also been proposed as a potential therapeutic approach in 
cancer treatment203. Neoplastic cells have an elevated demand for iron due to their high proliferation 
rates therefore they often upregulate transferrin receptor 1 (TFR1), enabling enhanced iron uptake 
compared to normal cells204. Three iron chelators, deferoxamine, deferiprone, and deferasirox, have 
been approved by the U.S. Food and Drug Administration (FDA) for clinical use205. Deferoxamine was 
the first iron chelator introduced for cancer therapy and showed notable efficacy in reducing bone 
marrow infiltration by tumor cells in seven out of nine neuroblastoma patients206. In studies using 
murine models of colon adenocarcinoma (C26 cell line and murine tissue) have shown that 
deferiprone-loaded nanoparticles exhibit strong therapeutic potential in colorectal cancer (CRC), with 
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targeted nano-platforms significantly reducing tumor cell density and enhancing tumor necrosis 207. A 
treatment regimen combining radiotherapy followed by Triapine, a next-generation lipophilic iron 
chelator, resulted in significant suppression of tumor growth in murine models bearing U251 glioma 
or PSN1 pancreatic carcinoma, highlighting its potential in combination cancer therapies208. 

 The ability of the human body to adapt to insufficient iron intake is linked to enhanced resistance to 
infection as well as attenuation of inflammation, indicating the interplay between iron metabolism 
and the immune response. This connection is clearly demonstrated in anemia of inflammation (AI). 
Lower iron levels in blood (hypoferremia) during inflammation, decreased iron-binding in serum as 
well as ferritin elevation in cells are hallmarks of AI209-212 and has been investigated by e.g. Cartwright 
et al.213,214. Anemia of inflammation is regulated by hepcidin (a peptide hormone synthesized primarily 
in the liver) through binding to ferroportin, the only known iron exporter, causing its internalization 
and degradation, leading to iron efflux reduction155. Inflammatory signaling such as IL-6 production 
induces hepcidin expression215,216, in turn leading to reduced systemic iron levels. The regulation of 
hepcidin involves the integration of several signaling pathways, allowing for control of iron 
homeostasis during inflammation217. This response not only limits iron accessibility to invading 
pathogens but also contributes to the development of AI. In conclusion, hepcidin is now widely 
recognized as the central regulator of systemic iron homeostasis. 

3.11 Impact of iron on inflammatory signaling  

 
Iron plays an important role in regula9ng inflammatory pathway by i.e. changes in ac9va9on states of 
immune cells218  or impac9ng redox balance219.  During inflamma9on, the liver hormone hepcidin is  
upregulated, limi9ng iron export and contribu9ng to hypoferremia and anemia of chronic disease216. 
The role of iron in ferroptosis, an iron-involving cell death process linked to lipid peroxida9on, also 
highlights its contribu9on to chronic inflammatory condi9ons26. In the context of the human diet, iron 
intake can influence inflammatory signaling by altering systemic and cellular iron availability155. Diets 
high in bioavailable iron (heme iron) have been associated with increased risk of colorectal 
cancer11,16,220. Conversely, inadequate iron intake can impair immune func9on and reduce the capacity 
to mount an effec9ve inflammatory response221.  

There are many studies connecting dietary/supplemental iron with a plethora of 
inflammatory/carcinogenic responses. A randomized supplementation study in healthy adults showed 
that taking 19 mg/day of ferrous sulfate significantly increased “weakly bound” fecal iron (from 60 to 
300 µmol/L) and boosted free radical generation by around 40% in the colon, an effect linked to 
potential mucosal damage or carcinogenesis promotion in the gut222. In a study in the adeno-
carcinoma cell lines Caco-2 and SW480, ferrous sulfate concentrations (0.01-0.1 mM) led to increased 
STAT3 phosphorylation and Wnt signaling, pathways involved in inflammation and tumor growth223. 
Moreover, in lung cancer cells exposure to 100 µM ferrous sulfate significantly enhanced colony 
formation, implicating a role in tumorigenesis224. However, heme iron, a naturally occurring chelate 
has been also implicated in colorectal cancer development. Epidemiological and animal studies have 
linked high heme intake with increased colorectal cancer risk and promotion of preneoplastic lesions 
in rodent models11,225,226. Although, the mechanism for pro-oncogenicity and heme-iron intake from 
red meats have not yet been established, there are few possible causes; 1) heme catalyzes the 
formation of endogenous N-nitroso compounds, known mutagens, especially in the presence of 
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dietary nitrites and high cooking temperatures, 2)  other iron chelates: ferric citrate and ferric EDTA, 
have been shown to induce inflammation and tumorigenic signaling in rodent studies227-229, 3) In vitro 
studies showed that while ferrous sulfate had no effect, ferric chelates elevated amphiregulin and 
EGFR levels and activated the MAPK pathway via ERK phosphorylation in Caco-2 and Hutu-80 
colorectal cancer cells10.  

3.11.1 The role of amphiregulin in inflamma9on and tumor progression 

Amphiregulin (AREG), a member of the epidermal growth factor (EGF) family and ligand of the EGF 
receptor (EGFR)230, plays a critical role in inflammation and tumor progression, particularly in 
colorectal cancer (CRC)231. Amphiregulin is synthesized as a transmembrane precursor that is cleaved 
by ADAM metalloproteases (particularly ADAM17)232, potentially by other metalloproteinases as 
well233, releasing its active soluble ligand capable of activating EGFR through autocrine or paracrine 
signaling234. Amphiregulin expression is regulated by a diverse set of transcriptional activators, 
including WT1, HIF-2, p53, β-catenin, CREB, and AP-1234. Like other EGFR ligands, amphiregulin is 
involved in autocrine feedback loops that sustain EGFR and MAPK signaling235. Its expression is induced 
by multiple pro-inflammatory stimuli, including tumor necrosis factor-alpha (TNF-α)236,237, interleukin-
1β (IL-1β)238, and prostaglandin E2 (PGE2)239, through the activation of key inflammatory signaling 
pathways such as MAPK/ERK, JAK/STAT, NF-κB, and AP-1234. Amphiregulin has lower affinity for EGFR 
than EGF or TGF-α but promotes sustained signaling, inducing weaker EGFR downregulation and 
enabling prolonged receptor signaling leading to enhanced oncogenic potential234.  

In CRC, elevated amphiregulin expression correlates with aggressive tumor behavior, higher tumor 
burden, liver metastasis, lymphovascular invasion, and poor differentiation240. Recent studies 
demonstrate that amphiregulin expression can be induced by chelated iron compounds, such as ferric 
citrate and ferric EDTA, but not by ferrous sulfate10. These chelated ferric forms induce AREG 
expression in colon epithelial cells through activation of the ERK1/2 MAPK pathway10.  

3.11.2 Iron-driven inflammatory responses via COX-2 and NF-κB pathways 

Iron-driven inflammatory responses are closely tied to the alteration in expression of the COX-2 and 
NF-κB pathways241, both of which are involved in human inflammation and tumor progression242-244. 
Cyclooxygenase-2 (COX-2) is a 72 kDa inducible enzyme encoded by the chromosome 1q25.2-q25.3245. 
Structurally, COX-2 operates in the form of a homodimer, with each 581-amino acid subunit containing 
three key domains: an N-terminal epidermal growth factor domain, a membrane-binding domain 
comprising amphipathic α-helices for lipid bilayer interaction, and a C-terminal catalytic domain that 
houses the peroxidase active site246. This active site converts arachidonic acid (AA), released from 
membrane phospholipids by phospholipase A2 (PLA2), into prostaglandin H2, the precursor of various 
bioactive prostanoids including prostaglandin E2 (PGE2)247,248. COX-2 expression is normally low in 
most tissues but becomes upregulated under pathological conditions such as inflammation, cancer, 
or stress249. It is constitutively expressed in the brain, kidney, and female reproductive organs, but 
dramatically overexpressed in a variety of tumors including colorectal cancer, where it facilitates 
angiogenesis and tumor invasion through PGE2 production250. Supporting the hypothesis that iron 
may impact COX-2 expression or directly oxidize arachidonic acid, studies have shown that ferric 
nitrilotriacetate (FeNTA) elevates PGE2 production in rabbits251 ,while oral administration of 
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Deferiprone (Fe(III) chelator) reduces PGE2 levels in rats207. Importantly, the COX-2 pathway does not 
function in isolation; it is closely interconnected with other molecular signaling networks, including 
NF-κB252,253, which further influence inflammatory processes and cellular stress responses254. Nuclear 
factor-κB (NF-κB) is a family of transcription factors that regulate genes involved in immune and 
inflammatory responses. It includes five members: p50, p52, RelA (p65), RelB, and c-Rel, which form 
active dimers that bind DNA. In resting cells, NF-κB is sequestered in the cytoplasm by inhibitory 
proteins called IκBs. Upon stimulation, by i.e. cytokines (TNF-α, IL-1β), oxidative stress, or iron-induced 
ROS, the IκB kinase (IKK) complex becomes activated and phosphorylates IκB proteins, targeting them 
for ubiquitination and proteasomal degradation. This releases NF-κB, allowing it to translocate into 
the nucleus, where it binds κB motifs in promoter regions of target genes, including COX-2, TNF-α, IL-
6, and various adhesion molecules255,256. NF-κB itself also cooperates with the MAPK and PI3K/AKT 
pathways in promoting survival and resistance to apoptosis257. Perhaps, excessive amounts of some 
forms of iron could affect the balance and push toward a pro-inflammatory induction of NF-κB and 
COX-2, leading to inflammation-driven cancer progression, particularly in tissues like the colon where 
iron exposure from the diet or supplementation is high. 

3.11.3 MAPK pathway ac9va9on by  iron chelates-induced inflamma9on 

The MAPK (Mitogen-Activated Protein Kinase) pathway is a signaling cascade regulating essential 
cellular processes such as growth, differentiation, and survival. It involves a series of kinases that use 
phosphorylation as an on/off switch, activating or deactivating proteins and thereby controlling 
downstream signaling events. Conversely, dephosphorylation can reverse these effects, turning the 
signal off or affecting its intensity258. The MAPK pathway is based on three main tiers: MAP kinase 
kinase kinase (MAP3K), MAP kinase kinase (MAP2K), and MAP kinase (MAPK), with ERK1/2 
(extracellular signal-regulated kinase), p38 MAPK, and JNK (c-Jun N-terminal kinase) being the 
principal MAPKs activated in response to extracellular stimuli259.  Extracellular stimuli such as growth 
factors or cytokines, act as secondary messengers that can stimulate MAP3K (such as MEKK1, ASK1 or 
TAK1).  MAP3Ks phosphorylate and activate MAP2Ks such as MEK1/2 for ERK, MKK3/6 for p38, and 
MKK4/7 for JNK, which then phosphorylate their respective MAPKs. Once activated, ERK1/2 primarily 
mediates cell proliferation and survival, whereas p38 and JNK are involved in inflammatory and stress 
responses260. MAPK signaling contributes to the upregulation of pro-inflammatory genes, including 
cyclooxygenase-2 (COX-2) and cytokines like IL-1β and TNF-α, through the activation of transcription 
factors such as AP-1 (composed of c-Fos and c-Jun), CREB, and ATF-2261. ERK1/2 phosphorylation has 
been observed following exposure to iron chelates (ferric citrate and ferric EDTA), but not with ferrous 
sulfate, in Caco-2 and Hutu-80cells, suggesting that certain forms of iron (chelates) affect MAPK 
pathway activation10. Muñoz et al. observed that in neuronal PC12 cells treated with iron chelate- 
ferric nitrilotriacetate (Fe-NTA), the MAPK/ERK pathway was activated262.  

3.11.4 IL-6 signaling and ac9va9on of the JAK/STAT pathway by specific forms of iron 

Iron has been demonstrated to upregulate interleukin-6 (IL-6) expression and production across 
multiple cancer types, including breast and colorectal cancers17,263. In breast cancer cell lines, iron 
overload (iron chelate- ferric ammonium citrate) induces IL-6 production, which in turn activates the 
JAK2/STAT3 signaling cascade, facilitating epithelial-mesenchymal transition (EMT) and tumor cell 
migration263. Similarly, in murine model of colitis, excessive dietary iron (carbonyl iron) exacerbates 
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colonic inflammation, synergistically enhancing IL-6 and IL-11 secretion and promoting STAT3 
activation in colonic tissue, thereby accelerating tumorigenesis17. In contrast, in a DSS-induced colitis 
model in rats, a diet rich in ferrous sulfate did not significantly elevate IL-6 levels, suggesting that the 
form of iron may influence inflammatory responses264.  IL-6 is a 26-kDa secreted cytokine composed 
of 184 amino acids, containing two N-glycosylation sites and four cysteine residues265,266. It functions 
as a pleiotropic cytokine involved in diverse biological systems and organ functions267. Mechanistically, 
IL-6 exerts its effects by binding to its membrane-bound receptor (IL-6R) and the signal-transducing 
co-receptor gp130, resulting in gp130 dimerization268. The metalloproteases ADAM10 and ADAM17 
mediate proteolytic cleavage of membrane-bound IL-6R, generating soluble IL-6R (sIL-6R). The IL-
6/sIL-6R complex can activate gp130 on cells lacking membrane-bound IL-6R, a mechanism termed IL-
6 trans-signaling. This expands the spectrum of responsive cell types, accounting for the cytokine’s 
wide-ranging effects269.  

IL-6 signaling initiates downstream activation of the Janus kinase (JAK)/signal transducer and activator 
of transcription 3 (STAT3) pathway270, as well as the JAK-mitogen-activated protein kinase (MAPK) 
cascade271. JAK associates constitutively with the cytoplasmic domain of gp130 and becomes activated 
upon IL-6 engagement, leading to STAT3 phosphorylation, dimerization, and nuclear translocation272. 
Activated STAT3 drives transcription of target genes regulating proliferation (e.g., cyclin D1, c-Myc), 
survival, and inflammation273. Notably, IL-6/STAT3 signaling enhances expression of the divalent metal 
transporter 1 (DMT1), promoting cellular iron uptake and accumulation274. This establishes a positive 
feedback loop reinforcing inflammation and tumor promotion.  
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4. METHODOLOGICAL CONSIDERATIONS 

 

4.1 Selec9on of iron compounds 

In paper I, twelve iron compounds, six iron salts and six iron chelates, were selected for investigation. 
All compounds were approved by the European Food Safety Authority (EFSA) and are commercially 
available for human consumption as dietary iron supplements. The following compounds were used: 
ferric pyrophosphate (soluble crystals; Fe4(P2O7)3), ferric sodium EDTA hydrate 
(C₁₀H₁₂FeN₂NaO₈·xH₂O), ferric ammonium citrate (C6H11FeNO7), ferric citrate hydrate (C6H5FeO7), 
ferrous gluconate hydrate ((C6H11O7)2Fe·H2O), carbonyl iron (Fe),  ferrous lactate hydrate 
(CH3CH(OH)COO]2Fe·H2O), ferric chloride hexahydrate (FeCl3·6H2O), ferrous fumarate (C4H2FeO4), 
ferrous sulfate heptahydrate (FeSO4·7H2O), ferric sulfate hydrate (Fe2(SO4)3·H2O), and ferrous 
bisglycinate (C₄H₈FeN₂O₄). Except for ferrous bisglycinate, which was obtained as a consumer-grade 
dietary supplement in capsule form from the online retailer Supersmart (Luxembourg), all other 
compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of each 
compound were freshly prepared on the day of the experiment at a final iron concentration of 5 mM. 
Ferrous fumarate, ferric pyrophosphate, carbonyl iron and ferrous bisglycinate were solubilized in 
0.05 M hydrochloric acid (HCl), while all other compounds were dissolved in Milli-Q® ultrapure water. 
In paper II, three representative iron compounds, ferrous fumarate, ferrous sulfate (considered the 
clinical "gold standard"), and ferric sodium EDTA were used to assess differences in cellular uptake 
between iron salts and iron chelates. Paper III utilized ferrous fumarate, ferric sodium EDTA, and ferric 
pyrophosphate to further investigate the previously observed cyclooxygenase-2 (COX-2) induction in 
response to ferric pyrophosphate treatment. This set of experiments aimed to verify whether the 
observed inflammatory response was consistent across intestinal epithelial cell lines of both male and 
female origin. In paper IV, ferric pyrophosphate and iron hydroxide adipate tartrate (IHAT), a 
nanoparticulate iron (Nemysis Ltd). Ferric pyrophosphate was selected based on prior results 
indicating its strong pro-inflammatory potential. In all experiments (papers I-IV), iron compound 
solutions were prepared fresh approximately one hour before application to cells to ensure chemical 
stability and reproducibility of biological responses. 

4.2 Cell lines and experimental models 

Several human cell lines were used across four experimental projects: Hutu-80, Caco-2, SW48, 
SW1417, and HepG2. In papers I-III, Hutu-80, Caco-2, SW48, and SW1417 cells were cultured in 
Corningâ CellBIND plates. In paper IV, a coculture model with differentiated Caco-2 cell epithelia on 
permeable Transwell® filters (Corningâ) and differentiated HepG2 epithelia in the basal wells, was 
used to mimic the intestinal-liver axis. Hutu-80, Caco-2, and HepG2 cells were maintained in 
Minimum Essential Medium (MEM; Gibco) supplemented with fetal bovine serum (10%) and 
Normocin (0.2%, InvivoGen). SW48 and SW1417 cells were cultured in a 1:1 mixture of Dulbecco’s 
Modified Eagle Medium and Ham’s F-12 (DMEM/F-12; Gibco), also supplemented with FBS (10%) 
and Normocin (0.2%). In paper II, Opti-MEM™ Reduced Serum Medium (Gibco) was initially used as 
the recommended medium for transfection. However, it was later replaced with Minimum Essential 
Medium (MEM) supplemented with FBS (5%) to minimize the influence of undefined components 
on the experiments. For all experimental treatments, the culture media were supplemented with 
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FBS (5%), unless otherwise stated. In the Caco-2/HepG2 co-culture system (paper IV), the medium 
was supplemented with less FBS (1%) to make cells iron deficient, and increase the iron absorption, 
while still providing transferrin to support iron exchange between the two cell lines. Cells were 
incubated at 37 °C in a humidified atmosphere containing 5% CO₂. For protein analysis, cells were 
lysed in radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher) supplemented with a 
protease inhibitor cocktail (Roche), to prevent unwanted degradation of proteins by proteases 
released during the lysis. In experiments involving detection of phosphorylated NF-κB (paper III), 
phosphatase inhibitors (Roche) were additionally included in the lysis buffer, to preserve protein 
phosphorylation. 

4.3 Iron content measurements     

4.3.1 AAS 

 
Atomic Absorp9on Spectroscopy (AAS) was employed to quan9fy the iron content in stock solu9ons 
and to verify the accuracy and reproducibility of iron concentra9ons between different prepara9on 
batches. In most experiments, iron quan9fica9on was performed using Flame Atomic Absorp9on 
Spectroscopy (Flame AAS) due to its suitability for measuring rela9vely high concentra9ons in standard 
solu9ons (1-100 µg/L). However, in the second project involving the analysis of iron content in cell 
lysates, where greater sensi9vity was required, Graphite Furnace Atomic Absorp9on Spectroscopy 
(GFAAS) was employed. GFAAS offers significantly enhanced sensi9vity and lower detec9on limits 
(0.01-1 µg/L), making it more appropriate for detec9ng trace levels of iron in complex biological 
matrices such as cell lysates.  
 

4.3.2 ToF-SIMS  

 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS; ION-TOF GmbH, Münster, Germany) was 
employed to visualize and quan9fy membrane-associated iron at the single-cell level using high-
resolu9on mass spectrometry imaging. The instrument was equipped with a 30 keV Bi3 + cluster ion 
gun as the primary ion source and a 20 keV Argon gas cluster ion source for spu}ering. ToF-SIMS 3D 
depth profiling was applied (the Ar source at 10 keV using Ar1500 + ions at 5 nA) to selec9vely remove 
the outermost ~100 nm of the cell membrane, enabling precise analysis of iron content localized to 
the plasma membrane region. This technique allowed spa9ally resolved detec9on of iron ions (Fe⁺) 
and provided insights into the topographical distribu9on of iron at the cell surface. All spectra, images 
and depth profiles were acquired and processed with the Surface Lab somware (version 7.3, ION-TOF 
GmbH, Münster, Germany). 
 

4.4 Biomarker analysis  

4.4.1 SDS-PAGE Western blot 

Western blot protocols were adapted slightly across the four projects, depending on specific 
experimental requirements. Variations included loading different amounts of total protein, 
particularly in cases where the target protein was abundantly expressed, and omitting the boiling step 
prior to electrophoresis. The latter modification was applied selectively, especially when analyzing 
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membrane-associated proteins such as DMT1, for which boiling may negatively impact detection, as 
previously reported275. In all projects, following SDS-PAGE, proteins were transferred onto 
polyvinylidene difluoride (PVDF) membranes using the Trans-Blot Turbo™ system (Bio-Rad) with the 
3-minute rapid transfer protocol. For all experiments involving protein quantification by western 
blotting, expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
which served as the housekeeping protein control. 

4.4.2 ELISA 

In selecting ELISA as the primary immunoassay, both the epitope specificity of the antibodies and 
the availability of validated commercial kits were considered. Particular attention was paid to where 
on the protein the capture and detection antibodies bind, especially for targets with functionally 
important domains or post-translational modifications such as phosphorylation. This ensured that the 
assay would detect the relevant form of the protein and not cross-react with related isoforms or 
cleavage products. When available, commercial ELISA kits  were the first choice, rather than 
developing custom (home-made) assays. This choice was based on factors such as 
consistency, rigorous validation, and the availability of standardized controls and calibrators. 
Commercial kits also come with optimized protocols, saving time in assay development. 

4.4.3 Olink proteomics (PEAÔ) 

In projects 1 and 4, we utilized Olink® Target 96 and Olink® Explore 384 panels to assess protein levels 
in our samples. The provided NPX values, which are log2-transformed and normalized, were first 
linearized using 𝟐𝐍𝐏𝐗. The linearization enabled biological interpretation, particularly of relative fold 
changes, and supported integration with other linear data types. NPX values below the limit of 
detection (LOD) were excluded from analyses to avoid artefacts arising from low signal-to-noise ratios. 
Although the Olink Proximity Extension Assay (PEAÔ) is designed to minimize issues such as the hook 
effect, we screened for potential signal suppression at high analyte concentrations and excluded any 
unusually high NPX values suggestive of such artifacts. Despite these precautions, we encountered 
discrepancies in Project 4 when attempting to validate selected Olink findings using alternative 
methods. Specifically, Olink data indicated elevated levels of CD40, CSF-1, and IL-1RN in response to 
the ferric pyrophosphate treatment. However, follow-up analyses using ELISA and Western blotting 
failed to replicate these results. Given the expected specificity of the PEA platform and its low cross-
reactivity, this discrepancy was unexpected.  

4.5 Pharmacological and gene9c inhibi9on of iron uptake pathways 

4.5.1 Pharmacological inhibi9on of endocytosis  
Chlorpromazine was used to inhibit clathrin-mediated endocytosis in HuTu-80 and Caco-2 cells, as it is 
a widely established pharmacological inhibitor of this pathway. Chlorpromazine acts by disrup9ng the 
assembly of clathrin-coated pits at the plasma membrane, thereby preven9ng vesicle forma9on and 
internaliza9on of ligands via the clathrin-dependent route. 

4.5.2 Gene knockdown (RNAi) 

For siRNA-mediated gene silencing, cells were seeded at a density of 50,000 cells per well in 24-well 
plates (Corning Life Sciences, Lowell, MA, USA), following the manufacturer’s protocol provided by 
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Thermo Fisher Scientific. Transfections were initially performed in Opti-MEM™ Reduced Serum 
Medium (Thermo Fisher Scientific), a commonly used medium for siRNA delivery. However, Opti-MEM 
contains iron from proprietary and undefined sources, which significantly influenced ferritin level, 
which was used as a proxy of iron uptake. Specifically, ferritin levels were observed to be 9.97-fold 
higher in cells cultured in Opti-MEM compared to those maintained in MEM supplemented fetal 
bovine serum (5%). To minimize this confounding effect on iron-related readouts, we replaced Opti-
MEM with MEM-FBS (5%) for subsequent experiments. Serum-free conditions (MEM alone) were also 
tested but resulted in poor cell viability in both Hutu-80 and Caco-2 cell lines (data not shown), further 
supporting the use of MEM-FBS (5%) as the optimal medium for our experimental conditions. 
Validated Silencer® Select siRNAs (catalog no. 9708, 9709 and 9710; Thermo Fisher Scientific) were 
used to target gene expression, with final concentrations ranging from 5 to 750 pmol, based on 
estimated cellular protein levels. To optimize transfection efficiency, various volumes of 
Lipofectamine™ 3000 Transfection Reagent (0.75–3 µL; Invitrogen™) were tested. All siRNA 
knockdown experiments were validated by Western blot analysis to confirm the effective reduction 
of the target protein expression. 

4.6 Sta9s9cal analyses 

In papers 1, 2 and 4, statistical comparisons between treatment groups were conducted using the 
unpaired two-tailed Student’s t-test, implemented in Microsoft® Excel (Redmond, WA, USA). 
Depending on data distribution and variance homogeneity, tests were performed assuming either 
equal (2,2) or unequal (2,3) variances. P-values ≤ 0.05 were considered statistically significant. Results 
were expressed as mean ± standard deviation (SD) or standard error of the mean (SEM), based on a 
minimum of three biological replicates (n ≥ 3). Some experiments are reported individually as n = 1 
(with 3-4 technical replicates), as they originated from independent trials; however, all experiments 
were independently repeated at least once (n = 2). In the paper 3, Spearman’s rank correlation 
coefficient (ρ) was used to evaluate associations between variables in datasets where assumptions of 
normality were met but sample sizes were small (3 biological replicates × triplicates). Correlation 
analysis was performed using Python (version 3.10.12) with the scipy.stats module (version 1.14.0). A 
ρ value of 0 indicates no monotonic relationship, while positive values (up to 1) indicate associations, 
and negative values (down to -1) indicate decreasing monotonic associations. The Mann-Whitney U 
test was also applied to confirm the robustness of the t-test results; it yielded comparable outcomes 
and did not alter the interpretation of significance. 
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5. RESULTS AND DISCUSSION 

5.1 Iron chelates vs. salts: impact on amphiregulin, MAPK, and JAK/STAT pathways 

In our initial investigation (Paper I) , we found out all tested iron chelates significantly induced the 
MAP kinase signaling, as evidenced by elevated amphiregulin ((Figure 1a and 1b), taken from already 
published work 276) and IGFr1 levels (Figure 1c and 1d). Certain iron salts at high concentration ([Fe]= 
0.5 mM) also increased amphiregulin levels (ferrous fumarate did not), albeit to a much lower degree 
and importantly, this was the only biomarker for which iron salts had a significant effect. All the cellular 
responses were independent of total iron content (as measured by ferritin), indicating that the 
induction of signaling was not simply due to iron accumulation. Among the chelates, ferric 
pyrophosphate and ferric EDTA induced the strongest responses. The selected dosing was designed 
to reflect physiologically relevant iron exposure in the human intestine. Iron concentrations of [Fe]= 
0.5 mM and [Fe]= 0.05 mM (48 h) were selected, corresponding to estimated equivalent human 
elemental iron doses of 150 mg and 15mg, respectively. For comparison, a standard 60 mg elemental 
iron supplement has been reported to elevate postprandial duodenal iron concentrations to 
approximately 200 µM after accounting for dilution in the stomach and duodenal lumen. Based on 
these estimates, [Fe]= 0.5 mM was selected to represent a high yet relevant exposure level, while 
[Fe]= 0.05 mM was included to assess whether any observed effects were attributable to iron itself 
rather than being dose-dependent. 

 

Figure 1. Amphiregulin (a,b) and IGFr1 (c,d) levels (% of untreated controls) in intestinal Caco-2 cells treated with 
iron compounds (0.5 mM and 0.05 mM, 48 h. A significant difference from untreated control cells is indicated 
with an asterisk (*). The graph taken from the published paper 1 under a CC BY 4.0 license.  
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In addition to MAP kinase induction, ferric pyrophosphate and ferric EDTA also upregulated JAK/STAT 
pathway components, via IFN-γ r1 and its downstream target, CDKN1A, at high ([Fe]= 0.5 mM) 
concentrations. Ferric pyrophosphate ([Fe]= 0.5 mM) uniquely stimulated IL-6 production and induced 
COX-2 (Figure 2, taken from already published work276), resulting in elevated PGE₂ levels in Caco-2 
cells. COX-inhibition studies were performed using the COX-2 inhibitor sulindac sulfone, to explore 
whether COX-2 mediates amphiregulin upregulation, but the inhibition of COX-2 did not significantly 
alter the iron-induced expression of amphiregulin, IFNγR nor IL-6, suggesting that their upregulation 
occurs independently of COX-2 activity.  

 

Figure 2. COX-2 levels (% of control) in Caco-2 and Hutu-80 cells. Data are presented as means of 7 cell replicates 
‡ Sdev from 2 separate occasions. A copy of the same leqer indicates significant differences between the iron 
treatments (a or b). (b) The COX-2 product PGE2 intracellular levels (% of control) in Caco-2 cells. Data are 
presented as means of 6 cell replicates ± Sdev from 2 separate occasions. Significant differences from the control 
(no Fe) are indicated with asterisks (*). The graph taken from the published paper 1 under a CC BY 4.0 license. 

 
To sum up, we observed a dose-dependent rela9onship between iron compound (ligand-specific) 
exposure and biomarker response, par9cularly for chelates, however, increased ferri9n levels 
(represen9ng cellular iron load) did not correlate with increased biomarker expression. While the 
associa9on between increased inflamma9on and iron exposure is well established16,220,277,  our findings 
strongly indicate that the biological effects of iron are highly dependent on its ligand. This suggests 
that it is not simply the total amount of iron taken up, but the specific chemical form in which it is 
delivered, that drives the ac9va9on of pathways associated with tumorigenesis and inflamma9on. This 
is further supported by epidemiological evidence that dietary heme iron intake, rather than total body 
iron stores, is associated with an increased risk of colon cancer in humans 278,279. 
 

5.2 DMT-1 and clathrin-mediated uptake of iron from ferrous fumarate 

 
Given the differen9al inflammatory responses observed between iron salts and chelates, we 
hypothesized that these compounds might be internalized via dis9nct cellular uptake pathways. To 
explore this, we inves9gated the uptake mechanisms of two iron salts ferrous fumarate and ferrous 
sulfate, as well as iron chelate ferric EDTA in Hutu-80 and Caco-2 cell lines. We selec9vely targeted two 
iron absorp9on mechanisms by silencing DMT1 and pharmacologically inhibi9ng clathrin-mediated 
endocytosis. Silencing DMT1 significantly decreased ferri9n (L) levels in Hutu-80 cells treated with 
ferrous fumarate ([Fe]= 0.5mM) and ferrous sulfate ([Fe]= 0.5mM), in comparison to control indica9ng 
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reduced iron uptake (Figure 3). We included both ferri9n L and H in our analysis in the Hutu-80 cells to 
assess whether their contribu9ons to iron storage are equivalent, considering that ferri9n H facilitates 
iron oxida9on and ferri9n L is responsible for long-term storage143,280. Silencing DMT1 in Caco-2 cells 
did not significantly reduce iron uptake following ferrous fumarate treatment, as measured by ferri9n 
produc9on (data not shown). This suggests that DMT1-independent mechanisms, supposedly 
endocytosis, play a substan9al role in the cellular uptake of this iron compound. 
 

 
 
Figure 3. Indirect iron load (ferri4n L) in DMT1-silenced Hutu-80 cells incubated with iron compounds for 24 h, 
presented as ng/mg total cell protein. Data are means ± Sdev, n = 3 separate experiments. An asterisk indicates 
a significant difference from the iron control (p < 0.05). The graph taken from the published paper 2 under a CC 
BY 4.0 license. 
 
The study confirmed that iron from ferrous fumarate is also absorbed via clathrin-mediated 
endocytosis in both post-confluent (14 days) and non-confluent (48 h) Hutu-80 cells. In post-confluent 
cells, inhibi9on of clathrin-mediated endocytosis with chlorpromazine (100 μM) significantly reduced 
ferri9n L produc9on by 61%, and ferri9n H levels by 39.5%. A pilot study using GFAAS to measure total 
iron content showed that inhibi9on of clathrin-mediated endocytosis reduced iron uptake from ferrous 
fumarate by 24%, indica9ng that endocy9c pathways contribute to its absorp9on. In contrast, no 
significant change was observed in iron uptake from ferric EDTA under the same condi9ons, indica9ng 
that ferric EDTA is not absorbed by endocytosis. This is supported by the fact that ferric EDTA is fully 
soluble at physiological pH (manuscript 3) and thus iron can be transported by DMT1 amer reduc9on. 

Interestingly, western blot analysis during the development of the DMT1 silencing protocol revealed 
distinct molecular weights for DMT1 in Caco-2 (~85 kDa) and Hutu-80 (~65 kDa) cells (Figure 4), 
suggesting isoform-specific expression. Prior studies report that Caco-2 cells predominantly express 
the 1A isoform, while the lower molecular weight observed in Hutu-80 cells aligns with the 1B isoform 
(~61-73 kDa). Given the lower DMT1 protein levels in Hutu-80 and their non-polarized phenotype, it 
is likely that this cell line primarily expresses the 1B variant. Functionally, this difference is relevant: 
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1A isoforms localize apically for luminal iron uptake, while 1B isoforms are associated with 
endosomes. Consistent with this, TOF-SIMS analysis showed an 87.4% reduction in membrane-
associated iron in Hutu-80 cells after clathrin inhibition, supporting a reliance on endocytic iron uptake 
pathways.  

 

Figure 4. Western blot (let) in confluent non-treated Hutu-80 and Caco-2 cells, (right) Wb of DMT1 protein 
expression in confluent Hutu-80 and Caco-2 cells treated with 200 and 1000nM of Silencer Select siRNA s9708 
(invitrogen) for 48h. The graph taken from the published paper 2 under a CC BY 4.0 license. 

Across all three experiments, ferritin levels in Caco-2 and Hutu-80 cells were comparable following 
treatments with ferrous fumarate and ferric pyrophosphate, indicating similar iron uptake efficiency. 
In contrast, ferric EDTA induced a threefold higher ferritin response in Caco-2 cells compared to Hutu-
80. This difference may be linked to the reliance of ferric EDTA on DMT1-mediated transport, 
particularly involving the 1A isoform, which is more abundantly expressed and functionally active in 
Caco-2 cells. Our pilot study further suggest that ferric EDTA uptake does not depend on clathrin-, 
caveolae-, or macropinocytosis-mediated pathways (Figure 5, our own unpublished data). On the 
other hand, elevated amphiregulin levels and signaling via both the JAK/STAT and MAPK pathways 
were observed in Caco-2 and Hutu-80 cells treated with ferric EDTA, whereas none of these effects 
were seen in cells exposed to ferrous sulfate, a compound known to rely on DMT1-mediated 
transport. Alternatively, ferric EDTA uptake may involve both DMT-1 as well as different pathway, such 
as a non-classical endocytic mechanism. 
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Figure 5. Ferritin levels in confluent Hutu-80 cells, normalized to the untreated control (our own unpublished 
data).  

In summary, our results suggest that iron uptake is likely mediated by multiple, concurrent pathways 
that are specific to iron compounds. The uptake route appears to be determined by the solubility and 
physical state of the iron species, soluble iron favoring DMT1-mediated transport (such as ferric EDTA 
and ferrous sulfate), while poorly soluble or particulate forms (ferrous fumarate) rely on endocytic 
mechanisms.These findings also raise the possibility that iron formulation and uptake route influence 
downstream biological responses, with important implications for the safety and selection of oral iron 
compounds.  

5.3  COX-2 induc9on in response to two iron compounds in human intes9nal cells 

Prompted by earlier findings showing COX-2 induction in Caco-2 and Hutu-80 cells, we sought to 
determine whether this response was consistent across other commonly used intestinal cell lines of 
female origin, at a dosage of 0.5 mM (48 h), equivalent to 150 mg human dose, since a typical 60 mg 
supplement can transiently raise duodenal luminal iron to ~200 µM 281,282. A concentration of 0.5 mM 
was previously shown to be sufficient to induce COX-2 in intestinal epithelial cell lines, Caco-2 and 
Hutu-80, as well as was used in parallel uptake studies, allowing for direct comparison and integration 
of COX-2 signaling and transport data across experiments. However, the use of only one iron 
concentration represents a big limitation since it provides only a single point of reference, and it 
restricts the ability to draw general conclusions. In this project we selected four widely studied cell 
lines that vary by chromosomal sex and epithelial origin: male-derived Caco-2 (X) and Hutu-80 (XY), 
and female-derived SW1417 (XX) and SW48 (XX).  

The study revealed differen9al cyclooxygenase-2 (COX-2) and lipoxygenase-5 (LOX-5) expression, in 
response to three different iron compounds ferrous fumarate, ferric EDTA and ferric pyrophosphate 
(at the 0.5 mM iron concentra9on), commonly used in iron for9fied foods and iron supplements 
55,96,283. The exposure to ferric pyrophosphate ([Fe]= 0.5 mM, 48h) significantly induced COX-2 protein 
expression in male-derived intes9nal epithelial cell lines, Hutu-80 and Caco-2, while no such effect was 
observed in the female-derived SW48 and SW1417 cells (Figure 6 and Figure 7). In contrast, 
supplemen9ng the medium with ferrous fumarate at the same concentra9on and exposure 9me 
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modestly increased COX-2 levels in Hutu-80 and SW48 cells, with a less pronounced effect than ferric 
pyrophosphate. Interes9ngly, ferri9n levels were generally lower following ferrous fumarate treatment 
compared to ferric pyrophosphate (Figure 8). In SW48 cells, COX-2 was induced only by ferrous 
fumarate, despite ferric pyrophosphate leading to nearly twice the ferri9n accumula9on. This 
discrepancy suggests that COX-2 induc9on is not a consequence of ferri9n-mediated storage. 
Suppor9ng this, previous research has shown that high levels of systemic biomarkers of iron storage 
are associated with a reduced risk of cancer278. An earlier analysis of 26 studies, similarly differen9ated 
between iron exposure and body iron stores, highligh9ng that not all dietary iron ends up stored in the 
body279. Ferric EDTA (0.5 mM, 48 h) did not increase COX-2 levels in any of the tested cells. Since LOX-
5 expression was not evaluated in SW48 cells cultured in MEM, it remains unclear whether the small 
effect observed (20% increase of LOX-5) was influenced by DMEM/F-12 containing ferric nitrate and 
ferrous sulfate or by the FeEDTA treatment EDTA (0.5 mM, 48 h) itself.  It is possible that higher doses 
of certain iron compounds, such ferric EDTA, might trigger inflammatory signaling in other cell lines or 
under different condi9ons. Future studies should address this by employing a range of iron 
concentra9ons to define dose-response rela9onships more precisely and to be}er dis9nguish 
compound-specific effects across diverse cellular models. 

 

Figure 6. COX-2 (% of control) and ferri4n levels (ng/mg total protein) in a) Hutu-80, b) Caco-2, c) SW1417 and d) 
SW48 cells measured with ELISA. Data are presented as means of 9 cell replicates ± SEM, n=3 separate occasions. 
Significant differences from control cells (no added Fe) (p ≤0.05) are indicated with asterisks (*). All iron 
treatments caused a significant increase in ferri4n levels compared to control; significance not indicated. The 
graph taken from the paper 3 (our own unpublished data). 
 
The  analysis of intracellular ferri9n, a marker of iron uptake145, showed no correla9on with COX-2 in 
Hutu-80, SW48 and SW1471 cells, further indica9ng that inflammatory responses are not driven by 
total iron load. In Caco-2 cells there was a significant inverse correla9on between ferri9n and COX-2 
following ferric pyrophosphate and ferrous fumarate exposure ([Fe]= 0.5 mM, 48h). No overall 
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correla9on was found between LOX-5 and COX-2 levels, although a strong nega9ve correla9on was 
observed in ferric pyrophosphate-treated Hutu-80 cells.  

The effect of the iron incubations on cell survival 

Total protein content, as a proxy of cell survival, demonstrated that none of the iron compounds 
s9mulated prolifera9on in any of the four cell lines tested. In contrast, ferric pyrophosphate 
(Fe=[0.5mM], 48h) exhibited a significant growth-inhibitory effect on Hutu-80 cells (50%) and SW48 
cells (51%), Caco2 (21%) and SW1417 (12%). Ferrous fumarate (Fe=[0.5mM], 48h) also significantly 
reduced prolifera9on, though to a lesser extent:  in Hutu-80 cells (13%) and in SW48 cells (33%) and 
SW1417 (10%). The observed COX-2 and 5-LOX upregula9on occurs independently of prolifera9ve 
status in Caco-2 cells.  

 

Figure 7. COX-2 and LOX-5 (% of control) in a) Hutu-80, b) Caco-2, c) SW1417 and d) SW48 cells measured with 
ELISA. Data are presented as means of 9 cell replicates ± SEM, n=3 separate occasions. Significant differences 
from control cells (no added Fe) (p ≤0.05) are indicated with asterisks (*). All iron treatments caused a significant 
increase in ferri4n levels compared to control; significance not indicated (our own unpublished data). 
 
Interes9ngly, the suscep9bility of the cell lines to iron compound-induced COX-2 upregula9on seemed 
to increase with cellular prolifera9on rates (Cellosaurus data) : Hutu-80 cells, which have the fastest 
doubling 9me (26h), exhibited the most pronounced COX-2 reponse, followed by SW48 (35h), Caco-2 
(51h), and SW1417 (68h) cells with progressively slower doubling 9mes. This poten9al associa9on of 
rapidly prolifera9ng cells being more suscep9ble to iron compound-induced inflammatory signalling, 
could be due to higher metabolic needs284 and poten9ally, subsequent elevated iron requirements. 
However, in cells with ongoing prolifera9on, most incoming iron bypasses storage (ferri9n) and 
is channeled immediately into func9onal pools u9lizing iron to support biosynthe9c processes- 
produc9on of iron-dependent enzymes, mitochondria, and nuclear replica9on. This may explain why 
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ferri9n levels do not reflect total iron uptake in these condi9ons. For instance, following ferrous 
fumarate treatment (Fe=[0.5mM], 48h), ferri9n levels in the rapidly dividing SW48 cells were found to 
be seven 9mes lower than in the more slowly prolifera9ng SW1417 cells, despite likely higher iron 
uptake in the former. 
 
Effects on NF-κB Signalling in Hutu-80 Cells 
 
Given that the differen9al effects of ferric pyrophosphate, ferrous fumarate, and ferric EDTA were most 
pronounced in Hutu-80 cells, where COX-2 induc9on inversely correlated with cell viability, we sought 
to determine whether NF-κB, a known regulator of COX-2 expression, played a role in this response. In 
a pilot study, Western blot analysis of ac9vated NF-κB (phosphorylated at Ser536) revealed a significant 
reduc9on following treatment with ferric pyrophosphate ([Fe]= 0.5mM, 48h), with levels decreasing 
to 33.75% of control. In contrast, neither ferrous fumarate nor ferric EDTA ([Fe]= 0.5mM, 48h) induced 
a similar reduc9on in phosphorylated NF-κB. Importantly, while phosphoryla9on at Ser536 is 
tradi9onally linked to NF-κB transac9va9on, it also plays a key role in regula9ng NF-κB turnover and 
termina9on. Reduced phosphoryla9on at this site has been shown to stabilize the p65 subunit, extend 
its nuclear reten9on, and sustain its transcrip9onal ac9vity. Paradoxically, this decrease in Ser536 
phosphoryla9on can enhance NF-κB’s pro-inflammatory role by promo9ng prolonged expression of 
target genes such as COX-2 and IL-6. This, in turn, reinforces the inflammatory feedback loop driven by 
MAPK and JAK/STAT signaling pathways. Additonally, we did not assess phosphoryla9on at other 
regulatory serine residues, Ser276, Ser311, and Ser468, which are known to influence NF-κB ac9vity 
through different mechanisms, including co-ac9vator recruitment and modula9on of gene-specific 
transcrip9onal responses285. These unexamined phosphoryla9on sites could poten9ally yield different 
outcomes and may help explain nuances in NF-κB-mediated gene regula9on that were not captured 
in the current study. 

Solubility Characteristics of Iron Compounds Tested 

A solubility study showed that ferric pyrophosphate remains par9ally soluble (62.5%) in the stock 
solu9on ([Fe]= 5mM Fe) but rapidly precipitates in cell culture medium at 0.5 mM Fe, with only 14% 
remaining soluble. Ferrous fumarate was fully soluble as a stock solu9on ([Fe]= 5mM) but became 
completely insoluble upon dilu9on into the cell medium ([Fe]= 0.5mM). In contrast, ferric EDTA 
remained highly soluble (97%) in both stock ([Fe]= 5mM)  and medium ([Fe]= 0.5mM), suppor9ng its 
availability for uptake via the DMT1 transporter. We also noted the presence of par9cle aggregates in 
cell culture media (amer 48 h) in wells with ferric pyrophosphate and ferrous fumarate, but not in 
controls, as observed in the microscope with 200 x magnifica9on (Figure 8). The differing size of these 
par9cles between ferric pyrophosphate and ferrous fumarate were further supported by DLS 
measurements. However, they were not yet confirmed to be iron par9cles as such. To rule out pH as a 
confounding factor in COX-2 induc9on, we considered that both ferric pyrophosphate and ferrous 
fumarate were dissolved in HCl (50 mM), while ferric EDTA was not. However, no COX-2 increase was 
observed in Caco-2 cells treated with ferrous fumarate, sugges9ng that the acidic environment of stock 
solu9on does not drive the inflammatory response. Moreover, pH measurements taken amer the 
addi9on of ferric pyrophosphate or ferrous fumarate ([Fe]= 0.5mM) showed that the medium never 
dropped below pH 6.8, compared to pH 7.3 in untreated controls. Suppor9ng this, a small pilot study 
showed that when ferric pyrophosphate stock solu9on was lem to sediment before use, COX-2 levels 
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in Hutu-80 cells dropped, despite unchanged pH (our own unpublished data, not shown). These 
findings suggest that the visible precipita9on/aggrega9on, rather than acidity of stock solu9on, plays 
a central role in COX-2 induc9on. 
 
 

 
 
Figure 8. Light microscope pictures of Hutu-80 cells incubated with different iron types (48h) in MEM, 5% FBS 
(our own unpublished data). 
 
Par9cles and their diameter in iron-supplemented cell culture medium, MEM-FBS (5%) 
 
Dynamic light sca}ering (DLS) confirmed par9cles in ferric pyrophosphate (0.5 mM Fe, 48 h) and 
ferrous fumarate (0.5 mM Fe, 48 h) treated media (Figure 9). Control medium (MEM + 5% FBS; Figure 
9a) showed peaks at 23 nm and 146 nm, consistent with serum nanopar9cles/protein aggregates. 
Ferrous fumarate (Figure 9b) medium showed a 25 nm peak plus peaks at 237 nm and 866 nm, and 
since ferrous fumarate increased COX-2 expression in Hutu-80 and SW-48, par9cles bigger than 237 
nm may be linked to COX-2 response. Ferric pyrophosphate medium (Figure 9c) showed peaks at 620 
nm and 3.8 µm, matching large aggregates seen by microscopy.  Whether the par9cles detected 
represent the compounds themselves or secondary precipitates will be clarified in future work using 
SEM. 
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Figure 9. a) Intensity-weighted DLS size distributions of particulate matter in control medium, MEM FBS, 5%). b) 
MEM FBS, 5%, with ferrous fumarate (0.5 mM Fe), and c) MEM FBS, 5%, with ferric pyrophosphate (0.5 mM Fe). 
The y-axis shows the relative frequency (%) of scattered light intensity for particles at a given hydrodynamic 
diameter (µm). Large micro-scale particles were detected only in sample C. The graph taken from the paper 3 
(our own unpublished data). 

To further explore the potential role of particle size, we performed a pilot experiment with the 
nanoparticulate iron compound iron hydroxide adipate tartrate (IHAT; [Fe] = 0.5 mM, 48 h, size=2–5 
nm) which resulted in no COX-2 induction (unpublished data). To conclude, our findings suggest that 
particle size could be an important determinant, with larger particles acting as extracellular stimuli 
capable of triggering COX-2 induction in intestinal cells of both female and male origin. 

5.4 Comparison of effects of ferric pyrophosphate and IHAT on MAPK/ERK pathway signaling. 

 
Two key upstream receptors of MAP/ERK signaling IFNγR1 and IGF1R, were assessed, as these were 
included in both proteomic panels used. IFNγR1 expression was significantly elevated in Caco-2 cells 
following exposure to Sup-ferric pyrophosphate (0.4 mM Fe, 48 h), with a 169% increase rela9ve to 
control. (In this study, we refer to Sup-ferric pyrophosphate as a commercially available iron 
supplement formula9on, while Sol-ferric pyrophosphate denotes a soluble crystalline form of ferric 
pyrophosphate sourced from Sigma-Aldrich). Similar but less pronounced increases were observed in 
co-cultured Caco-2/HepG2 cells treated with Sol-ferric pyrophosphate at lower concentra9ons (0.1mM 
and 0.2mM) and shorter incuba9on 9mes (36h), indica9ng a consistent upregula9on of IFNγR1 across 
different experimental condi9ons. IHAT also induced an increase in IFNγR1, but unlike ferric 
pyrophosphate, did not lead to downstream IL-6 produc9on, sugges9ng limited pathway ac9va9on 
(Figure 10). The increase in IGF1R levels with the commercial supplemental form of ferric 
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pyrophosphate (0.4 mM Fe, 48 h) in monocultured Caco-2 cells, was not significant. Earlier data have 
shown a significant up-regula9on of IGF1r with a non-supplemental form of ferric pyrophosphate 
marketed as soluble crystals (0.05 mM and 0.5 mM Fe, 48 h). Interes9ngly, the downstream MAP/ERK 
effector CDKNA was significantly increased by Sup-ferric pyrophosphate but not by IHAT, reinforcing 
the no9on of differen9al pathway ac9va9on depending on the iron formula9on.  

Ferritin levels following IHAT treatment were approximately 25% lower than those observed after Sup-
ferric pyrophosphate exposure, reflecting differences in intracellular iron accumulation. However, 
findings from the paper I, in which Sol-ferric pyrophosphate was used (same iron concentration and 
incubation time), demonstrated that ferritin levels did not correlate with inflammatory responses, 
specifically MAPK pathway activation, across six tested iron salts and chelates. These results suggest 
that factors beyond total cellular iron load, such as the nature of the iron ligand or the extracellular 
environment of the iron compound, may play a more critical role in driving inflammatory signaling. 

 

Figure 10. Protein expression in Single cultured Caco-2 cells treated with iron compounds at Fe=0.4 mM, 48 h 
(n=2, triplicates). Data are presented as linearized normalized protein expression, percentage of the no added 
iron controls ± Sdevs. Significant differences (p<0.05) were expressed as; a) significant difference for sol-Ferric 
pyrophosphate vs control, b) significant difference for IHAT vs control and c) significant difference between sol-
Ferric pyrophosphate and IHAT. The graph taken from the paper 4 (our own unpublished data). 

The findings above suggest that ferric pyrophosphate, more strongly ac9vates MAP/ERK signaling than 
IHAT, which may underline its dis9nct biological and inflammatory effects in intes9nal epithelial cells. 

5.5 Iron ligands: biological relevance 

The chemical form of iron, defined by the iron and ligand interactions, plays a critical role in 
determining its cellular uptake mechanism and inflammatory potential. Our studies demonstrate that 
iron ligands distinctly influence inflammatory and signaling responses, independent of total cellular 
iron load in intestinal epithelial cell lines. Chelated iron forms, such as ferric pyrophosphate and ferric 
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EDTA, stimulate pro-oncogenic and inflammatory signaling pathways at iron concentrations relevant 
for iron supplementation in humans. This occurs even when intracellular iron accumulation, as 
observed in Caco-2 cells, is comparable to that induced by ferrous sulfate, which does not elicit such 
effects. The iron ligand seems to be the primary determinant of downstream effects, not intracellular 
load.  

Ferric EDTA (at 0.5 mM Fe, 48 h) failed to induce COX-2 response in any of the four tested epithelial 
cell lines (Paper III). In contrast, ferrous fumarate at the same concentration (0.5 mM) and exposure 
time (48h) induced COX-2, but only in Hutu-80 and SW48 cells, with no effect in Caco-2 or SW1417 
cells. This selective response raises the possibility of a dose-dependent effect. It is possible that higher 
concentrations, such as 1 mM, might elicit a broader response across all cell lines. Dose-response 
studies would therefore be necessary to determine whether the lack of COX-2 induction in certain cell 
types is due to insufficient exposure. There was no correlation between ferritin levels and COX-2 
response, implying that the induction was not driven by iron stored in ferritin. The COX-2 pathway 
may be affected by the iron ligand as well as the solubility (whether it precipitates and how big the 
particles are), rather than ferritin-bound iron. 

5.6 Possible influence of iron compound solubility on inflammatory mediators 

 
The solubility and in par9cular par9cle size of iron compounds in cell culture medium appears to 
significantly influence their inflammatory poten9al in intes9nal cells. Our findings show that poorly 
soluble compounds such as ferric pyrophosphate and ferrous fumarate cause rapid precipita9on in cell 
culture medium ([Fe]=0.5mM), where visible aggregates are formed, while ferric EDTA remains highly 
soluble (97%) in both stock solu9on ([Fe]= 5mM) and medium ([Fe]=0.5 mM).  
 
At higher concentra9ons than the tested one ([Fe] = 0.5 mM, 48 h), ferric pyrophosphate and ferrous 
fumarate, both associated with COX-2 induc9on in Caco-2 and Hutu-80 cells, may elicit a similar 
response in SW1417 cells. The COX-2 increase occurred despite similar or even lower ferri9n iron 
levels, sugges9ng that the extracellular environment (precipitates or protein-bound aggregates) may 
play an important role in triggering this inflammatory mediator. In contrast, soluble ferric EDTA, 
effec9ve at ac9va9ng MAPK pathway (Paper I), did not induce COX-2 produc9on. Meanwhile, ferrous  
fumarate did not induce amphiregulin in Caco-2 nor Hutu-80 cells (Hutu-80 cells: pilot study, 
unpublished data), or any other tested markers of MAPK/ERK or JAK/STAT signaling (Paper I). This 
pa}ern suggests that COX-2 induc9on may be driven by extracellular factors such as par9cle size and 
membrane interac9ons, while MAPK and JAK/STAT signaling may depend more on intracellular effects 
of iron compounds and poten9ally the specific uptake route. These observa9ons highlight the need to 
consider both non-solubility/par9cle size, and transport mechanisms when evalua9ng the biological 
effects of different iron compounds. This raises concern about formula9ons like Sucrosomial® iron, 
which consists of ferric pyrophosphate encapsulated in large phospholipid-sucrose ester matrices 
(substan9al par9cle size).  
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5.7 Future perspec9ve: tenta9ve implica9ons for iron supplementa9on strategies 

 
While in vitro models offer valuable insight into how intes9nal epithelial cells respond to different iron 
compounds, transla9ng these findings to real-life supplementa9on strategies must be done with 
cau9on. Our data show that the chemical form (salt, chelate, par9culate) and par9cle size of insoluble 
iron formulas strongly influence not just the uptake, but also the induc9on of pro-inflammatory and 
pro-oncogenic pathways, par9cularly COX-2 and MAPK/ERK signaling. Compounds like ferric 
pyrophosphate and ferrous fumarate, which cause forma9on of visible aggregates in cellular media, 
triggered stronger COX-2 responses despite lower intracellular iron load (Hutu-80 cells treated with 
ferric EDTA had higher ferri9n levels than those treated with ferrous fumarate, despite the la}er 
inducing a COX-2 response), sugges9ng that par9cle size of insoluble iron species may provoke local 
inflamma9on in the gut. In contrast, ferric EDTA ac9vated intracellular MAPK/ERK and JAK/STAT 
signaling without inducing COX-2, highligh9ng the complexity of the effects of iron depending on both 
its formula9on and uptake route. These findings raise important considera9ons for iron 
supplementa9on in individuals with gut inflamma9on, increased colorectal cancer risk, or impaired 
intes9nal barrier func9on. Choosing iron compounds based not only on bioavailability but also on their 
inflammatory poten9al could improve the safety of oral iron therapies. 
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6. CONCLUSIONS 

Overall, the aims outlined in the aims section have been achieved, and the main findings are as follows: 

I Unlike iron salts, iron chelates, particularly ferric pyrophosphate and ferric EDTA, strongly 
induce amphiregulin and another MAPK pathway mediator IGF-R1, promoting MAPK/ERK 
signaling in Caco-2 cells. Additionally, ferric pyrophosphate, uniquely among the tested 
compounds, also induces COX-2 and IL-6 production in male-derived Caco-2 and Hutu-80 cells 
at the investigated concentration and incubation time (Paper I). 

II Ferrous fumarate (iron salt) is taken up via both DMT1 and clathrin-mediated endocytosis (in 
Hutu-80 cells), but it does not rely on caveolae-mediated, or macropinocytosis pathways for 
iron uptake (Paper II). 

III DMT1-mediated transport, not clathrin-mediated endocytosis, is responsible for the uptake 
of ferrous sulfate in Hutu-80 cells (Paper II). 

IV Ferric EDTA, which is fully soluble at neutral pH, does not induce COX-2 in any of the four cell 
lines tested; however, MAPK/ERK signaling has been observed (through elevated levels of 
MAPK mediators) in Caco-2 cells treated with ferric EDTA. Additionally, its uptake is not 
dependent on clathrin-mediated endocytosis, macropinocytosis or caveolae-mediated 
endocytosis (Paper I and Paper II). 

V Ferric pyrophosphate and ferrous fumarate cause precipitation in cell culture medium (neutral 
pH), forming visible aggregates. These aggregates may contribute to COX-2 induction, 
hypothetically via extracellular interactions (Paper III). 

VI Ferric pyrophosphate did not induce COX-2 in the tested cells of female origin (Paper III). 
VII MAPK/ERK signalling was not affected by ferrous fumarate (iron salt) treatment in Caco-2 

cells; however, COX-2 induction was observed in male Hutu-80 and female SW48 cells (Paper 
I and Paper III). 

VIII In differentiated Caco-2/HepG2 co-cultures (mimicking the small intestine-liver axis), ferric 
pyrophosphate continues to upregulate the MAPK/ERK pathway, reinforcing its effect on 
growth-related  pathways (Paper IV), leading to IL-6 production. In contrast, nanoparticulate 
IHAT did not elicit the same response and no IL-6 production was observed under the tested 
conditions. 

This work demonstrates that the form of oral iron, whether salt, chelate, or particulate and, in the 
case of insoluble compounds, particle size, influence not only iron uptake but also the induction of 
pro-inflammatory pathways. The findings further indicate that inflammatory responses are not driven 
by the total intracellular iron load (measured as ferritin) and rather by factors such as the iron ligand 
and the extracellular environment surrounding the compound in the intestinal cells. Our results 
challenge the prevailing view that intestinal uptake of non-heme iron is tightly regulated and mediated 
mainly by the DMT1 transporter. This thesis demonstrates that iron salt ferrous fumarate can also be 
absorbed in its insoluble form via endocytosis, a mechanism previously considered relevant only for 
nanoparticulate iron supplements. These new insighst highlight the importance of carefully evaluating 
iron-ligand interactions in the design of supplemental iron, and considering lower dosing strategies to 
reduce the risk of pro-inflammatory and pro-oncogenic effects. 
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7. STUDY LIMITATIONS 

 
One important limita9on of this study is that the majority of experiments (project 1 and par9ally 4) 
were performed using non-confluent Caco-2 cells. In this state, Caco-2 cells do not fully differen9ate 
into enterocyte-like cells and are more representa9ve of colonic epithelium rather than the small 
intes9ne. As such, the data primarily reflect how colonic cells may respond to iron compounds that 
bypass absorp9on in the duodenum and reach the colon. While this provides insight into poten9al 
downstream or inflammatory effects of unabsorbed iron, it does not model the primary site of iron 
uptake. In humans, the vast majority of iron absorp9on occurs in the duodenum, with the colon 
contribu9ng minimally (~14%)286. The findings should not be directly interpreted in the context of iron 
absorp9on efficiency in vivo but rather as a model for post-absorp9ve or colonic exposure effects. 
 
Another limita9on of this study (project 3) is the use of a single iron concentra9on (0.5 mM) and a 
fixed incuba9on 9me of 48 hours. While this approach allows for controlled comparisons between 
different iron compounds, it restricts the broader interpretability of the findings. The observed cellular 
responses, such as changes in cell survival and inflammatory markers, are specific to this concentra9on 
and 9me point, and cannot be assumed to reflect outcomes under different exposure condi9ons. 
Therefore, conclusions drawn from these results should be regarded as valid only within the context 
of this specific experimental setup. To support more generalizable interpreta9ons, future studies 
should incorporate dose-response and 9me-course experiments. 
 
The solubility of iron compounds at neutral pH in culture medium represents a limita9on, as 
precipita9on can generate addi9onal cellular stress by allowing insoluble par9cles to se}le directly on 
intes9nal cells, poten9ally  leading to inflammatory effects not caused by iron itself but by the physical 
contact and mechanical tension. However, this also serves as a strength of our research, as it closely 
reflects physiological condi9ons in vivo, where oral iron supplements are first exposed to the low 
gastric pH (~2, similar to the pH of our iron stock solu9on) of the stomach and subsequently encounter 
a neutral to slightly alkaline environment (pH 7 in the duodenum, rising to pH 8 in the proximal 
jejunum) following bicarbonate buffering. 
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