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receptor-related proteins (LRP1) (23), the heme-responsive gene1 (HRG1) (24-26) and 
feline leukemia virus subgroup C receptor protein (FLVCR2) (27) might all play a role in 
the uptake of heme. The further iron internalization into cells have been studied in detail 
(28, 29). In short, once the iron is taken up by the enterocytes of the duodenum, it is either 
stored in ferritin or it can be transported into the blood circulation to bind to the protein 
transferrin, which is responsible for the distribution of the iron over the body. Iron is then 
absorbed by other cells via the transferrin receptor (TfR), which binds to transferrin in 
which iron is loaded. This binding occurs within clathrin-coated pits that subsequently 
fuse with the membranes of endosomes and release their content into these vesicles. 
The pH of the endosome is approximately 5 and after some shape changing of the iron-
transferrin complex, because of the environmental conditions, the iron is then released 
as ferric iron. Next, the ferric iron is reduced to ferrous iron by the enzyme ferrireductase 
and transported via the metal transporter DMT1 into the cytoplasm. There, the ferrous 
iron enters the labile iron pool where it can be stored either as ferritin or incorporated 
into heme (28). The protein ferroportin then serves to transfer the iron from in- to outside 
the cell. Iron metabolism is mainly regulated by the hormone hepcidin which is produced 
in the hepatocytes of the liver (30). Hepcidin orchestrates the iron absorption and efflux 
by adjusting the levels of ferroportin. Circulating hepcidin, binds to ferroportin on the 
cell surface and degrades this protein. As a consequence, high levels of hepcidin results 
in a decrease of ferroportin and thus in less iron levels in the blood circulation (31).

3. IRON TREATMENTS

There are two common ways to treat iron deficiency, namely via oral iron delivery or via 
intravenous administration.
Oral supplementation is the most patient-friendly and cost-effective method for the 
treatment of iron deficiency. In general, oral iron is used in children, teenagers and in 
environments where there is a lack of resources (11). It is administered in case there is 
no adequate dietary iron supply or when there is no severe iron deficit. There are several 
oral iron products on the market available. Most of these products consist of iron salts 
such as ferrous sulfate, ferrous fumarate, ferrous succinate, ferrous gluconate and ferrous 
ascorbate with the first mentioned ferrous sulfate being the most commonly used 
(11, 32). Even though oral iron treatment can be a cost effective and readily available 
treatment for iron deficiency, it is not always feasible to use. The absorption of oral 
iron might be limited in patients suffering from malabsorption illnesses. Further, orally 
administered iron might cause side effects due to gastro intestinal intolerances and it is 
also not feasible in the case of severe blood loss (11, 33).
Intravenous iron products circumvent problems associated with the intestinal iron 
uptake and allow the delivery of large amounts of iron directly into the circulation. 

1. INTRODUCTION

Iron is an important nutrient for all forms of life. It can be incorporated into heme but 
also into iron sulpher clusters and plays a vital role in many metabolic processes such 
as DNA replication and repair, as a catalyst in biosynthesis, for respiratory electron 
transfer purposes and oxidative production of cellular energy (1-4). Iron present in 
heme is essential for life of higher organisms, as heme is a prominent component of 
the oxygen-transporting protein hemoglobin and iron in this heme complex serves as a 
carrier for oxygen (1-7). Therefore, an imbalance in iron metabolism may result in several 
pathological disorders. For instance, severe iron loss caused by for example bleeding, 
insufficient iron utilization due to chronic diseases or a disturbance in iron uptake from 
the gut can lead to iron deficiency and even to iron deficiency anemia (8, 9).
Iron deficiency is the most prevalent nutritional deficiency and the number one cause 
of anemia. The World Health Organization reported in 2008 that there were more 
than 1 billion people iron deficient and around 700 million people suffering from iron 
related anemia (10). Iron anemia can result in several symptoms such as impaired 
physical performance, overall weakness including fatigue and mental illnesses (11, 12). 
Even though iron is an imperative nutrient, excess iron could result in cell damage and 
ultimately in organ failure.

2. IRON METABOLISM

There is around 3 to 4 grams of iron present in the body of a healthy adult. More than 
50% of the iron is incorporated in heme which in turn is a component of the proteins 
hemoglobin and myoglobin (13). Heme, which is present in meat, is therefore also one of 
the two dietary iron forms while the other being non-heme which can be found mainly in 
vegetables and grains (14). The prevalence of non-heme iron is much higher than that of 
heme iron, but the latter is absorbed up to 30% more efficiently (15). Dietary iron is mostly 
absorbed via the duodenum and upper jejunum to further be taken up by the epithelial 
cells or enterocytes of the intestine (16, 17). In order to replenish the iron lost because 
of period bleeding or during pregnancies, women absorb around 2 mg of iron per day 
while men absorb approximately 1 mg of iron per day (18). Non-heme iron is taken up by 
the enterocytes via the divalent metal-ion transporter 1 (DMT-1) (16, 19-21). As ferric iron 
is more common in food and has a lower aqueous solubility than ferrous iron, ferric iron 
is first reduced to its ferrous state before being absorbed. In contrary to non-heme iron, 
the exact absorption mechanism of heme iron is not completely understood, but it is 
assumed that heme binds to the brush border membrane of the duodenum enterocytes 
and is subsequently transported through the cell membrane via another transporter. It 
has been reported that the hemoglobin scavenging receptor CD163 (22), the lipoprotein 
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elaborate on the fact that the manufacturing process therefore also can have an impact 
when developing iron-based generics, the so-called similars (35). For instance, studies 
comparing iron sucrose similars to the original iron sucrose product, non-clinical and 
clinical, have demonstrated significant variations between the iron sucrose products 
(46-49).
The European Medicine Agency (EMA) recognized that there were issues regarding 
the similarity between iron products and published in 2015 a final reflection paper 
indicating the requirements for assessing non-colloidal intravenous iron preparations 
in reference to an iron originator product (50). The EMA stated that the commonly 
used laboratory evaluations such as comparing plasma concentrations in animals or 
humans after administration of the product, as well as physicochemical evaluations 
such as iron complex particle size, structure, charge and surface characteristics, are 
not sufficient when evaluating iron formulations. This is supported by the fact that 
the results obtained from physicochemical parameters, do not elucidate on the in-vivo 
performance and fate of the iron formulations. As a result, besides the physicochemical 
characterization, elaborated non-clinical (including biodistribution) studies followed by 
clinical pharmacokinetics and efficacy/safety assessment should also be done (50).
The in-vivo non-clinical evaluations are necessary to get insight into iron metabolism 
and disposition, with the aim to assess possible safety differences of the various iron 
preparations,  before clinical trials are set up and performed. Therefore, a suitable animal 
model (strain) should be defined and sensitive biomarkers should be determined.

4. AIM OF THE THESIS

Nano-colloidal iron based medicinal products have demonstrated to be complex 
formulations to be produced. It has been shown that these products exhibit differences 
in physicochemical properties as well as in their overall drug profile, when submitted to 
small manufacturing process variations (48, 51, 52). It is therefore of utmost importance 
to develop and define sensitive evaluation methods when original iron formulations 
with generics are compared from a pharmaceutical point of view. Several non-clinical 
animal studies have been previously published with the aim to compare the original 
iron sucrose product (Venofer®) to new iron sucrose similars. The objective of this thesis 
is to evaluate non-clinical in-vivo models that aim to assess safety profiles of intravenous 
iron products as these methods are not easy to standardize and the outcomes of the 
various studies are not in agreement regarding the superiority of the original iron 
sucrose product. Furthermore, it is interesting to investigate other possible methods 
such as magnetic resonance imaging (MRI) to obtain further insight into the iron 
biodistribution after intravenous iron administration. In addition a novel formulation for 
oral iron delivery, based on heme iron loaded into polymeric micelles, was developed 

Therefore, intravenous iron medications can be the treatment modality of choice in 
particularly in case of attained or hereditary decrease of intestinal iron uptake, in case of 
severe bleeding and high iron demand, in case of iron deficiency anemia due to the use 
of erythropoietin stimulant agents that is necessary during some chronic diseases and 
when oral iron medication is not tolerated (34).
Similar to oral iron delivery products, there are several parenteral iron replacement 
products on the market. These intravenous iron formulations are colloidal dispersions 
made up of polynuclear ferric-oxyhydroxide cores that are stabilized by several types of 
carbohydrate ligands such as mono, di, oligo and polysaccharides (35, 36). The current 
available intravenous iron preparations on the market are iron sucrose, iron gluconate, 
ferumoxytol, iron isomaltoside 1000, ferric carboxy-maltose, iron coated with low- 
and high molecular dextran, of which the latter is no longer used in many countries 
due to possibilities of severe allergic reactions (34,35). The pharmacokinetics and the 
subsequent processing of the iron products by the mono-nuclear phagocyte system are 
highly dependent on the carbohydrate surrounding the iron core as this coating is one 
of the determinants for the stability of the colloidal iron particles and thus the release 
of iron from the complex (7, 37-39). One of the reasons behind the safety concerns is 
that unstable iron complexes can result in secondary hemochromatosis (iron overload). 
Unlike primary hemochromatosis which is hereditary, secondary iron overload is caused 
by multiple blood transfusions, but also due to excess exogenous iron administration 
and uptake (40, 41). Iron plays an essential role in oxygen radical biochemistry (42). Five 
to 10% of the oxygen inhaled by humans is reduced to yield reactive oxygen species 
(ROS) such as superoxide-, hydrogen peroxide- and hydroxyl radicals (42). Relatively large 
concentrations of non-complex bound iron can result in an increase of non-transferrin 
bound iron (NTBI), which in turn can act as a strong redox catalyst for the Fenton reaction 
(38, 43). In the Fenton reaction, iron reacts with hydrogen peroxide to form a hydroxide 
ion and a hydroxyl free radical (28). This hydroxyl free radical in turn can further oxidize 
and cause severe damage to tissues and lead to several clinical complications (44). 
Therefore the formation of non-complex bound iron after administration of iron-based 
products should be avoided. It has been reported that the manufacturing process 
is of utmost importance for the stability and safety of iron-based medicinal products 
(45). A defined and validated manufacturing process is of great importance in order to 
minimize the possibility of obtaining unstable products and batch-to-batch variations. 
Mühlebach and Flühmann (2015) reported in detail the sensitive parameters and key 
steps that should be taken into consideration for the manufacturing of intravenous 
iron carbohydrate formulations (35). In short, the starting iron source material should 
be extensively controlled for chemical contaminations, the preparation conditions such 
as pH, temperature and reaction time as well as purification steps should be regulated 
and the final manufacturing steps like the container quality and sterilization should also 
be considered. Because of the above mentioned, Mühlebach and Flühmann further 
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5. THESIS OUTLINE

As oral iron medicines can be an easy and more available iron therapeutic treatment 
compared to parenteral iron treatment, it is of interest to develop novel oral formulations 
that are more efficient while causing less side effects. In chapter 2, we developed an 
iron-complex formulation based on hemin-loaded polymeric micelles composed of 
the biodegradable and thermosensitive polymer, methoxy-poly(ethylene glycol)-b-
poly[N-(2-hydroxypropyl) methacrylamide-dilactate]. In the subsequent chapters, 
we focused on intravenous iron treatments. Chapter 3 aims to compare previously 
published results from non-clinical studies of iron sucrose intravenous therapy. To this 
end, two experiments in which Venofer® was compared with two iron sucrose similars 
were performed in a similar experimental set-up as previously reported in literature. The 
outcome of this chapter was that the results obtained were difficult to standardize and 
thus to compare. Therefore in chapter 4, the rat strain (Sprague Dawley) that was used 
in our studies as well as in the previously published ones, was in depth analyzed, with 
the aim, to assess whether this model is suitable to conduct comparative studies of iron 
based nano-particle products. To this end, a dose effect of Venofer® (iron sucrose) and 
of Ferrlecit® (sodium ferric gluconate) was studied in male Sprague Dawley rats. The 
latter iron product was included as positive control since Ferrlecit® has been reported 
to be less stable than Venofer® and thus can result in higher iron related toxicity. In 
chapter 5, we investigated the potential of magnetic resonance imaging to evaluate the 
biodistribution of exogenous iron within 24 hours after one single injection of Venofer® 
(iron sucrose). Finally, chapter 6 discusses the various iron treatments, pre-clinical iron 
therapy evaluation methods and makes recommendations for future research on iron 
formulations.
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1. INTRODUCTION

Anemia is one of the most common health problems at present. According to the 
World Health Organization the prevalence of anemia is dependent on ethnic groups 
and geographic location, but it is assumed that 50% of these cases is because of iron 
deficiency (1). This occurrence is similar for both developing and developed nations and 
can arise due to various reasons such as pregnancy, growth in children and diseases that 
cause low iron bioavailability from the diet (2-4).
A healthy iron metabolism is important as iron is the main mineral involved in oxygen 
transport, DNA synthesis, cell growth and survival (5, 6). The iron homeostasis is primarily 
regulated by intestinal absorption as the uptake of iron takes place predominately in 
the duodenum and upper jejunum by enterocytes. This absorption is regulated by the 
hormone hepcidin that is produced in hepatocytes of the liver and binds to the iron 
transporter protein ferroportin that carries iron from the duodenal enterocytes into 
the circulation (7). It is known that hepcidin binding to the iron transporter leads to its 
degradation, therefore augmented hepcidin production results in less ferroportin and 
thus less iron transportation (export). As a consequence a decrease of iron absorption and 
efflux from the enterocytes occurs. This incidence results in a disturbed iron homeostasis 
and ultimately could cause less iron in the circulation (8-10). Due to the importance of a 
balanced iron metabolism, it is of interest to develop therapies that can remediate iron 
deficiency. There are two forms of dietary iron, namely non-heme iron that is present 
in vegetables and grains, and there is heme iron that is predominately found in red 
meat in the form of hemoglobin and myoglobin (11). It is known that even though the 
prevalence of non-heme iron is higher than the heme form, the latter is being absorbed 
up to 30% more effectively (12). Nevertheless, because non-heme iron supplements are 
relatively cheap and easy to produce, the pharmaceutical industry has developed several 
oral formulations based on iron salts such as iron sulfate. However, these formulations 
are associated with various side effects such as gastrointestinal disturbances which 
are probably caused by the redundant amount of iron in the preparations that remain 
unabsorbed in the colon (13). There is consequently an urgent need for more advanced 
oral preparations with higher bioavailability and less side effects. Many studies have 
explored the possibilities of novel therapies based on non-heme iron, but even though 
there are some heme-iron based oral iron medications on the market such as Proferrin 
(heme iron polypeptide), far less research has been done exploiting heme-iron for oral 
supplementation (6, 14). Unlike non-heme iron which is taken up by enterocytes via the 
divalent metal transporter 1 (DMT1), the exact uptake mechanism for heme remains 
elusive. It is, however, generally accepted that heme binds to the brush border membrane 
of the duodenum enterocytes and is subsequently transported by a different transporter 
as non-heme iron through the cell membrane to the cytoplasm (15-17). The assumption 
that heme is recognized by a heme-transporter opens possibilities to investigate other 

Abstract

Anemia resulting from iron deficiency is one of the most prevalent diseases in the 
world. As iron has important roles in several biological processes such as oxygen 
transport, DNA synthesis and cell growth, there is a high need for iron therapies that 
result in high iron bioavailability with minimal toxic effects to treat patients suffering 
from anemia. This study aims to develop a novel oral iron-complex formulation 
based on hemin-loaded polymeric micelles composed of the biodegradable and 
thermosensitive polymer methoxy-poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl) 
methacrylamide-dilactate), abbreviated as mPEG-b-p(HPMAm-Lac2). Hemin-loaded 
micelles were prepared by addition of hemin dissolved in DMSO:DMF (1:9, one volume) 
to an aqueous polymer solution (nine volumes) of mPEG-b-p(HPMAm-Lac2) followed by 
rapidly heating the mixture at 50°C to form hemin-loaded micelles that remain intact at 
room and physiological temperature. The highest loading capacity for hemin in mPEG-b-
p(HPMAm-Lac2) micelles was 3.9%. The average particle diameter of the hemin-micelles 
ranged from 75 to 140 nm, depending on the concentration of hemin solution that was 
used to prepare the micelles. The hemin-loaded micelles were stable at pH 2 for at least 
3 hours which covers the residence time of the formulation in the stomach after oral 
administration and up to 17 hours at pH 7.4 which is sufficient time for uptake of the 
micelles by the enterocytes. Importantly, incubation of Caco-2 cells with hemin-micelles 
for 24 hours at 37°C resulted in ferritin levels of 2500 ng/mg protein which is about 10 
fold higher than levels observed in cells incubated with iron sulfate under the same 
conditions. The hemin formulation also demonstrated superior cell viability compared 
to iron sulfate with and without ascorbic acid. The study presented here demonstrates 
the development of a promising novel iron complex for oral delivery.
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Figure 1. Molecular structure of (A) heme; (B) hemin and (C) hematin 

2. MATERIALS AND METHODS

2.1 Materials

Hemin (molecular weight = 651.9 g/mol), ammonium acetate, iron (II) sulfate heptahydrate; 
FeSO4.7H2O, sodium hydroxide, sodium bicarbonate, ascorbic acid, saponin and tetrazolium 
salt XTT (sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) 
were all purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). Dimethylsulfoxide 
(DMSO) and dimethylformamide (DMF) were obtained from Biosolve Ltd. (Valkenswaard, 
The Netherlands). Phosphate buffered saline (PBS) pH 7.4 containing per liter 8.2 g NaCl, 
3.1 g Na2HPO4∙12H2O and 0.3 g NaH2PO4.2H2O was from Braun Melsungen AG (Melsungen, 
Germany).
Methoxy-poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl) methacrylamide-dilactate) 
(abbreviated as mPEG-b-p(HPMAm-Lac2); Molecular weight of mPEG = 5000 g/mol) was 
synthesized as described by Soga et al. (26). Regenerated cellulose syringe filters (0.45 μm) 
were purchased from Grace Davision Discovery Science. Vivaspin centrifugal concentrator 
tubes with 50,000 MWCO filter were obtained from Sartorius AG (Goettingen, Germany). 
The Caco-2 cell line was generously provided by M.A.M Oosterveer-van der Doelen (Faculty 
of Veterinary Medicine, Utrecht University). Dulbecco’s Modified Eagle’s Medium, Minimum 
Essential Medium, antibiotic antimycotic cell culture solution consisting of amphotericin B 
and penicillin, non-essential amino acids and RIPA buffer were obtained from Invitrogen 
(Breda, The Netherlands). Micro BCATM protein assay and Ferritin Human ELISA kit (ab 108837) 
were purchased from Pierce (Rockford, USA) and Abcam (Cambridge, United Kingdom). 
Rabbit polyclonal Anti-LAMP1 IgG - Lysosome Marker (ab24170) and Goat polyclonal Anti-
Rabbit IgG H&L (Alexa Fluor® 488) (ab150077) were purchased from Abcam (Cambridge, 
United Kingdom). Methacryloxyethyl thiocarnamoyl rhodamine B was purchased from 
Polysciences Europe. Leica Confocal microscopy with Leica application suite advanced 
fluorescence (LAS AF) light software was used to visualize cellular uptake of labelled micelles.

sources for iron supplementation containing structures similar to heme such as ferric 
protoporphyrin IX chloride (hemin). Hemin in contrast to heme contains a chloro ligand 
attached to the iron center (structure is shown in figure 1). This compound is essentially 
insoluble in water of neutral pH and soluble in solutions of sodium hydroxide due to 
the substitution of the chloro ligand by a hydroxyl group resulting in the formation of 
hematin (18). The prominent factors for the development of a novel oral therapy would 
be improving the stability, bioavailability and solubility of the iron supplement (19). 
Thus, in order to exploit hemin for oral iron therapy, the first challenge to tackle is to 
solubilize it in aqueous medium of physiological pH. Moreover a suitable formulation 
has to resist the harsh environment of the gastrointestinal tract.
Especially nano-sized drug delivery systems have shown to be able to encapsulate 
several hydrophobic substances while increasing the uptake of the loaded drug and 
protecting it from degradation while passing through the gastrointestinal tract (20-22). 
There is a wide range of nanoparticles based on liposomes and on natural as well as 
synthetic polymers that have been investigated for the encapsulation of hydrophobic 
drugs (23-25). Within our department a novel class of thermosensitive biodegradable 
block copolymers based on methoxy-poly(ethylene glycol)-b-poly(N-(2-hydroxypropyl) 
methacrylamide-dilactate) (mPEG-b-p(HPMAm-Lac2) has been developed , which under 
certain conditions form micelles consisting of a hydrophobic core, in which hydrophobic 
drugs can be solubilized and a hydrophilic corona, making these particles water dispersible 
(26, 27; 30, 31). mPEG-b-(HPMAm-Lac2) consists of the hydrophilic polymer mPEG and 
poly(HPMAm-Lac2). The latter polymer is thermosensitive and, when dissolved in water, 
exhibits a lower critical solution temperature (LCST) (27), as has also been described for 
polymers such as poly(N-isopropylacrylamide) and elastin-like peptides (28, 29). Below 
the LCST poly(HPMAm-Lac2) 13 °C, water molecules are bound to the polymer chains 
and prevents intra- and inter polymer interactions resulting in a water-soluble polymer. 
When the polymer solution is heated above its LCST, water is expelled and the polymer 
chains become hydrophobic resulting in precipitation (27). Therefore, in the present 
study we investigated whether these micelles can also encapsulate the hydrophobic 
hemin and thus be used as a potential oral iron formulation. To this end, hemin was 
encapsulated in mPEG-b-p(HPMAm-Lac2) micelles via a rapid heating method. The 
formed micelles were characterized for encapsulation efficiency, loading capacity and 
particle size. Furthermore, the stability of the loaded micelles at different pH and also the 
physical state of hemin within the micelles was investigated. Finally, Caco-2 cells were 
incubated with the micelles to assess iron uptake in comparison to the commonly used 
iron supplement, iron sulfate.

Fe2+ 3+Fe 3+Fe
OHCl
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2.4 Dynamic light scattering

The size and polydispersity index of the micelles were measured using dynamic light 
scattering (DLS) using a ALV / CGS-3 (ALV gmbh, Langen Germany) with a JDS Uniphase 
laser functioning at a wavelength of 632.8 nm, an optical fiber-based detector, a digital 
ALV/LSE 5003 correlator and a temperature controller set at 25 °C. The refractive index 
and viscosity used for the data treatment were respectively 1.333 and 0.89 cp. All 
measurements were performed at a 90 ° angle. The Z-average mean particle size (Zave) 
and the polydispersity were calculated using the ALV-60 0 V.3.X software. The samples 
were made by diluting 10 to 20 μl micelle dispersion in 1 ml of 120 mM ammonium 
acetate pH 5.

2.5 Physical state of hemin in the micelles

Hemin-loaded micelles with the highest loading capacity and encapsulation efficiency 
were made as described in section 2.2. In detail, 0.1 ml of 120 µg/ml hemin in DMSO:DMF 
(1:9) was added to 0.9 ml of 1.8 mg/ml mPEG-b-p(HPMAm-Lac2) in 120 mM ammonium 
acetate pH 5. Hemin was also dissolved in DMSO to obtain the same hemin concentration 
as the diluted micelle sample. UV-VIS spectra (λ 200 – 700 nm) of the solutions were 
recorded.

 2.6 Stability of hemin-loaded micelles

The stability of hemin-loaded micelles at pH 2 and pH 7.4 at 37 °C was determined by 
measuring the particle size (Zave) and polydispersity for 17 hours. For the stability at pH 2, 
the hemin-loaded micelles were formed in 120 mM ammonium acetate pH 5 as described 
in section 2.2 followed by lowering to pH 2 by addition of 4 M HCl. To determine the 
stability of the hemin-loaded micelles at pH 7.4, the polymer was dissolved in PBS pH 7.4 
containing 8.2 g NaCl, 3.1 g Na2HPO4∙ 12H2O and 0.3g NaH2PO4 2H2O per liter.

2.7 Synthesis of mPEG-b-p((HPMAm-Lac2)-co-RhodMA

Rhodamine labeled mPEG-b-p(HPMAm-Lac2  ) was synthesized according to a previously 
reported polymerization procedure (33, 34). In short, methacryloxyethyl thiocarnamoyl 
rhodamine B and HMPA-Lac2 (molar ratio 1:99) together with (mPEG)2 –ABCPA 
macroinitiator in a molar ratio of initiator to monomer of 1:150 were dissolved in 3 
ml acetronitril (ACN) at a scale of 700 mg monomer. The mixture was flushed for 15 
minutes with nitrogen at room temperature and subsequently stirred overnight at 70 
°C. Next, the formed polymer was precipitated in diethyl ether and then dissolved in 
water. Dialysis was done for two days against ACN: H2O (1:1), three days against THF:H2O 

2.2 Preparation of hemin-loaded micelles

Hemin-loaded mPEG-b-p(HPMAm-Lac2) micelles were prepared via the “rapid heating 
method” essentially as described by Neradovic et al. (32) and by Rijcken et al. (27) with 
some modifications. In short, the polymer was dissolved at a concentration of 2 mg/ml 
in 120 mM ammonium acetate pH 5 in a glass vial and stirred on ice for 1 hour. 120 mM 
ammonium acetate pH 5 was prepared by dissolving 0.925 grams of ammonium acetate 
in 100 ml purified water. The pH of this solution was subsequently adjusted with 0.1 N HCl 
to pH 5. This solvent was used as at this pH the hydrolysis of the lactate groups is limited, 
resulting in a high stability of the micelles (36). Next the mixture was stored overnight 
at 4 °C and subsequently stirred for 15 minutes on ice and kept on ice until the micelles 
were made. This procedure was followed to ensure that the polymer solution remained 
below the critical micelle temperature (CMT) of 4 °C. Solutions of 0.4 - 2 mg/ml hemin in 
a mixture of DMSO:DMF (1:9 v/v) were freshly made and also kept on ice. Subsequently, 
0.1 ml of hemin solution was added to 0.9 ml of polymer solution, vortexed for 4 seconds 
and the hemin/polymer mixture was then transferred into a water bath of 50 °C and 
hemin loaded micelles were formed under vigorous shaking for 1 minute. Finally, after 
cooling to room temperature, the hemin-loaded micelles were filtered through a 0.45 
µm filter to remove precipitated, non-encapsulated, hemin.

2.3 Determination of hemin loading capacity and encapsulation efficiency of the 
micelles

The concentration of hemin encapsulated in the micelles was measured via UV-
spectrophotometric analysis (Spectrostar BMG Labtech). A sample of the micellar 
dispersion was diluted 10x in DMSO to disintegrate the micelles and solubilize the 
encapsulated hemin. A calibration curve of hemin standards was made in a concentration 
range of 0-50 µg/ml in DMSO. The samples and the standards were measured at a 
wavelength of 388 nm and the concentration of encapsulated hemin was determined 
using the calibration curve. The encapsulation efficiency (EE%) and the loading capacity 
(LC%) were calculated as follows:

 concentration hemin measured
EE=  x 100%
 concentration of the hemin added

 concentration hemin measured
 LC= x 100%
 concentration (hemin measured + polymer added)
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formulations for 24 hours, the medium was removed and the cells were washed 
with PBS. The cells were then lysed with 350 µl RIPA buffer supplemented with a 1 % 
proteinase inhibitor cocktail. The lysed cells were stored at -20 °C until analyzed. Prior to 
analysis, the cells were thawed and spun down at 20.000 rpm for 15 minutes. Next, the 
protein concentration of the samples was measured using a Micro BCA protein assay kit 
(Pierce, Rockford USA). A dilution range of 1-200 µg/ml bovine serum albumin was used 
for calibration. In order to assess the iron uptake, the total ferritin content of the cell 
lysates was measured using a double sandwiched ELISA against human ferritin kit (ab 
108837 Abcam, Cambridge United Kingdom). Both the protein and ferritin assays were 
performed according to the manufacturer’s protocol.

2.8.4 Cell viability 

The viability of the Caco-2 cells after incubation with the different formulations was 
assessed using a yellow tetrazolium salt XTT colorimetric assay that measures the 
metabolic activity of cells as first described by Scudiero et al. (35). In short, Caco-2 cells 
were seeded at a density of 20,000 cells/well in a 96 well plate and incubated at 37 °C. 
After 24 hours, the cell culture medium was removed and replaced by an iron sample 
mixture of 150 µl, consisting of 100 µl medium and 50 µl made up of a volume of the 
different iron sample needed to obtain different concentrations adjusted with PBS. The 
cells were incubated for 24 hours and then washed with PBS. Next, 50 µl of fresh medium 
and 50 µl of XTT solution were added to the cells, which were subsequently incubated for 
1 hour at 37 °C. Finally, the plates were measured using UV-spectroscopy at a wavelength 
of 490 nm and the relative cell survival after 24 hours treatment was compared to non-
treated Caco-2 cells.

2.8.5 Intracellular localization of hemin-loaded micelles

A rhodamine labeled polymer was synthesized as described in section 2.7 and the hemin 
loaded (mPEG-b-p((HPMAm-Lac2)-co-RhodMA) micelles were prepared as described 
in section 2.2 except that the rhodamine labeled polymer was dissolved in PBS pH 
7.4 instead of 120 mM ammonium acetate. The Caco-2 cells were seeded at a density 
of 50,000 cells/well in a 16-well glass chamber slide system (Lab-Tek; chamber slide™ 
system 178599) and grown for 5 days in an incubator at 37 °C to reach 80% confluency. 
The rhodamine micelles dispersion was then diluted 4x with phenol red free DMEM 
culture medium. Next, the cells were incubated with the diluted dispersion for 3 hours 
and subsequently the medium was replaced and the cells were washed twice with PBS. 
The Caco-2 cells were subsequently fixed with 4 % paraformaldehyde for 30 minutes, 
the fixative was then discarded and the cells were washed again twice with PBS. Binding 
buffer was made by preparing a stock solution of 50 mg Saponin from Sigma Aldrich 

(1:1) and 4 days against H2 O in order to purify the polymer and remove low molecular 
weight impurities. The dialysis medium was refreshed 3 times a day. After dialysis, the 
rhodamine labeled polymer was recovered by lyophilization and characterized via 1H 
NMR and GPC as described by Soga et al. (26) and Rijcken et al. (27).

2.8 In-vitro cell studies
2.8.1 Caco-2 cell culture

The Caco-2 cells were cultured in Dulbecco´s Modified Eagle´s Medium (DMEM) 
containing 3.7 g/L sodium bicarbonate, 4.5 g/L glucose completed with 10 % fetal 
bovine serum (FBS), 1 % antibiotics/antimycotics (100 IU penicillin G sodium/ml, 100 μg/
ml streptomycin sulfate and 0.25 μg/ml amphotericin B) and 1 % non-essential amino 
acids. The cells were seeded at a density of 100,000 cells per cm2 on polystyrene well 
plates at 37 °C in a humidified atmosphere containing 5 % CO2 and were allowed to 
differentiate for 14 days prior the experiments. Medium was replaced every 2-3 days.

2.8.2 Sample preparation for cellular uptake studies

Hemin-loaded micelles with the highest loading capacity and encapsulation efficiency 
were made as described in section 2.2 and 2.3. Multiple dispersions of 1 ml were pooled 
and concentrated using viva spin centrifugal concentrator tubes (cut-off 50.000 kDa, 
Santorius Stedim, Germany) for 40 minutes at 4,000 x g, resulting in micellar dispersions 
concentrated around 70 times.
The concentration of hemin in the micellar concentrate was determined by diluting 
the micellar dispersion 40x in PBS and then further diluting 10x in DMSO. Next, UV-
spectroscopy at 388 nm was used to determine the hemin concentration. This hemin-
loaded micellar dispersion was used to perform dose response and time dependent 
cellular uptake as well as cytotoxicity studies. The volume of the micellar dispersion 
needed for the dose response and time dependent uptake studies was adjusted to 
150 µl with PBS and mixed with 1350 µL cell culture medium to obtain 1.5 ml sample 
mixtures with concentrations of 10 – 200 µM hemin. The hemin micellar formulations 
were added to the Caco-2 cells and incubated for 24 hours, unless otherwise stated, at 
37 °C humidified atmosphere containing 5 % CO2. For the iron sulfate samples or iron 
sulfate combined with ascorbic acid in a molar ratio of (1:5), the necessary amount was 
dissolved in 150 µl PBS and mixed with 1350 µL cell culture medium to obtain iron sulfate 
solutions with concentration ranging from 10 to 200 µM.

2.8.3 Cellular uptake studies

After incubation of the Caco-2 cells with hemin-loaded micelles and iron sulfate 
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Figure 2. (A) mPEG-p(HPMAm-Lac2  ) dissolved in 120 mM ammonium acetate (2 mg/ml); (B) Hemin dissolved in 
DMSO : DMF 1:9 (1.2 mg/ml); (C) Hemin in DMSO : DMF 1:9 (1.2mg/ml) of which 0.1 ml was added to 0.9 ml of 
120 mM ammonium acetate; (D) Hemin- loaded micelles prepared by addition of 0.1 ml of 120 µg/ml of hemin 
in DMSO:DMF 1:9 to 0.9 ml of 1.8 mg/ml mPEG-b-p(HPMAm-Lac2).

Figure 3 shows the loading of hemin in mPEG-b-p(HPMAm-Lac2  ) micelles for 
three independently prepared micellar dispersions per hemin concentration with 
corresponding standard deviations in order to obtain insight in the batch-to-batch 
variability. Figure 3A demonstrates that the highest encapsulation was achieved by 
adding 120 µg/ml of hemin in DMSO to 1.8 mg/ml polymer solution in water. The loading 
capacity (LC) and encapsulation efficiency (EE) for this formulation were 3.9% and 61.4%, 
respectively. Figure 3A also shows that a higher concentration of hemin resulted in a 
decreasing EE. This is probably due to the fact that there is not enough polymer present 
to encapsulate the hemin, therefore resulting in saturation of the micelles with hemin 
and the formation of hemin aggregates with the excess hemin subsequently being 
filtered away (37, 38).

and 100 mg BSA in 50 ml PBS. After the Caco-2 cells were fixed they were quenched for 
10 minutes with 50 nM NH4Cl dissolved in water and washed twice with PBS. The binding 
buffer was then added to the cells and incubated for 30 minutes at room temperature. 
Next the primary antibody LAMP-1 to stain lysosomes, was dissolved in binding buffer 
(1 µg/ml). This antibody solution was then pipetted onto the cells and incubated for 60 
minutes at room temperature. Subsequently, the secondary antibody Alexa-488 was used 
to detect the binding of the primary antibody and was dissolved in binding buffer (10 
µg/ml). After 60 minutes of incubation with the primary antibody at room temperature, 
the Caco-2 cells were washed 4 x with PBS and the secondary antibody conjugated to 
Alexa-488 was added and incubated for 60 minutes. Finally, the cells were washed 3 times 
with PBS and once with Milli-Q ultrapure water and then mounted on the glass chamber 
slide system using FluorSave from Calbiochem, San Diego. Confocal microscopy was used 
to visualize the uptake of the rhodamine labeled micelles by measuring the red color 
within the cells and also to visualize lysosomes as the LAMP-1 antibody staining produced 
a green color.

3. RESULTS and DISCUSSION

3.1 Characterization of mPEG-b-p(HPMAm-Lac2  ) block copolymer

Synthesis and characterization of mPEG(5000)-b-p(HPMAm-Lac2) block copolymer 
was performed and characterized as described by Soga et al. (26, 36). The polymer was 
obtained in a yield of 73 % and the number average molecular weight as determined by 
NMR analysis was 17400 g/mol. GPC analysis of the polymer (using PEG calibration) gave a 
number average molecular weight of 18500 g/mol, the weight average molecular weight 
was 37200 g/mol and the dispersity (Ð) was 2.0 which is close to earlier reported data (36).

3.2 Preparation and characterization of hemin loaded micelles

Hemin-loaded micelles with different loadings of hemin were prepared as described in 
section 2.2 by addition of a small volume of hemin in DMSO to a cold aqueous polymer 
solution (1.8 mg/ml, which is far above the critical micelle concentration (CMC) of 0.015 
mg/ml as reported for this polymer (36)), followed by rapidly heating the solution to 
50 °C. After filtration to remove non-encapsulated hemin, the obtained particles were 
characterized for hemin loading, size and size distribution. When no polymer was present, 
the addition of the DMSO/hemin solution to water resulted in the formation of large 
aggregates as shown in figure 2C. In contrast, when adding the hemin solution to the 
polymer solution the encapsulation capacity of the micelles was obvious since a brownish 
micellar dispersion free of aggregates was obtained (figure 2D).
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Figure 4. UV-Vis spectra of hemin ; (—) hemin (11.4 µM) in DMSO, (- -) hemin loaded micelles (11.4 µM of 
hemin) in 120 mM ammonium acetate pH 5.

Figure 4 shows for hemin dissolved in DMSO a so called Soret- or B band at a maximum 
of 404 nm, which is common for metalloporphyrins (39, 40). Figure 4 further shows that 
the absorption for hemin loaded micelles is significantly broadened as compared to the 
absorption of hemin solubilized in DMSO. This can be ascribed to the aggregation of 
hemin in the micelles as previously reported for a silicon phthalocyanine photosensitizer 
loaded in mPEG-b-p(HPMAm-Lac2  ) micelles (34). Furthermore, the soret band for the 
hemin loaded-micelles shifted to lower wavelengths of respectively 385 nm compared 
to hemin dissolved in DMSO (404 nm). This shift is also known as a hypsochromic shift 
and is indicative for H-aggregation. Metalloporphyrins that form H-aggregates which are 
caused by strong metal to porphyrin orbital interaction are also called hypsoporphyrins. 
This interaction results in an enhanced porphyrin π-π* energy separation which 
subsequently leads to the hypsochromic shift as observed in figure 4 (41, 42). The results 
presented in figure 4 imply that hemin is most likely present in an aggregate state within 
the micelles which can be beneficial as premature release of hemin when transiting 
through the digestive system is retarded.

3.4 Stability of hemin-loaded mPEG-b-p(HPMAm-Lac2  ) micelles

In order for the hemin micelles to be effective for therapy, they should not disintegrate 
in the upper part of the digestive system and therefore the stability of the particles 

Figure 3. Loading of hemin in mPEG-b-p(HPMAm-Lac2  ) micelles; (A) encapsulation efficiency on the left axis 
and loading capacity on the right axis and (B) Z-average diameter and polydispersity of hemin loaded micelles. 
Results represent mean ± standard deviation of three independently prepared samples.

Figure 3A further shows that the loading capacity increased from 2.5% at a hemin 
concentration of 40 µg/ml to 3.9% at a hemin concentration of 120 µg/ml and then 
leveled off, which is probably due to saturation of the micelles with hemin. Figure 3B 
demonstrates that when increasing the hemin concentration, the average size of the 
micelles also increased from 75 nm to 140 nm. The particle size at the highest hemin 
encapsulation was 116 nm and the polydispersity index was 0.19.

3.3 Physical state of hemin in micelles

Hemin loaded-micelles were prepared as described in section 2.2 and subsequently 
diluted ten times with ammonium acetate pH 5 to obtain a dispersion with a hemin 
concentration of 11.4 µM and a polymer concentration of 0.18 mg/ml. The polymer 
concentration was above the CMC of 0.015 mg/ml (36), in order to ensure that the 
micelles remain intact during measurement. As control, hemin was dissolved in DMSO 
to obtain molecularly dissolved hemin at the same concentration as the diluted micelle 
sample.
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Figure 5A illustrates that at pH 2 the size of the micelles slightly increases from 143 to 
199 nm upon incubation for 17 hours at 37 °C, whereas at pH 7.4 (figure 5B) the size 
remained constant in time. The polydispersity remained constant in time at both pH’s, 
at an average of 0.18 at pH 2 and 0.21 at pH 7.4. The scattered intensity data provided 
as supporting information (figure S2) demonstrates that at pH 2 the scattered intensity 
slowly decreases in time indicating slow degradation of the micelles, while at pH 7.4 
the scattered intensity of the micelles remains constant throughout the measurement. 
However, during the first three hours which covers the common transit time in the 
stomach (43, 44), the average size and scattered intensity remained almost constant at 
pH 2. At pH 7.4 the micelles were stable up to 17 hours which could be beneficial for the 
uptake by the enterocytes after their oral administration.

3.5 Cellular in-vitro uptake of hemin-loaded mPEG-b-p(HPMAm-Lac2  ) micelles.

To study the feasibility of hemin-loaded micelles as formulation for oral iron delivery, 
several experiments were performed on Caco-2 cell cultures. The Caco-2 cell line 
has been extensively used to study nutrient and drug transport, as these cells upon 
differentiation express a comparable microvilli brush border with functionality similar 
to the enterocytes present in the small intestines (45, 46). Ferritin is also a well-known 
marker for cellular iron uptake as it is the protein that stores iron when not needed 
elsewhere in the organism (47). Once the Hemin loaded micelles are internalized by 
cells and the hemin is released, it is degraded by the enzyme heme oxygenase which is 
present on the endoplasmic reticulum resulting in the formation of Fe2+, biliverdin and 
carbon monoxide (48). Subsequently the iron in the cytoplasm enters the common iron 
pool and is then transported to the bloodstream via the protein ferroportin. The excess 
iron which is not required to enter in the circulatory system is stored in the cytosolic 
protein ferritin (8, 49). The regulation of ferritin synthesis occurs via the translation of 
ferritin H and L mRNA’s in presence of accessible iron in the labile iron pool which can be 
defined as a cell chelatable pool consisting of mainly Fe2+ associated with various ligands 
with an affinity for iron (50-52). This results in an increase or decrease of ferritin synthesis 
and thus ferritin expression when iron levels are high or down regulated when iron levels 
are low (8, 53). In the present study, Caco-2 cells were incubated with dispersions of 
hemin-loaded micelles with different concentrations, as well as with iron sulfate or iron 
sulfate in combination with ascorbic acid. Also, a cytotoxicity assay was done to assess 
the cytocompatibility of the formulations.

3.5.1 Uptake of hemin-loaded mPEG-b-p(HPMAm-Lac2  ) micelles by Caco-2 cells

In order to study uptake of hemin-loaded micelles, mPEG-b-p((HPMAm-Lac2)-co-RhodMA) 
was synthesized as described is section 2.7. GPC analysis (figure 6) equipped with both a 

was examined at both pH 2 (stomach) and pH 7.4 (duodenum). Hemin loaded mPEG-
b-p(HPMAm-Lac2  ) micelles with the highest encapsulation and loading capacity (figure 
3A) were used for these studies.

Figure 5. Z-average size (Zave) and polydispersity (PDI) of hemin micelles at 37 °C as a function of time at pH 2 
(figure 5A) and at pH 7.4 (figure 5B); Figure 5A: micelles were prepared at pH 5 as described in section 2.2 and 
then adjusted to pH 2 with 4 M HCl; Figure 5B: micelles were prepared using a polymer solution in PBS pH 7.4 
as described in section 2.6
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In order to observe whether hemin-loaded micelles were taken up by the Caco-2 cells, 
confocal microscopy was performed using rhodamine labelled hemin-micelles and the 
commonly used lysosome marker LAMP-1 (54). Figure 7B depicts that after an incubation 
time of 3 hours, the cells take up the labelled micelles, but Figure 7C shows that most 
of the green fluorescence of the lysosomes does not overlap with the red rhodamine 
fluorescence. This indicates that the rhodamine micelles were not present in lysosomal 
vesicles as would be expected if the uptake mechanism was via endocytosis (53). Similar 
results were also obtained by Rijcken et al. (34) who incubated murine melanoma B16F10 
cells with (mPEG-b-p((HPMAm-Lac2)-co-RhodMA) micelles to investigate the cellular 
uptake of these particles. Furthermore, the particles studied in this paper had an average 
size of 116 nm as shown in figure 3B, which is well above the optimal particle size of 25-
30 nm for endocytosis according to a study performed by Zhang et al. (56). Nevertheless 
uptake of hemin into the cells in its free form is not expected because of its low aqueous 
solubility and therefore the high levels of ferritin that are formed after incubation of 
the hemin-micelles with the cells, as shown in section 3.5.2, are probably due to the 
internalized micelles. Talelli et al. (57), also demonstrated that similar rhodamine labeled 
micelles, both non-targeted as well as EGa1 nanobody targeted were indeed taken 
up by 14C cells. Sahay et al., (58) discussed the various pathways that nanoparticles 
composed of different materials use to enter cells, including nanomaterials that are able 
to bypass early endosomes and lysosomes. However some of these mechanisms are not 
fully understood, but up to date any of the endocytic pathways are considered the main 
cellular uptake mechanism for micelles (59).

3.5.2 Ferritin expression after in-vitro uptake of iron complex

Figure 8 presents the ferritin expression after incubating the Caco-2 cells for 24 hours 
with dispersions of hemin-loaded micelles or iron sulfate. After incubating the cells 
with medium containing iron sulfate in various concentrations, ferritin values reached 
a maximum of 250 ng/mg protein at a concentration of 150 µM. It can also be observed 
that at this iron sulfate concentration the expression of intracellular ferritin reached a 
plateau.

RI- and UV-detector was performed to determine the number average molecular weight 
and the amount of free rhodamine in the sample. The number average molecular weight 
(Mn) using PEG standards for calibration was 23500 g/mol; Mw/Mn = 2.0. Furthermore GPC 
analysis showed that the amount of free label was less than 3 %.

Figure 6. GPC profile (1) mPEG-b-p((HPMAm-Lac2)-co-RhodMA; (2) traces of the PEG-macroinitiator; (3) free 
PEG; (4) injection peak. The red line is the UV signal at 548 nm and black line is RI signal.
 

 Rhodamine labeled mPEG-b-p(HPMAm-Lac2  ) micelles were prepared as described in 
section 2.8.5 to perform cellular uptake studies.

Figure 7. Confocal microscopy of Caco-2 cells incubated for 3 hours at 37 °C with rhodamine labeled hemin-
micelles. Figure 7A: lysosome staining in green; figure 7B: rhodamine labelled micelles in red; figure 7C: overlap 
of lysosome staining and rhodamine
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Figure 9. Formation of ferritin (in ng/mg cellular protein) by Caco-2 cells after 24 hours of incubation with 150 
µM of hemin loaded mPEG-b-p(HPMAm-Lac2  ) micelles, iron sulfate, iron sulfate plus ascorbic acid in a molar 
ratio of 1:5, and DMEM medium only. Results represent mean ± standard deviation of three experiments.

Figure 9 shows that when ascorbic acid was added to the medium, a substantial higher 
ferritin formation was observed, confirming literature claims (60). Furthermore, it can be 
observed that there were no significant differences between ferritin expressed by cells 
incubated with iron sulfate supplemented with ascorbic acid or hemin loaded micelles. 
However, ascorbic acid is a strong reductant which in excess could lead to the formation 
of undesired high Fe2+ amounts and result in possible pro-oxidative activity (61, 62). In 
addition, we investigated possible cytotoxic effects of the different iron formulations 
using the XTT assay. The results shown in figure 10 demonstrate that incubating Caco-2 
cells with hemin– loaded micelles with a concentration up to 150 µM, has no effect on 
the cell viability whereas iron sulfate combined with ascorbic acid was clearly cytotoxic, 
with an IC50 value of 50 µM.

Figure 8. Formation of ferritin (in ng/mg cellular protein) by Caco-2 cells upon incubation with hemin or iron 
sulfate for 24 hours at 37 °C. Results represent mean ± standard deviation of three experiments.

Importantly, when the cells were incubated with medium containing hemin-loaded 
micelles, ferritin values of 2500 ng/mg protein were observed, which are more than 10 
fold higher than obtained when incubating the cells with iron sulfate. This observation 
is in accordance with a previous study in which it has been reported that heme iron is 
probably being taken up more efficiently by Caco-2 cells than non-heme iron such as 
iron salts (11).
Additional experiments were performed to study the effect of combining ascorbic acid 
(vitamin C), a vitamin that beneficially enhances iron uptake (60).
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Figure 11. Formation of ferritin in ng/mg cellular protein as function of incubation time of Caco-2 cells with 
hemin-loaded micelles (150 µM) and iron sulfate (150 µM). Results represent mean ± standard deviation of 
three experiments.

In many previous studies using Caco-2 cells as a model cell line to investigate iron 
uptake, the cells were harvested after 24 hours upon incubation with iron supplements 
in order to allow ferritin formation (47, 63). However, here we demonstrate that 3 hours 
is sufficient to reach a maximum of ferritin formation upon incubation with both hemin-
loaded micelles as well as iron sulfate.

4. CONCLUSIONS

The present study shows that hemin can successfully be loaded in mPEG-b-p(HPMAm-
Lac2  ) micelles forming water dispersible particles with an average size of around 100 
nm. The hemin-loaded micelles demonstrated to remain stable up to 3 hours at pH 2 
and 17 hours at pH 7.4. Importantly, upon incubation in Caco-2 cells the hemin-loaded 
micelles gave superior ferritin formation up to 10x times higher than when compared to 
the commonly used iron supplement iron sulfate. The new hemin formulation presented 
in this paper is therefore a promising formulation for iron oral delivery.
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Figure 10. Viability of Caco-2 cells upon incubation of different concentrations of Hemin-loaded micelles; Iron 
sulfate; Iron sulfate : Ascorbic acid (1:5) and empty micelles. Results represent mean ± standard deviation of 
three experiments

3.5.3 Kinetics of ferritin formation in Caco-2 cells after incubation of iron samples 

The kinetics of ferritin formation was investigated by incubating the Caco-2 cells with 
iron sulfate and hemin-loaded micelles with a concentration of 150 µM. The hemin-
loaded micellar dispersion was made from 120 µg hemin/ml in 1.8 mg/ml polymer as 
described in section 2.8.2. Figure 11 illustrates that the amount of ferritin reached a 
maximum already after 3 hours upon incubation with both formulations at 37 °C. After 
this incubation time there is no significant difference in formation of ferritin.
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1. INTRODUCTION

Anemia is predominately caused by iron deficiency (5). In most cases oral iron 
supplementation can be given because it is convenient for the patient and also affordable 
(6). However, in case of iron malabsorption or severe iron deficiency, e.g. in patients that 
require hemodialysis, oral supplementation does not result in the required effect. In 
these patients parenteral administration is favored (7). Current intravenous iron products 
consist of a polynuclear iron(III)-oxyhydroxide core surrounded by a carbohydrate shell, 
that stabilizes the core and delays the release of iron from the complex (8). Iron sucrose 
is a preferred formulation as compared to other iron products such as ferric gluconate 
and iron dextran complexes due to its superior safety profile (9-12). Iron sucrose is a 
water dispersable nano-sized complex with an average core size smaller than 10 nm, 
composed of a polynuclear iron(III) oxyhydroxide core stabilized with sucrose molecules 
(13-15). It was first developed and approved for use in Switzerland around 1950 (16, 17) 
and in 2000 a New Drug Application (NDA) was filed and approved in the United States 
for the use of Venofer® (iron sucrose originator) (18).
Venofer® has been well characterized in terms of safety and efficacy, however some 
concerns have risen regarding the safety of iron sucrose similars (ISS) that have been 
introduced in several markets in the recent years (19, 20). The pharmaceutical properties 
of the iron sucrose complexes as well as their in-vivo behavior are highly dependent on 
the manufacturing process and conditions because small differences in physicochemical 
properties might result in possible different toxicological effects (21). The European 
Medicines Agency (EMA) published a guideline outlining all necessary studies, in order 
to establish comparison between generics and originators of iron-based nanoparticle 
products (22). The guideline basically states that non-clinical studies are essential when 
performing comparison studies for market approval of generic iron products. Up to now, 
animal models are used in non-clinical studies as predictive models to prevent adverse 
drug effects (23). However, the use of animal models to predict adverse clinical events is 
under debate due to the ambiguity of these studies concerning sensitivity, predictability 
and reproducibility (23). Sprague Dawley rats are extensively used as a preclinical animal 
model (24, 25) and have been applied in safety and efficacy as well as comparative studies 
of iron products (1-4). These studies had different outcomes in terms of toxicological 
differences between the original iron sucrose product Venofer® and the various iron 
sucrose similars tested. It is therefore crucial, when aiming to establish similarities in 
quality between generics and the original iron product, to use accurate, sensitive and 
robust methods. Therefore it should be investigated whether the Sprague Dawley animal 
model is a suitable model for comparison studies between the originator and generics 
and that the outcome of the experiments is easily reproducible. In the present study 
we thus aimed to reproduce the results of previously published non-clinical toxicity 
studies using Sprague Dawley rats that received Venofer® and iron sucrose similars (ISS) 

Abstract

Purpose The aim of this study was to assess the reproducibility of preclinical comparison 
studies of iron based products using the Sprague Dawley rat model.
Methods The original iron sucrose product Venofer® was compared with two iron 
sucrose similars (FerMylan® and FerMed®) by conducting a toxicological study with a 
comparable experimental design as previously published (1-4). To this end, iron related 
blood parameters, biochemical and oxidative stress analysis of liver and kidney as well 
as iron disposition in the liver were assessed. The non-anemic animals (both male and 
female) were injected intravenously once a week 40 mg Fe/kg body weight, receiving 
thus a total of five injections.
Results The measured iron related parameters, serum iron and transferrin saturation 
(TSAT), showed significantly increased values for the iron treated groups compared 
to the control group at day 29. However, none of the blood iron parameters showed 
statistically significant differences between Venofer® and the iron sucrose similars. In 
addition, the liver enzymes also did not demonstrate differences between the treatments. 
Proteinuria values for Venofer® at day 29 were elevated compared to FerMed®(ISS2) 
when measured in male rats, while FerMylan® (ISS1) iron disposition in the liver of female 
rats was significantly higher than in female rats that received Venofer®. In contrast to 
the previously published results (1), this study showed no major differences between 
the original iron sucrose product and the iron sucrose similars. However, there were 
significant differences in results between the female and male rats for serum iron, ALP 
liver enzyme and proteinuria levels. Mixed genders within a treatment group resulted in 
large standard deviations for serum iron and proteinuria, reflecting a large inter-variance 
within a treatment group.
Conclusion The results from various studies on iron medicinal products conducted with 
a similar experimental design are discordant regarding the safety and quality differences 
between the original iron sucrose and iron sucrose similars. One of the main factors to 
obtain reproducible results, is to use an appropriate animal model and experimental set-
up. The Sprague Dawley strain in combination with the read-out parameters described 
in this study, does not appear to be suitable for this purpose. The results reported in 
this chapter sheds light onto difficulties to reproduce animal studies when conducting 
research on iron medicinal products.
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At the end of this time, the animals were deprived for 15 hours from food, but had access 
to (acidified) water ad libitum. After 24 hours, blood was collected via the tail vein and 
the urine was collected in measuring cylinders. Blood serum and urine was kept at -20°C 
until analysis. During experiment 2 an extra time point for blood and urine collection was 
included at 14 days prior the first injection. At the end of the experiment, the animals 
were sacrificed via an intraperitoneal injection with an overdose pentobarbital (1 - 2 ml), 
followed by a saline perfusion until complete blood depletion. The liver and kidneys 
were collected, frozen in liquid nitrogen and subsequently stored at -80°C until analysis. 
In order to perform the experiment as a blinded study, the different iron products 
administered to the rats were labelled as H1 and H2 for experiment 1 and H3 and H4 
for experiment 2. As explained in the Introduction section of this Chapter, the different 
labels were disclosed after collection and interpretation of the data and are depicted in 
the manuscript correctly as being Venofer® (Veno), FerMylan® (ISS1) or FerMed® (ISS2).

2.2 Materials

Samples of Venofer® and the iron sucrose similars FerMylan® and FerMed® (20 mg iron/ 
ml), were obtained from Vifor (International) Ltd, St. Gallen, Switzerland and saline 
solution (sodium chloride 0.9% w/v) was purchased from Braun Melsungen AG, Oss, 
The Netherlands. The iron related parameters, namely total serum iron (Fe) and total 
iron binding capacity (TIBC), were measured using an ADVIA 120 Siemens hematology 
analyzer and a Ferrentest (Diagnostic Chemicals Ltd, Charlottetown Canada). Isoflurane 
was purchased from Teva Pharmachemie B.V., Haarlem, The Netherlands, and sodium 
pentobarbital (60 mg/ml) was provided by the pharmacy of the Faculty of Veterinary 
Medicine of Utrecht University, The Netherlands. Protein quantification kit-rapid for 
protein quantification in urine and organs and the antibiotic antimycotic solution were 
purchased from Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands. Sarstedt 
S-monovettes tubes containing clotting activator silica beads or EDTA for blood 
collection were obtained from Sarstedt B.V, Etten Leur The Netherlands and heparin LEO, 
5000 U.I./ml from Leo Pharma B.V, Amsterdam, The Netherlands. Alkaline Phosphatase 
Assay (ALP) kit was obtained from BioChain Inc. catalog no.:Z5030033, Hayward USA, 
Alanine Transaminase (ALT) was from Cayman Chemical Company catalog no.: 700260, 
Ann Harbor, USA, Aspartate Transaminase (AST) assay kit was obtained from BIOO 
SCIENTIFIC catalog no.: 3460-02, Austin, USA, Thiobarbituric Acid Reactive Substances 
(TBARS) measurement was performed using the OxiselectTM TBARS Assay kit MDA 
Quantification (Cell Biolabs Inc. San Diego, USA). Iron staining via the Prussian blue 
method was done with the Iron stain kit (product number HT20-1KT) from Sigma-
Aldrich Chemie B.V., Zwijndrecht, The Netherlands. Phosphate buffered saline (PBS) pH 
7.4 (containing per liter 8.2 g NaCl, 3.1 g Na2HPO4∙12H2O and 0.3 g NaH2PO4∙2H2O) was 
from Braun Melsungen AG (Melsungen, Germany). All iron related parameters, the liver 

by intravenous injection. To this end, a blinded study with comparable experimental 
set-up as described by Toblli et al. (1, 2) was performed. During the execution of the 
experiment, there was no knowledge which iron product was administered to the rats 
and this remained unknown also during the processing and interpretation of the data. In 
the present study, Venofer® was compared to two different iron sucrose similars, which 
after the interpretation of the data were disclosed to be FerMylan® and FerMed®. The 
study consisted of one experiment including both male and female rats, and another 
experiment with only male rats. The different sexes were studied, as it has been previously 
reported that the pharmacokinetics and pharmacodynamics of drugs in clinical trials are 
different for females and males (26, 27).

2. MATERIALS AND METHODS

2.1 Animals

The study was performed according to Institutional Ethical Committee Regulations 
of Utrecht University, the Netherlands. Male and female Sprague Dawley rats (Harlan 
laboratories, the Netherlands) were fed standard rat chow (Special Diets Services, United 
Kingdom) and (acidified) water ad libitum unless stated otherwise and were housed 
in standard perspex cages. The rats were acclimatized for 4 weeks before starting the 
experiment and were subjected to a 12 hours light/dark cycle.
In experiment 1, 24 animals (12 female and 12 male Sprague Dawley rats) were used. 
Each treatment group consisted of 4 female and 4 male animals weighing ≈ 200 grams at 
the beginning of the experiment. The different treatment groups were: Venofer® (Veno), 
FerMylan® (ISS1) and saline solution (control group). Venofer® and FerMylan® had a 
concentration of 20 mg Fe/ml and were intravenously administered to the rats at a dose 
of 40 mg (iron Fe)/kg body weight. In order to administer the preparations to all animals 
with a similar dose of 40 mg (Fe)/kg, the volume of the iron products injected varied per 
rat (0.4 - 0.8 ml).
Nine male Sprague Dawley rats were used in experiment 2. Each treatment group 
consisted of 3 male animals per group weighing ≈ 300 grams at the beginning of the 
experiment. The different treatment groups were: Venofer® (Veno), FerMed® (ISS2) and 
saline solution (control group). Venofer® and FerMed® had a concentration of 20 mg Fe/
ml and were intravenously injected into the rats at a dose of 40 mg (iron Fe)/kg body 
weight. Likewise the first experiment, the volume of the iron products injected varied 
per rat as this was dependent on the rat’s weight. For both experiments, the animals 
received a weekly intravenous injection of the different formulations for four weeks (thus 
5 injections total). Immediately after the injections at week 1 (day 1), 3 (day 15) and 5 
(day 29) the animals were placed in metabolic cages in order to collect urine for 24 hours. 
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solution for 3 minutes. Both working solutions were available in the iron staining assay 
kit and prepared according to the supplier manual. The hematoxyline dye solution was 
filtered using a 0.2 µm filter before use. Afterwards, the tissue sections were stained with 
the filtered hematoxylin solution for 30 seconds followed by 5 seconds staining with 
eosin-Y solution (1 gram in 1 liter 70% ethanol containing 5 ml glacial acid). The sections 
were then dehydrated by placing the slides in ethanol/water mixtures with increasing 
ethanol concentrations (from 50 to 100%) and finally in xylene. Finally, the liver tissues 
were dried overnight at room temperature. The histological analysis was done using 
Keyence microscope BZ-9000 series (Keyence Corporation of America, Itasca, IL, USA) 
at a magnification of 200x to examine the sections and using ImageJ software to count 
5 tissue spots per tissue section per animal in order to calculate the average stained 
surface.

2.5 Statistical methods

All results for the iron parameters, liver enzymes, organ functionality and oxidative- 
stress as-well as histology, are expressed as mean ± standard deviation. Analysis was 
done using a Two-way ANOVA with Bonferroni as post-hoc analysis using GraphPad 
Prism version 4.02 for Windows, GraphPad Software, San Diego California USA.

3. RESULTS AND DISCUSSION

The animals used in both the experiments received a weekly injection of 40 mg iron 
per kg body weight of either Venofer®, an iron similar or they were injected with saline 
solution (equivalent volume) as control. The dose administered to the rats is much higher 
than the maximum clinical dose of 7 mg/kg (28). However, 40 mg/kg has been previously 
used in several iron related comparison studies (1-4) and thus the same dose was used 
in the present study in order to compare our results with the outcomes of the published 
studies.

3.1 Iron related blood assessment

The iron related blood parameters such as serum iron and Total Iron Binding Capacity 
(TIBC) were measured and transferrin saturation was derived from the aforesaid 
parameters as described in Section 2.3. Table 1 shows the serum iron and TIBC values of 
the rats (males and females combined) of experiment 1.

enzymes ALP, ALT, AST, the TBARS assay and protein measurement in urine samples were 
performed as described by assay manuals unless stated otherwise.

2.3 Blood and urine collection from animals
 
Blood was collected as described in Section 2.1 via the tail vein at days 1, 15 and 29 of 
the experiment and at 24 hours after treatment. In experiment 2 an extra time point 
for blood collection was included 14 days before the first intravenous administration in 
order to confirm that the animals were not anemic before the start of the experiment 
(this was done by measuring hemoglobin in whole blood using the ADVIA 120 Siemens 
hematology analyzer). EDTA blood vials were used to collect whole blood for hemoglobin 
measurement and clotting activating silica vials were used for the collection of blood to 
obtain serum for serum iron, total iron binding capacity (TIBC) measurements as well 
as the various liver enzyme measurements (ALP, ALT and AST). As transferrin saturation 
(TSAT) is the ratio of serum iron and TIBC, these parameters were used to calculate the 
TSAT values (formula 1).

TSAT (%) = (Serum iron (µmol/L) / TIBC (µmol/L)) x 100% (1)

In order to obtain serum, the vials were centrifuged at 4°C for 10 minutes at 3,000 rpm. 
Afterwards, the serum was frozen and kept at -20°C until analyzed. During the 24 hours 
that the rats were placed in metabolic cages, urine was collected in measurement 
cylinders containing 1 ml of antibiotic antimycotic solution diluted 1:5 with deionized 
water. The urine was frozen and stored at -20°C until analysis. In addition, during 
experiment 2 the volumes of the urine collected for 24 hours of each rat were measured 
in order to be able to calculate the amount of proteinuria per day.

2.4 Prussian blue histology staining

After the organs were perfused, they were collected and immediately immersed into 
liquid nitrogen and stored at -80°C until analysis. The liver tissue was embedded in 
Optimum Cutting Temperature (OCT) compound for protection, before sections were 
made. Frozen 5 mm slices of the first liver lobe of each animal were cut longitudinally 
using a Leica CM3050 for cryo-sectioning and thaw mounted on a glass slide. Before 
the Prussian blue staining, the tissue sections on the glass slides were allowed to 
thaw at room temperature. Next, the sections were fixed 10 minutes in acetone and 
subsequently washed with demineralized water. The liver tissue was stained according 
to the protocol of the iron assay staining kit (procedure No.HT20, Sigma Aldrich). In 
short, the slides were incubated in working iron stain for 10 minutes and subsequently 
rinsed with deionized water. Next, the sections were incubated in working pararosaniline 
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Figure 1. Gender differences for serum Fe concentrations in (µg/dL) within the treatment groups (female 
versus male animals) at the different time points. Results represent mean ± standard deviation of 4 animals 
per gender group.
 

Figure 1 shows that the female rats have a trend for higher serum iron values compared 
to males, being most prominent at day 15. On that day the female rats of all treatment 
groups including the control group displayed higher serum iron values compared to 
the male rats of the same treatment group (Venofer®, p<0.001; ISS1, p<0.01 and control 
p<0.01). Watanabe et al. (29), studied the iron content of rat serum ferritin in both genders 
and observed no differences between the genders for the iron concentrations in serum. 
However, the serum ferritin concentration in female rats was significantly higher than 
in male rats, suggesting that female rats had higher iron stores than male rats. Table 
2 shows that at day 29, both female and male rats have statistically higher iron values 
compared to control rats that received saline injections. This indicates that in terms of 
iron measured in serum after multiple iron administration, both genders are susceptible 
to these iron treatments. Nevertheless, Table 2 shows no differences between the two 
iron preparations Venofer® and ISS1 within a gender throughout the experiment.

 

*  Versus male group p < 0.05
**  Versus male group p < 0.01
***  Versus male group p < 0.001

Veno

ISS1

Control

Experiment 1

Day of exp Veno ISS1 Control

Serum iron (µg/dL)

day 1 146 ± 30 157 ± 21 122 ± 37

day 15 222 ± 93 201 ± 84 165 ± 96

day 29 345 ± 39*** 294 ± 79* 189 ± 75

TIBC (µmol/L)

day 1 74 ± 11 79 ± 4 75 ± 3

day 15 80 ± 7 80 ± 5 83 ± 7

day 29 80 ± 3 79 ± 8 87 ± 5

TSAT (%)

day 1 36 ± 7 37 ± 6 29 ± 9

day 15 49 ± 17 45 ± 18 35 ± 19

day 29 78 ± 6*** 66 ± 16** 39 ± 17

*  Versus control group p < 0.05
**  Versus control group p < 0.01
***  Versus control group p < 0.001

Table 1. Serum Fe in (µg/dL), total iron binding capacity (TIBC in µmol/L) and transferrin saturation (TSAT in 
%). Serum Fe and TIBC measured in serum derived from blood of rats collected at different time points upon 
administration of iron treatments or saline as control. Results represent mean ± standard deviation of 8 animals 
(male and female) per treatment group.

Table 1 shows that for all treatment groups the average serum iron increased in time. 
This was, even though not expected, also the case for the control group. Only at day 
29 significant differences in serum iron values could be observed between the animals 
that received the iron formulations and the control animals (Venofer®; p<0.001 and 
ISS1; P<0.05), while TIBC values showed no differences between treatments. In addition, 
Table 1 also demonstrates that the TSAT values of the iron treated groups at day 29 were 
significantly different than the values found in the control group (Venofer®; p<0.001 
and ISS1; p<0.01). Overall, there were no significant differences in the iron parameters 
between the two iron preparations Venofer® and ISS1. The gender specific serum iron 
results for each treatment group are depicted in Figure 1 and table 2 reports the statistical 
analysis of the different treatments for the different genders in time. This analysis gives 
insight into possible differences in gender responses on the treatments.
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treatment group are in general smaller. This means that for serum iron concentrations, 
there is indeed less variation within the treatment group when using only male animals. 
The total iron binding capacity data, likewise experiment 1, did not show differences 
between the treatments (Venofer®, ISS2 and saline control). On the other hand, the TSAT

Figure 2. Hemoglobin (g/dL) measured in whole blood 14 days prior the first injections and after administration 
of iron treatments or saline as control. Results represent mean ± standard deviation of 3 male animals per 
treatment group.

values showed besides the significant difference between the iron treatment groups and 
control also a significant difference between the two iron treatments (Venofer® versus 
ISS2, p<0.05).

The results of the iron parameters measured in the two experiments clearly demonstrate 
a gender difference for these iron related parameters, while exposing the animals to the 
same experimental environment and treatment

Veno
ISS2
Control

Serum Fe (µg/dL)
Gender in time Control Veno ISS1

Female day 1 145 ± 24 122 ± 72 161 ± 21

Male day 1 68 ± 45 96 ± 62 35 ± 61

Female day 15 244 ± 76 233 ± 137 220 ± 131

Male day 15 86 ± 4 100 ± 61 131 ± 14

Female day 29 244 ± 68 280 ± 164 337 ± 75

Male day 29 134 ± 25 238 ± 139 248 ± 34

Statistical analysis
Gender in time

Veno versus control
P value

ISS1 versus control
P value

Veno versus ISS1
P value

Female day 1 P > 0.05 P > 0.05 P > 0.05

Male day 1 P > 0.05 P > 0.05 P > 0.05

Female day 15 P > 0.05 P > 0.05 P > 0.05

Male day 15 P > 0.05 P > 0.05 P > 0.05

Female day 29 P < 0.01 P < 0.05 P > 0.05

Male day 29 P < 0.001 P < 0.01 P > 0.05

Table 2. Serum iron in µg/dL specified for each gender in time and statistical analysis of serum iron within 
male/female groups between the treatments in time. Results represent mean ± standard deviation of 4 animals 
per gender in each treatment group.

Experiment 2 had an almost similar set-up as the first experiment but as described in 
Section 2.3, an extra time point for blood and urine collection was included at day 14 
before the first intravenous administration. In addition, only male animals were used as 
we hypothesized that using only one gender, and more specifically male animals that do 
not have a hormonal cycle, will result in less variation within a treatment group.
In order to confirm that the animals were not anemic before the start of the experiment, 
hemoglobin (Figure 2) was measured 14 days prior the first iron administration and was 
also further monitored throughout the experiment.

The hemoglobin values were in the normal range of 14 - 20 g/dL for non-anemic rats 
(30).
The serum iron concentrations of experiment 2 are depicted in Table 3. It can be observed 
that at day 29, the serum iron levels of animals that received the iron treatments were 
significantly elevated compared to control animals that received saline. As compared to 
experiment 1, in which both male and female rats were used, the standard deviations per 
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Experiment 1

Day of exp Veno ISS1 Control

ALP (U/L)

day 1 61 ± 16 59 ± 14 48 ± 13

day 15 53 ± 14 63 ± 15 53 ± 16

day 29 52 ± 14 55 ± 11 37 ± 11

ALT (U/L)

day 1 111 ± 28 105 ± 22 106 ± 30

day 15 74 ± 32 71 ± 22 79 ± 37

day 29 84 ± 34 71 ± 34 92 ± 25

Experiment 2

Day of exp Veno ISS2 Control

AST (U/L)

day -14 82 ± 58 86 ± 38 69 ± 44

day 1 69 ± 27 55 ± 7 59 ± 2

day 15 45 ± 1 61 ± 20 73 ± 20

day 29 43 ± 4 56 ± 9 66 ± 12

Table 4. ALP, ALT and AST values in serum after administration of iron formulations or saline as control at 
different time points. Results represent mean ± standard deviation of 8 animals, female and male (ALP and ALT) 
or 3 animals, male (AST) per treatment group.

Table 4 shows ALP, ALT and AST values measured in serum of animals of experiment 1 
and 2, and demonstrates that there were no differences between the treatment groups. 
Comparable studies carried out by Shah et al. (3) and Meier et al. (4), did also not find 
any statistical differences in the liver enzyme concentrations in serum of rats that 
received an ISS formulation (which) as compared to the originator Venofer®. However, 
more important is that we did not find a similar outcome to the extensive experiments 
conducted by Toblli et al., (1), even though we tested the same iron sucrose products. 
In the Toblli experiment, in which also mixed gender treatment groups were used, clear 
differences between the treatments were observed. They reported that animals that 
received the ISS showed much higher serum values of the liver enzymes as compared to 
the levels detected in saline control animals but also in animals that received Venofer®.
Figure 3, displays the gender specific results for ALP (Figure 3A) and ALT (Figure 3B) for 
each treatment group and table 5 gives the statistical analysis per gender in time.

Experiment 2

Day of exp Veno ISS2 Control

Serum iron (µg/dL)

day-14 137 ± 40 91 ± 10 140 ± 25

day 1 237 ± 70 175 ± 33 128 ± 14

day 15 226 ± 20 262 ± 89 136 ± 27

day 29 331 ± 49 265 ± 32 104 ± 23

TIBC (µmol/L)

day-14 93 ± 6 88 ± 4 85 ± 3

day 1 88 ± 11 79 ± 4 84 ± 8

day 15 109 ± 4 114 ± 6 109 ± 0

day 29 75 ± 2 80 ± 8 82 ± 3

TSAT (%)

day-14 26 ± 6 19 ± 1 30 ± 6

day 1 48 ± 9 39 ± 5 28 ± 5

day 15 37 ± 4 40 ± 12 27 ± 0

day 29 79 ± 10 60 ± 6 23 ± 6

+  Versus ISS2 group p < 0.05
*  Versus control group p < 0.05
**  Versus control group p < 0.01
***  Versus control group p < 0.001

Table 3. Serum Fe (µg/dL), total iron binding capacity (TIBC in µmol/L) and transferrin saturation (TSAT in %), 
in blood of rats collected at different time points upon administration of iron treatments or saline as control. 
Results represent mean ± standard deviation of 3 male animals per treatment group.

3.2 Biochemical analysis to evaluate liver and kidney function
3.2.1 Liver enzyme tests

In order to assess possible toxic effects that a high dose of iron may cause in the liver, the 
liver function was assessed by measuring the liver enzymes alkaline phosphatase (ALP), 
alanine aminotransferase (ALT) in experiment 1 and aspartate amino transferase (AST) in 
experiment 2. Toxicity of the formulations will result in release of these liver enzymes in 
the circulation and their concentrations were therefore measured in serum.
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Figure 3B demonstrates that ALT was not different between the genders. In addition, 
there was also no statistical difference in ALT values within rats of the same gender in 
time.

ALP (U/L)
Gender in time

Veno versus control
P value

ISS1 versus control
P value

Veno versus ISS1
P value

Femal day 1 P > 0.05 P > 0.05 P > 0.05

Male day 1 P < 0.05 P > 0.05 P > 0.05

Female day 15 P > 0.05 P > 0.05 P > 0.05

Male day 15 P > 0.05 P > 0.05 P > 0.05

Female day 29 P > 0.05 P < 0.05 P > 0.05

Male day 29 P > 0.05 P > 0.05 P > 0.05

Table 5. Statistical treatment difference within a gender group in time. Results represent mean ± standard 
deviation of 4 animals per gender in each treatment group.
 

3.2.2 Kidney function analysis

Proteinuria was measured for assessment of the kidney function (Table 6). At day 29 after 
five injections, both experiment 1 and 2 showed a statistical difference in proteinuria 
between the iron treatments. In experiment 1, proteinuria levels of animals that received 
ISS1 were significantly higher than levels of the Venofer® treated rats on day 29 (P<0.05). 
In experiment 2, the proteinuria was corrected for the amount of urine excreted per day. 
Here, elevated protein urine values of animals that received Venofer®, in comparison 
with the animals that received ISS2 (P<0.01) and saline (P<0.05), can be seen. Toblli et al., 
(1) observed statistical differences in proteinuria between the originator (Venofer®) and 
the iron sucrose similars already after one injection at day 1 and this difference remained 
after five injections, resulting in greater values for animals that received the ISS than 
those that received Venofer®.

Figure 3. Gender differences within a treatment group (female versus male animals) for A;
ALP (U/L) and B; ALT (U/L) serum levels at the different time points. Results represent mean ± standard deviation 
of 4 animals per gender in each treatment group.

The ALP serum levels of the male animals were statistically higher than the levels of the 
females. This was especially the case after one injection (day 1) and at day 15 after three 
injections. At day 15, it can also be seen that even the male rats of the control group 
gave higher ALP values than the female animals of the control group. This is in contrast 
with the results of the iron serum concentrations (Figure 1), where the females display 
more elevated values than the male animals. In addition table 5 shows that at day 1 there 
is a significant difference between ALP levels of male animals of the Venofer® group 
compared to male rats of the control group (p< 0.05) and at day 29 between females 
that received ISS1 and females of the control group (p< 0.05).

*  Versus female group p < 0.05
**  Versus female group p < 0.01

Veno
ISS1
Control

Veno
ISS1
Control
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3.3 Oxidative stress in liver and kidney

Oxidative stress in the liver and kidney was assessed by measuring thiobarbituric acid 
reactive substances (TBARS), which are markers for cellular lipid peroxidation in the 
organs. TBARS are expressed in malondialdehyde (MDA) levels. The malondialdehyde 
(MDA) levels in livers (Figure 5A) were not significantly different between the treatments. 
However, MDA levels of the kidneys (Figure 5B) of animals that received Venofer® 

formulation were significantly higher (p<0.05) compared to animals that received 
saline as control, but not significantly different from animals that received ISS1. Figure 
5C illustrates that the male animals are predominantly accountable for the significant 
difference in MDA levels of animals that received Venofer® compared to the control 
animals. During experiment 2 (Figure 6), in which MDA levels were corrected for the 
amount of organ protein, the iron treatments did not exhibit differences compared to 
the saline control but also not between the different iron treatments. 

Figure 5. Thiobarbituric acid reactive substances (TBARS) expressed in malondialdehyde levels in nmol 
(experiment 1), measured in A; liver, B; kidney and C; treatment difference within a gender in time in liver and 
kidney. Results represent mean ± standard deviation of 8 animals (A and B) or 4 animals per gender (C) per 
treatment group.

*  Versus control group p < 0.05

Veno

ISS1

Control

Veno

ISS1

Control

Veno

ISS1

Control

Experiment 1

Day of exp Veno ISS1 Control

proteinuria (µg/ml)

day 1 1,419 ± 248 2,037 ± 804 1,463 ± 293

day 15 1,185 ± 266 1,483 ± 489 1,190 ± 278

day 29 1,944 ± 547 2,684 ± 828+ 1,985 ± 618

Experiment 2

Day of exp Veno ISS2 Control

proteinuria (mg/day)

day -14 9 ± 1 8 ± 1 8 ± 0

day 1 10 ± 1 9 ± 0 9 ± 1

day 15 9 ± 1 7 ± 2 8 ± 0

day 29 13 ± 2*++ 9 ± 2 9 ± 2

+  Versus Veno  group p < 0.05
*  Versus control group p < 0.05
++  Versus ISS2  group p < 0.01

Table 6. Proteinuria values (experiment 1 in µg/ml; experiment 2 in mg/day) in urine after weekly administration 
of iron formulations or saline at different time points. Results represent mean ± standard deviation of 8 animals 
(experiment 1) or 3 animals (experiment 2) per treatment group.

Figure 4. Gender differences within a treatment group (female versus male animals) for proteinuria (µg/ml) 
at the different time points. Results represent mean ± standard deviation of 4 animals per gender in each 
treatment group.

*  Versus female group p < 0.05
**  Versus female group p < 0.01
***  Versus female group p < 0.001

Veno

ISS1

Control
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Figure 7A, clearly portrays that there is iron disposition in the liver after multiple injections 
of the different iron formulations. Animals that received either Venofer® or ISS1 showed 
statistically higher iron staining levels compared to animals that received saline (p<0.001). 
This outcome is in accordance with the previous study of Toblli et al. (1). However, in the 
present study no distinction between the iron treatments was found while the results by 
Toblli et al. (1) suggested large and statistically significant differences between the iron 
treatments, where both the ISS treatments resulted in a higher Prussian blue staining 
areas as compared to Venofer®. Figure 7B, shows that both the male and female rats 
that received iron injections gave higher values than the animals of the control group. 
Interestingly, while no distinction between Venofer® and ISS1 can be seen when the rats 
are taken together (Figure 7A), Figure 7B suggests that there is large significant variation 
between the females that received ISS1 compared to those that received Venofer® 
(p<0.01).
The aim of this research was to assess whether results from studies in which the original 
iron sucrose product was compared to iron sucrose similars, are reproducible. This, as 
it is interesting to evaluate whether a frequently used model (Sprague Dawley rats), 
is sensitive enough to give insight into the potential differences in physiological and 
toxicological effects of the different iron sucrose formulations. It was disclosed after the 
collection and interpretation of the data that the two ISS examined during this research 
were the same iron sucrose similars evaluated by Toblli et al. (1). In contrast to the study 
performed by Toblli et al., our results demonstrate that there was no clear difference 
between the iron products (1). When comparing the outcomes of several studies with a 
similar experimental protocol, including our results and the studies performed by Toblli et 
al. (1, 2), Shah et al. (3) and Meier et al. (4), it can be concluded that there is no agreement 
in terms of demonstrating major differences between the original iron sucrose product 
Venofer® and the various generics.
In addition, the study presented here demonstrates clear differences between results 
obtained from female or male rats. When using mixed genders within a treatment, some 
parameters such as serum iron and proteinuria gave results with quite large standard 
deviations after multiple injections of the iron products. This reflects a large inter-
variance within a treatment group. Therefore, if the aim is to test the overall effect of iron 
treatments in general and possible outcome differences between male and female, both 
genders should be included in the study. However, if the aim is to just compare toxicity 
and detect small differences between the iron treatments, one should consider if it is 
necessary to use both male and female animals during non-clinical experiments for iron 
based medicines. In case of using mixed genders in experimental set-ups, the treatment 
groups should consist of a sufficient population of males and females in order to minimize 
large deviations resulting from biological variation within the treatment group.
Accordingly, it should also be scrutinized whether the animal model itself is sensitive 
enough to exhibit effects after the different treatments.

Figure 6. Thiobarbituric acid reactive substances (TBARS) expressed in malondialdehyde levels in nmol/mg 
protein (experiment 2), measured in liver (A) and kidney (B). Results represent mean ± standard deviation of 3 
animals per treatment group.

The previously mentioned study by Toblli et al. (1), in which five weekly treatments were 
given, also no significant differences in MDA levels of animals that received ISS and 
Venofer® were found.

3.4 Prussian blue staining liver

The morphology of the liver of animals that received multiple injections of the various 
iron complexes or saline was analyzed (experiment 1 only). Figure 7A shows iron staining 
of the liver sections for the female and male rats together as a group and Figure 7B 
depicts the treatment results per gender.

Figure 7. Prussian blue staining of the liver (expressed in % of stained surface) for A; the different treatments 
and B; treatment difference within a gender. Results represent mean ± standard deviation of 8 animals (A) or 4 
animals (B) per gender in each treatment group.

*  Versus control group p < 0.05
***  Versus control group p < 0.001
+++  Versus Veno group  p < 0.001

Veno
ISS2
Control

Veno
ISS2
Control

Veno
ISS1
Control

Veno
ISS1
Control
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4. CONCLUSION

The results presented in this chapter give insight into difficulties to reproduce animal 
studies. When conducting research on iron medicinal products, reproducibility of non-
clinical studies is a requirement that should be carefully assessed.
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1. INTRODUCTION

Intravenous iron products are given as standard of care to treat iron deficiency anemia in 
patients suffering from various diseases such as chronic renal failure. Common clinically 
used intravenous iron products consist of colloidal particles consisting of a polynuclear 
iron(III) oxyhydroxide core surrounded by a carbohydrate shell in order to stabilize the 
core and delay the release of iron from the complex (1). All iron preparations contain a 
similar core, but have distinct molecular weight and compositions of the carbohydrate 
shell (2). The older types of intravenous iron complexes such as high molecular weight iron 
dextran, iron sucrose and sodium ferric (iron) gluconate are categorized by their kinetic 
and thermodynamic properties (3). However, the more recent generation of intravenous 
iron products like ferumoxytol and iron isomaltoside 1000 (4) cannot be classified by 
the above mentioned parameters as these complexes do not demonstrate evident 
correlation between molecular weight of the complex and degradation kinetics as is the 
case for the first types of iron products. The type of carbohydrate used to stabilize the 
iron compound is an important factor for the amount of iron that is rapidly released from 
these iron complexes, and may affect the subsequent processing of the iron complex 
by the reticuloendothelial system (5, 4). Non-complex-bound iron is either transferrin 
or non-transferrin bound (NTBI, non-transferrin bound iron). NTBI is taken up rapidly 
by parenchymal cells resulting in an increase of the labile iron pool (LIP) concentration, 
which has been suggested to have an important role in the formation of reactive oxygen 
species (ROS) (6-8). ROS cause oxidative stress and ultimately result in cell and tissue 
damage (9-11). As a result, a series of preclinical studies with iron complexes focused on 
oxidative stress induced cell and tissue damage has been performed. These studies have 
demonstrated a variable increase in oxidative stress biomarkers, dependent on the type 
of complex being used (12). Therefore, it is of utmost importance to properly characterize 
the iron preparations in terms of physicochemical properties and toxicology. Moreover, 
it is important to develop robust and reproducible manufacturing processes to secure 
product quality, and therefore ensure optimal pharmacokinetics and bio-distribution of 
the products. These non-clinical studies are now considered an essential component for 
the market approval of new or of follow up generic iron based nanoparticle products 
(13). To this end, it is essential to select an appropriate experimental model that is able to 
properly represent or measure iron accumulation in the organs. Several in-vivo models 
including the use of avian embryos (5, 12, 14-16) have been used to evaluate the iron 
tissue distribution and/or possible toxic effects of intravenous iron therapy. The Sprague 
Dawley (SD) rat, which is an outbred animal model, is used for multiple purposes including 
safety and efficacy testing (17) as well as comparative studies between generics and 
original iron preparations (18, 19). The aim of the present study is to investigate whether 
the Sprague Dawley rat, in an almost comparable experimental set-up as described by 
Toblli et al. (20), Shah et al. (19) and Meier et al. (17), is a reproducible and appropriate 

Abstract

The aim of the study was to examine the reproducibility of a rat model to assess the 
preclinical similarity in safety profiles and tissue accumulation of iron products. 
Accordingly, the effect of several doses of intravenously administered Venofer® and 
of Ferrlecit® on blood parameters, and on kidney and particularly liver toxicity were 
examined in non-anemic Sprague Dawley rats. The different analysis showed neither 
a clear treatment nor a dose effect after multiple injections. The parameters measured 
in this rat strain showed some iron induced adverse effects, but these could not be 
correlated to treatment specific differences. The findings presented in this paper indicate 
the difficulty to define a useful preclinical model to evaluate iron-based nano-colloidal 
preparations.
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peroxidase solution 30% and 3,3-diaminobenzidine (DAB) tetrahydrochloride tablets 
were purchased from Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands. All iron 
related parameters, the liver enzyme AST, TBARS assay and protein measurement in 
serum and urine samples were performed as described by assay manuals unless stated 
otherwise.

2.2 Animals

The animal experiment was performed according to Institutional Ethical Committee 
Regulations of Utrecht University, The Netherlands. Male HSd: Sprague Dawley rats 
(Harlan laboratories, The Netherlands) were housed in standard perspex cages and fed 
standard rat chow (rat and mouse breeder and grower diet from Special Diets Services, 
United Kingdom) and (acidified) water ad libitum unless stated otherwise. The animals 
were acclimatized for 4 weeks prior to the experiment and subjected to a 12 hours light/
dark cycle. Each treatment group consisted of 4 animals weighing around 300 grams (10 
weeks old) at the beginning of the experiment.

2.3 Experimental setup

Animals received one single intravenous injection or five injections of the different 
treatments in a time span of four weeks, with one injection per week. The treatments 
were: 40 mg Fe/kg, 60 mg Fe/kg and 80 mg Fe/kg of Venofer® (Veno) or 40 mg Fe/kg, 60 
mg Fe/kg of Ferrlecit® (Ferr) and saline solution as control. The dose and volume to be 
administered to each animal were calculated using the iron concentration in Venofer® 
and Ferrlecit® and the weight of the animals. The control group received saline solution 
also according to their weight in equal volumes as animals that received 60 mg (Fe)/
kg of Ferrlecit®. The clinically used dose is around 7 mg/kg. Therefore, in order to be 
able to induce iron accumulation in the organs, high doses of ≥ 40 mg/kg and multiple 
administrations of the two different therapeutic iron complexes were administered. The 
starting dose of 40 mg Fe/kg was chosen because this is also the dose used in similar 
studies to evaluate possible toxic effects of iron preparations. The rats receiving the 
Ferrlecit® treatments were not injected with a higher dose than 60 mg/kg, as adverse 
effects in rats have been reported when higher concentrations of this formulation 
were administered (27). The animals were placed in metabolic cages immediately after 
injection and deprived from food for 19 hours and had access to (acidified) water ad 
libitum. Twenty four hours after injection of the iron formulations or saline, the animals 
were taken out of the metabolic cages, blood was collected via the tail vein and urine 
was taken out of the container. Depending on whether the animals received one or 
five injections, blood and urine were collected twice (pretreatment and at day 1 of 
the experiment) or a total of four times (pretreatment, and at day 1, 15 and 29 of the 

model to evaluate the tissue iron accumulation and possible iron related toxicity of iron 
products after intravenous administration. This was done by studying the dose effect of 
Venofer® (iron sucrose) and of Ferrlecit® (sodium ferric gluconate). Ferrlecit® is included 
as positive control since this product is regarded as less stable with a higher content of 
labile iron compared to Venofer® (21-23).

2. MATERIALS AND METHODS
2.1 Materials

Venofer® (iron sucrose; 20 mg Fe/ml) lot number 118101 was obtained from Vifor 
(International) Ltd, St. Gallen, Switzerland. Ferrlecit® (ferric sodium gluconate; 12.5 mg 
Fe/ml) lot number D1C300A, from Sanofi-Aventis U.S. LLC. and saline solution (sodium 
chloride 0.9% w/v) was purchased from Braun Melsungen AG, Oss, The Netherlands. 
Isoflurane was purchased from Teva Pharmachemie B.V., Haarlem, The Netherlands, 
and pentobarbital (sodium) 60 mg/ml (charge number 12042302) was provided by 
the pharmacy of Veterinary Medicine at Utrecht University, the Netherlands. Formalin 
solution neutral buffered 10% (HT501128-4L) and protein quantification kit-rapid for 
protein quantification in tissue, urine and serum samples were both purchased from 
Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands. Sarstedt S-monovettes tubes 
containing clotting activator silica beads or EDTA for blood collection were obtained 
from Sarstedt B.V, Etten Leur, The Netherlands and heparin LEO, 5000 U.I./ml from 
Leo Pharma B.V, Amsterdam, The Netherlands. Iron-related parameters hemoglobin 
(Hb), total serum iron (Fe), total iron binding capacity (TIBC) and transferrin saturation 
(TSAT), were measured using an ADVIA 120 Siemens hematology analyzer and a 
Ferrentest (Diagnostic Chemicals Ltd, Charlottetown, Canada). Creatinine in serum 
and urine was measured via the colorimetric Jaffe method using SYNCHRON® Systems 
(24-26). Aspartate transaminase (AST) assay kit was obtained from Bioo Scientific, 
catalog #3460-02, (Austin, USA), the antibiotic antimycotic solution (A5955) was from 
Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands. Thiobarbituric acid reactive 
substance (TBARS) measurements were performed using the OxiselectTM TBARS assay 
kit MDA Quantification (Cell Biolabs Inc., San Diego, USA). Anti-ferritin light chain 
antibody (ab69090) and anti-IL6 antibody (ab6672) were purchased from Abcam plc, 
Cambridge, United Kingdom. Iron staining via the Prussian blue method was done 
with the iron stain kit (product number HT20-1KT) from Sigma-Aldrich Chemie B.V., 
Zwijndrecht, The Netherlands. Vectastain Biotinylated Universal Anti-Mouse IgG/Rabbit 
IgG was purchased from Vectastain ABC kit Cat.No. PK-6200, Universal Elite, Vector Lab., 
Burlingame, Ca, USA). Phosphate buffered saline (PBS) pH 7.4 containing per liter 8.2 g 
NaCl, 3.1 g Na2HPO4∙12H2O and 0.3 g NaH2PO4.2H2O was obtained from Braun Melsungen 
AG (Melsungen, Germany). Bovine serum albumin lyophilized powder (BSA), hydrogen 
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2.3.2 Blood and urine collection

Fourteen days preceding the experiment, blood was collected via the tail vein to obtain 
the pretreatment iron related parameters, to assess the animals’ general well-being 
and to confirm that they were non-anemic. During the experiments blood was drawn 
24 hours after the iron products or saline were administered. The blood was collected 
in EDTA blood collecting vials for the measurement of whole blood hemoglobin or in 
vials containing clotting activating silica to obtain serum for serum Fe, Total Iron Binding 
Capacity (TIBC), serum creatinine and aspartate transaminase (AST) determinations. The 
vials were centrifuged at 4°C for 10 minutes at 3000 rpm. The serum was then collected 
and kept at -20°C until analyzed. The serum Fe and TIBC were used to calculate transferrin 
saturation (TSAT), which is the ratio of serum iron and TIBC (formula 1).

TSAT (%) = (Serum iron (µmol/L) / TIBC (µmol/L)) x 100% (1)

The activity measurement of the liver enzyme aspartate transaminase (AST), to detect 
any liver deterioration, was performed as described by the assay manual as supplied by 
the manufacturer. The urine was collected in measurement cylinders containing 1 ml 
of the antibiotic antimycotic solution and subsequently diluted 5 times with deionized 
water. The volume was recorded and the urine was kept at -20°C until analysis. Proteinuria 
in urine was measured using a protein quantification kit based on the coomassie brilliant 
blue G technique as described in the assay kit manual. Creatinine in serum and urine 
were determined as described by the manufacturer’s manual. In order to calculate the 
creatinine clearance rate (Ccr) the following equation (2) was used:

Ccr = (Urine creatinine x 24 hour volume (ml)) / (Serum creatinine x 24 x 60 (minutes)) (2)

2.3.3 Oxidative stress markers in organs

The rodents were sacrificed and the organs were drained from blood by saline perfusion. 
The liver and kidneys were collected and immediately frozen in liquid nitrogen and 
subsequently stored at -80 °C until investigated. Oxidative stress markers in the liver 
and kidney after only one injection or multiple injections was determined by measuring 
the degree of cellular damage after lipid peroxidation. Here, the reactive compound 
malondialdehyde (MDA), formed from the decomposition of unstable peroxides derived 
from polyunsaturated fatty acids, was determined via a reaction with thiobarbituric acid 
(TBARS). The TBARS assay was corrected for the protein amount in the organ. The protein 
content in the livers and kidney was quantified using a protein kit for proteinuria.

experiment). The volume of the urine was assessed and stored at – 20°C until analysis. 
Following the last blood collection the animals were sacrificed by an overdose of 
pentobarbital (1 - 2 ml) via intraperitoneal injection followed by saline perfusion until 
they were completely blood depleted. The liver and kidneys were collected for oxidative 
stress analysis and histochemistry.

Fig. 1. Experimental schedule with time points; 4 weeks prior experiment and day -14, 0, 1, 7, 14, 15, 21, 28 and 
29 of experiment.

The experimental setup used in the study described in this publication had a staggered 
setup, where part of the rats were included in every “run”, and each “run” had a different 
starting date. In order to avoid a bias in the results due to this staggered setup, we 
included one rat from every treatment group in each “run”.

2.3.1 General well-being of the animals

The general well-being of the animals was assessed by examining (1) the weight of the 
animals throughout the study and overall appearance of the rats, (2) the iron parameters 
pretreatment and (3) the organs for any anomalies at the end of the study. The weight 
of the rats was measured every week. In the weeks that the animals were scheduled to 
receive an iron treatment, the weight of the animals was measured before treatment 
injection (thus at day 0, 7, 14 and 28 of the experiment). In order to establish that the 
animals were not anemic prior starting the experiment, hemoglobin, serum iron (Fe), 
and total iron binding capacity (TIBC) were measured at 14 days before start of the 
experiment. Finally, antecedent to the organ collection for further analysis, the tissues of 
the different organs were visually examined for any anomalies.
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ml solution). After 2-3 minutes of incubation with the DAB solution, the tissue sections 
were rinsed with tap water and counterstained with hematoxyline. The hematoxyline 
dye solution was filtered using a 0.2 µm filter and the tissue sections were then placed 
in the filtered hematoxyline stain for 30 seconds. Next, the sections were washed with 
tap water twice for 3 minutes and dehydrated by placing them for 30 seconds in 70% 
ethanol, 1 minute in 100% ethanol and finally 2 minutes in xylene. Subsequently, the 
tissue sections were left to dry completely overnight at room temperature.

Prussian blue staining of liver

Prussian blue was used to assess iron present in the livers of all animals that received either 
one or five injections of the different formulations. After deparaffinization of the tissue 
sections as described for interleukin-6 and ferritin labeling, the tissues were placed for 10 
minutes in iron staining working solution which was supplied and prepared according to 
supplier manual (iron stain kit, procedure No.HT20). After rinsing with deionized water, 
the sections were placed for 3 minutes in pararosaniline working solution, which was also 
supplied and prepared according to supplier manual (iron stain kit procedure No.HT20). 
Next, hematoxyline dye solution was filtered using a 0.2 µm filter. The tissue sections 
were subsequently stained with the filtered hematoxylin solution for 30 seconds and 
thereafter with eosin-Y solution (1 gram in 1 liter 70% ethanol containing 5 ml glacial 
acid) for 5 seconds and the sections were dehydrated by placing them in ethanol/water 
mixtures with increasing ethanol concentrations ranging from 50 to 100% ethanol and 
finally in xylene. The tissue sections were then dried overnight at room temperature.

2.4 Statistical methods

The bodyweight, iron parameters in blood, biochemical data as well as the 
immunohistochemistry results are all expressed as mean ± standard deviation. First a 
Gaussian distribution test was performed using the D’Agostino & Pearson normality test. 
Further analysis was done using a Two-way ANOVA with Bonferroni post hoc test. The 
threshold for significance was an alpha of 0.05, with p < 0.05 regarded as significant. 
In the manuscript significance is indicated with a symbol when p < 0.05, independent 
of the actual p-value. Both tests were performed with GraphPad Prism version 4.02 for 
Windows, GraphPad Software, San Diego California USA.

2.3.4 Immunohistochemistry of liver

To perform immunohistochemistry studies, the first liver lobe of each animal was 
collected. The liver was cut longitudinal in order to obtain an average of 3-5 sections 
per liver. Next, the liver tissue sections were mounted on a glass slide and five regions 
with comparable surface were chosen to assess stain surface using ImageJ software. 
The average stained surface was then calculated. The analysis of the tissue sections was 
performed using a Keyence microscope BZ-9000 series (Keyence Corporation of America, 
Itasca, IL, USA) at a magnification of 200x.

Interleukin-6 and ferritin labeling

Livers were assessed for IL-6 and ferritin. After collection, livers of the animals were fixed 
for 48 hours in 10% formalin and subsequently embedded in paraffin. The livers were 
cut in five micron sections using a microtome for paraffin embedded tissue sections. 
The tissue sections were deparaffinized by subsequently placing them in xylene and 
thereafter in ethanol/water mixtures with decreasing ethanol concentrations ranging 
from 100 to 50% and finally rinsing the tissue sections in running cold tap water. In 
case of the IL-6 assay, after deparaffinization, an antigen retrieval step was performed 
by placing the tissue sections in an antigen retrieval buffer (10 mM citrate buffer, pH 
6). Subsequently, the tissue sections were placed in a microwave for 10 minutes. Next, 
for both the IL-6 and the ferritin assay, the tissue sections were washed 3 times for 5 
minutes with PBS- 1% Tween 20 (PBS-Tween), followed by addition of 150 µL blocking 
serum (normal horse serum) supplied with the Vectastain kit on each tissue section and 
incubated for 20 minutes. The sections were subsequently rinsed twice for 5 minutes 
with PBS-Tween and incubated with 300 µL primary antibody as follows. For IL-6 staining 
a rabbit polyclonal to IL-6, 1:400 dilution in 1% BSA in PBS was incubated for 2 hours at 
room temperature and for the ferritin labeling a polyclonal antibody to ferritin light chain, 
1:200 dilution in 1% BSA in PBS was used and incubated overnight at 4°C. Subsequently, 
the tissue sections were rinsed for 5 minutes with PBS-Tween and quenching was 
achieved by incubating the sections with 1.6% v/v H2O2 (30% hydrogen peroxidase 
in deionized water). IL-6 and ferritin were visualized utilizing Vectastain Biotinylated 
Universal Anti-Mouse IgG/Rabbit IgG as a secondary antibody. The tissue sections were 
rinsed twice with PBS-Tween for 5 minutes and subsequently incubated with 200 µL of 
the secondary antibody for 30 minutes. Next, the tissue sections were washed twice for 
3 minutes with only PBS and the Vectastain ABC reagent was added and incubated for 
30 minutes. PBS-Tween was then used to wash off the ABC reagent followed by addition 
of 1 drop, to cover each tissue section completely, of 3,3-ddiaminobenzidine (DAB) 
tetrahydrochloride solution (1 DAB tablet was dissolved in 15 ml PBS and filtered on a 
0.2 µM filter; subsequently 12 µL of 30% H2O2 (in deionized water) was added to the 15 
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Fig. 3. Hemoglobin concentrations (g/dL) in blood of rats as a function of time after administration of iron 
treatments or saline as control. Results represent mean ± standard deviation of four animals per treatment 
group.

Table 1 shows the serum iron and TIBC values, measured in serum at different time points 
after administration of the iron preparations. An increase in serum iron was observed for 
all treatment groups, except the control group, throughout the study. On the other hand 
TIBC values remained stable for all the treatments.

Table 1. Serum Fe in (µg/dL) and total iron binding capacity (TIBC in µmol/L)

Serum Fe

Day of exp. Veno 40 Veno 60 Veno 80 Ferr 40 Ferr 60 Control

day -14 104 ± 35 99 ± 39   63 ± 11 56 ± 6 100 ± 52 113 ± 86

day 1 186 ± 31 164 ± 36 186 ± 16 193 ± 21 166 ± 16 144 ± 31

day 15 359 ± 106 250 ± 63 277 ± 51 206 ± 83 192 ± 31 154 ± 21

day 29 462 ± 105 315 ± 23 312 ± 100 244 ± 38 221 ± 27 183 ± 39

TIBC

Day of exp. Veno 40 Veno 60 Veno 80 Ferr 40 Ferr 60 Control

day -14 78 ± 8 79 ± 2 76 ± 3 72 ± 3 76 ± 4 80 ± 9

day 1 97 ± 13 71 ± 9 73 ± 5 87 ± 7 75 ± 12 101 ± 8

day 15 110 ± 17 78 ± 9 83 ± 12 71 ± 8 87 ± 12 92 ± 8

day 29 97 ± 21 71 ± 6 79 ± 16 71 ± 3 72 ± 11 90 ± 13

Serum Fe and TIBC measured in serum derived from blood of rats collected at different time points upon 
administration of iron treatments or saline as control. Results represent mean ± standard deviation of four 
animals per treatment group.

3. RESULTS

3.1 General well-being of animals

Figure 2 shows the weight of the animals in time after administration of the different iron 
formulations. The animals gained weight in time according to their age.

Fig. 2. Weight of animals throughout the study (starting 14 days prior the first injection until day 28 of the 
experiment). Results represent mean ± standard deviation of four animals per treatment group.

3.1.1 Iron related blood values in rats after administration of the iron formulations: 
hemoglobin, serum iron, total iron binding capacity and transferrin saturation

Figure 3 shows the hemoglobin values in time after administration of the various 
treatments. The pretreatment results for hemoglobin obtained at 14 days before the 
start of the experiment showed values in the normal expected range of 14 - 20 g/dL (28), 
demonstrating that the rats were not anemic. The hemoglobin concentrations in blood 
remained unchanged throughout the experiment even after multiple injections of the 
formulations.

Veno 40
Veno 60
Veno 80

Ferr 40
Ferr 60
Control

Veno 40
Veno 60
Veno 80

Ferr 40
Ferr 60
Control
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Fig. 5. Liver appearance of (A) control group (saline solution); (B) Venofer® 40 mg/kg; (C) Venofer® 60 mg/kg; (D) 
Venofer® 80 mg/kg at day 29 after animals were sacrificed and saline perfused.

Both the liver and intestines of animals that received an iron complex showed a brownish 
coloration. Figure 5 also demonstrates that rats that received a higher iron dose had a 
stronger discolored liver (brownish color).

Fig. 6. Intestine appearance of animals that received the different treatments at day 29 after animals were 
sacrificed and saline perfused.

Figure 4 shows, after administration of the different iron formulations, significant 
increases in transferrin saturation (TSAT) total values in serum of animals that received 
an iron complex compared to rats in the control group.

Fig. 4. Transferrin saturation (TSAT) in %, calculated as the ratio of serum iron and total iron binding capacity, as 
function of time after administration of iron treatments or saline as control. Results represent mean ± standard 
deviation of four animals per treatment group.

The serum iron parameters (Serum Fe, TIBC and TSAT) showed no statistical differences 
between animals that received the different iron treatments. However, multiple 
applications of the same iron preparation in the same group of animals, resulted in 
greater serum iron levels and TSAT values in time.

3.1.2 Visual observation of abdominal organs after intravenous administration of various 
iron treatments.

Photographs of the abdomen of the rats that received the different formulations were 
taken. Figures 5 and 6 are a representation of the appearance of the livers and intestines 
from animals in the various sample groups.

Veno 40
Veno 60
Veno 80

*  Versus control

Ferr 40
Ferr 60
Control
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Fig. 7. Proteinuria as function of time after administration of iron treatments or saline as control. Results 
represent mean ± standard deviation of four animals per treatment group.

When assessing the kidney function, neither the proteinuria levels in urine (Figure 7) nor 
creatinine clearance (Figure 8) resulted in significant differences between the two iron 
formulations as well as compared to controls at any time.

Fig. 8. Creatinine clearance values of animals that received iron treatments or saline as function of time. Results 
represent mean ± standard deviation of four animals per treatment group.

Veno 40
Veno 60
Veno 80

Veno 40
Veno 60
Veno 80

Ferr 40
Ferr 60
Control

Ferr 40
Ferr 60
Control

The intestines of the iron treated animals which also showed a brownish color however, 
did not demonstrate a dose-effect correlation as observed for the liver (Figure 5). 
Furthermore, also a reddish discoloration can be seen in the intestines in iron treated 
rats compared to control in Figure 6 marked with an arrow.

3.2 Biochemical analysis of liver and kidney

Table 2 shows the results of the liver enzyme aspartate transaminase (AST) as biomarker 
to evaluate the liver function. The average AST values of the animals 14 days prior the 
start of the experiment was 65 ± 12 U/L.

Table 2. Aspartate transaminase (AST) in (U/L)

Day of exp. Veno 40 Veno 60 Veno 80 Ferr 40 Ferr 60 Control

day -14 68 ± 7 78 ± 16 72 ± 10 63 ± 11 64 ± 10 59 ± 9

day 1 118 ± 39 143 ± 51 75 ± 10 # 95 ± 26 # 92 ± 21 73 ± 10 #

day 15 84 ± 7 66 ± 7 63 ± 11 75 ± 13 61 ± 5 58 ± 6

day 29 86 ± 10 93 ± 20 90 ± 13 84 ± 4 126 ± 94* 73 ± 13

* Versus Control  p < 0.05
# Versus Veno 60  p < 0.05

AST values in serum after administration of iron formulations or saline as control at different time points. 
Results represent mean ± standard deviation of four animals per treatment group.

The AST values depicted in Table 2, demonstrate that at day 1, there was an increased 
mean value for Venofer® 60 mg/kg compared to other treatment groups including the 
Venofer® 80 mg/kg group. Furthermore at day 29, the Ferrlecit® 60 mg/kg group showed 
a higher AST value than rats that received saline as control.
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3.4 Histology of the liver of rats after multiple treatment injections

Figure 9 shows iron staining of the liver sections as well as the results of the Prussian blue 
analysis for the different treatments. The results demonstrate that administration of both 
Venofer® and Ferrlecit® results in an increase in iron deposit in the liver. 

Fig. 9. Prussian blue staining of A) liver section of control group; B) liver section of Venofer® 40 mg/kg at day 29 
of experiment C) Prussian blue staining surface area (%). Results represent mean ± standard deviation of four 
animals per treatment group.

After only one injection of the various iron formulations, the liver tissue already showed 
positive staining for iron (Prussian blue). At day 1 the animals injected with Venofer® 80 
mg/kg showed increased iron staining compared to animals that received one injection 
of Ferrlecit® 40 mg/kg, while at day 29 the animals of the Ferrlecit® 60 mg/kg group 
showed more iron staining compared to the Venofer® 40 and 80 mg/kg groups. Following 
multiple injections of the iron preparations, some of the Prussian blue images obtained, 
indicate that there was iron present in the Kupffer cells but also in the hepatocytes which 
implies iron overload (images are not shown).
Measurement of the pro-inflammatory marker Interleukin-6 (IL-6) after administration of 
the different treatments to rats, showed elevated IL-6 levels at day 29 but not at day 1. 
Figure 10 shows that after one single injection the values of the different sample groups 
are similar. In contrast, at day 29 the animals that received the various doses of Venofer® 
resulted in an evident increase compared to control animals. Furthermore, after multiple 
injections, animals treated with the highest iron concentration (Venofer® 80 mg/kg) 
resulted also in higher IL-6 values compared to Venofer® 40 mg/kg and Ferlecit® 40- and 
60 mg/kg treated groups. The liver IL-6 values from the animals that received Ferrlecit® 

Veno 40
Veno 60
Veno 80

*  Versus Control
+ Versus Ferr 60
#  Versus Veno 80

Ferr 40
Ferr 60
Control 80

3.3 Oxidative stress in liver and kidney

Table 3 illustrates the thiobarbituric acid reactive substance (TBARS) measurements for 
the iron complex treatment groups and control group. At day 1 after one single injection, 
the lipid peroxidation in the kidneys of the animals that received an iron formulation were 
significantly higher compared to the animals that received saline solution. Moreover, at 
day 29 after multiple injections, the mean value of the iron sample groups also evidently 
increased as compared to the control group, but the extent of lipid peroxidation was 
lower than at day 1. The latter was also observed by Toblli et al. (18). The livers of rats 
that received an iron formulation displayed time dependent changes for the same iron 
treatment. Higher average lipid peroxidation values were observed in livers of animals 
that received multiple injections of the same formulation in time when comparing the 
results of day 1 with day 29 for both Venofer® and Ferrlecit®.

Table 3. Thiobarbituric acid reactive substance (TBARS) in nmol/mg

Day of 
exp.

Veno 40 Veno 60 Veno 80 Ferr 40 Ferr 60 Control

Kidney

day 1 1,756 ± 278 * 1,665 ± 424 * 2,134 ± 463 * 2,340 ± 261 * 2,172 ± 274 * 692 ± 166

day 29 1,391 ± 455 1,030 ± 186 1,279 ± 248 1,604 ± 69 1,389 ± 123 715 ± 149

Liver

day 1 158 ± 32 297 ± 23 257 ± 8 312 ± 20 289 ± 32 308 ± 116

day 29 503 ± 94 507 ± 95 550 ± 179 583 ± 186 344 ± 288 457 ± 212

 * Versus control p < 0.05
 
TBARS measurement to monitor lipid peroxidation in kidney and liver at day 1 and day 29 after administration 
of the two iron formulations or saline. Results represent mean ± standard deviation of four animals per 
treatment group.
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where Venofer® 60- and 80 mg/kg give significant higher values than results obtained 
from control treated animals. After multiple injections at day 29, this dose effect 
disappears and all iron treated rats give ferritin levels significantly higher compared to 
controls.

Fig. 11. Ferritin immunostaining of A) representative liver section of control group; B) representative liver 
section of Venofer® 40 mg/kg at day 29 of experiment; C) Ferritin staining surface area (%). Results represent 
mean ± standard deviation of four animals per treatment group.

4. DISCUSSION

The animals were subjected to high doses of ≥ 40 mg/kg and multiple administrations 
of two different therapeutic iron complexes (Venofer® and Ferrlecit®) of which the latter 
has been described to cause iron related oxidative stress both in clinical studies (29, 30) 
and in preclinical studies (31). It was opted not to submit animals with Ferrlecit® doses 
higher than 60 mg Fe/kg, as administration above this concentration resulted in adverse 
effects in rats (27). The other treatments began at a dose of 40 mg Fe/kg, which was the 
dose used in similar studies to evaluate possible toxic effects of iron preparations (17, 
19, 20).
Throughout the study, the weight of the animals was monitored, as weight loss is often 
an indication of declining health of animals. It can be observed that independent of the 
formulation they received, the rats gained weight and the animals did not show any 
signs of distress or disease. Furthermore, the rats showed during the whole experiment 

40 and 60 mg/kg portrayed high variability within the treatment group and higher mean 
levels at day 29 compared to the animals that received these treatments on day 1, but 
there was no significant difference with the control group.

Fig. 10. IL-6 analysis of A) liver section of control group; B) liver section of Venofer® 40 mg/kg at day 29 of 
experiment C) IL-6 staining surface area (%). Results represent mean ± standard deviation of four animals per 
treatment group.

 
In addition, Table 5 compares results of the IL-6 marker after one single injection (day 1) 
and after multiple administrations (day 29).

Table 5. Interleukin-6 (IL-6) variance analysis in %.

Treatment day 1 day 29 P-values

Veno 40 0.161 ± 0.070 1.168 ± 0.166 P < 0.05

Veno 60 0.139 ± 0.089 1.808 ± 0.459 P < 0.01

Veno 80 0.105 ± 0.019 2.200 ± 0.752 P < 0.001

Iron gluco 40 0.165 ± 0.025 0.670 ± 0.744 ns

Iron gluco 60 0.173 ± 0.090 0.657 ± 0.384 ns

Control 0.014 ± 0.006 0.000 ± 0.000 ns

IL-6 variance analysis (%). Results represent mean ± standard deviation of four animals per treatment group.

Figure 11 shows representative histological pictures of liver tissue of a control and an 
iron treated rat, and illustrates the surface area (%) of ferritin positive staining following 
one and five injections. At day 1, ferritin levels in the liver demonstrate a clear dose effect 

Veno 40
Veno 60
Veno 80

Ferr 40
Ferr 60
Control

*  Versus Control
+ Versus Ferr 40 and Ferr 60
#  Versus Veno 40 *  Versus Control

#  Versus Veno 40

Veno 40
Veno 60
Veno 80

Ferr 40
Ferr 60
Control
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any oxidative stress in case of iron overload, this organ did not exhibit any apparent 
differences in lipid peroxidation between the different groups.
The morphology of the liver tissue after administration of the various iron formulations 
or saline as control, was analyzed by performing iron staining, immunocytochemistry for 
the pro-inflammatory marker Interleukin-6 (IL-6) and ferritin immunostaining. The liver 
was assessed as the hepatic macrophages (Kupffer cells) comprise around 15% of the 
liver cells (34) and are an important absorptive cellular site for intravenous iron. Prussian 
blue staining in the liver was observed for all iron treatments already after one injection, 
indicating immediate iron disposition in the organ. The extent of Prussian blue staining 
was much higher on day 29 than on day 1 for the same iron treatment. This means that, 
even though the results on day 1 and day 29 are from a different subset of animals, there 
is most likely a gradual iron accumulation in the liver after multiple injections. The results 
of day 29, however, did not reflect a dose dependent effect which was expected as the 
livers displayed in Figure 5 showed somewhat a correlation between the given dose and 
brownish discoloration of the organ.
The immunohistochemistry studies also revealed clear signs of liver inflammation after 
multiple injections of the iron treatments. When assessing the pro-inflammatory marker 
Interleukin-6 (IL-6) at day 29, elevated values were obtained compared to control. In 
addition, table 5, showed that the pro-inflammatory (IL-6) marker is more prominent 
in time after multiple dosing of the same Venofer® treatment. This was however not the 
case for the Ferrlecit® treated animals and the control group.
In contrast to results obtained at day 1 for the IL-6 marker, the ferritin levels in the liver 
already depict at day 1 a clear dose effect. Compared to day 1, after multiple injections 
at day 29, there was no treatment nor dose effect and all iron treated groups gave 
significant elevated ferritin values compared to control. Interestingly, at day 29 after 
multiple injections of both formulations no treatment effect was found for the liver 
ferritin concentrations. Ferritin is normally considered to be a useful biomarker when 
determining iron accumulation in tissue and thus it was expected to obtain different 
ferritin levels in the liver tissue after administration of the various iron doses. It was also 
expected to detect different effects from the two iron preparations as they have different 
physicochemical characteristics (21).
The various assays did not show a clear pattern in neither the toxicological effects nor 
tissue accumulation. This unexpected outcome could be due to inter-variance of the 
treatment groups. The Sprague Dawley rat, which is widely used for medical research, 
is an out-bred strain with higher genetic variability compared to inbred strains and 
is hence expected to give a higher variability in individual results (35, 36). Already in 
early studies in which tumors in six sources of Sprague Dawley rats was investigated, 
the authors emphasized how important it was to be careful when assessing findings 
using this model especially when performing research in different facilities or using 
animals from different sources (37). Therefore when performing experiments with this 

hemoglobin values in the normal expected range of 14 - 20 g/dL (28).
To get further insight into the blood iron related parameters, the serum iron and Total Iron 
Binding Capacity (TIBC) were measured in order to calculate the transferrin saturation 
(TSAT). Serum iron is known to be a variable parameter that can fluctuate depending on 
the time of day and thus on the time of blood sampling (32, 33). Therefore, during this 
study the blood collection for each animal was performed as accurate as possible exactly 
24 hours after injection. The pretreatment and control serum iron values were similar 
to values obtained by Meier et al. (17). Even though no statistical differences between 
animals that received the different iron treatments was observed, multiple applications 
of the same iron preparation resulted in the same group of animals in time dependent 
changes resulting in greater serum iron levels and TSAT values. These results do not 
correspond to previous results obtained in relatively similar experiments performed by 
Toblli et al. (20, 31). In the Toblli experiments, different iron compounds were studied and 
administered in a dose of 40 mg (Fe)/kg. Multiple injections of the same iron complex did 
not result in an increase of serum iron levels over time but gave stable values throughout 
the experiment.
The abdominal organs of the rats that received 5 injections of the different iron 
formulations were examined to assess whether organs had irregularities as compared 
to the organs of the animals of the control group. Especially the liver and intestines 
depicted anomalies. The liver shows a dose-effect related brownish discoloration but in 
the intestines which also showed a brown color, a dose-effect was not apparent. Meier 
et al. (17), likewise also reported a change in liver color after supplying Sprague Dawley 
rats with two intravenous injections of iron sucrose complex at two different time points. 
In addition, Figure 6 suggests that the intestines of the majority of the rats treated with 
iron, portray signs of inflammation as depicted by the reddish area.
The toxic effects that might occur in the liver and kidney in case of excessive iron 
disposition in the organ tissue as well as the organ function were evaluated by performing 
a set of assays. The results from the liver enzyme aspartate transaminase (AST) which was 
measured as biomarker to evaluate the liver function, demonstrated no pattern in the 
significant differences between the different treatments. It can be concluded that the 
AST values during this study are neither dose nor time dependent and therefore are not 
considered of toxicological relevance.
The kidney function was evaluated by measuring proteinuria (Figure 7) and the creatinine 
clearance (Figure 8). The results demonstrate no evidence of renal failure as there was no 
significant differences between the iron treatments nor compared to control and there 
was no decrease in creatinine clearance as would be expected in the case of declining 
glomerular filtration function.
Elevated oxidative stress was observed in the kidney after one injection but remarkably 
after multiple injections of the iron treatments there was no significant differences. 
Interestingly, even though the liver is probably one of the primary organs to depict 
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ABBREVIATIONS
EMA European medicine agency
HB Hemoglobin
Hct Hematocrite
ICP-MS Plasma mass spectrometry
MCH Mean corpuscular hemoglobin
MCHC Mean corpuscular hemoglobin concentration
MCV Mean corpuscular volume
MEMS Multi-slice multi-spin echo sequence
MGE3D Multi-gradient-echo 3D
MGEMS Multi-echo gradient-echo sequence
MRI Magnetic resonance imaging
PET Positron emisssion tomography
r1, r2, r2* relaxivities
R2 Transverse relaxation rate
ROIs Regions of interest
Serum Fe Serum iron
SPIONs Superparamagnetic iron oxide nanoparticles
T1/2 Blood half life 
T1 Longitudinal relaxation rate
T2 Transverse relaxation rate
TE Echo time
TIBC Total iron binding capacity
TR Repetition time

1. INTRODUCTION

Iron is an essential nutrient for the transport of oxygen in the body. It is mainly present 
in heme, which is an important component of the oxygen-transporting protein 
hemoglobin that is present in erythrocytes. Insufficient intake and/or uptake can result in 
iron deficiency or anemia. In particular patients suffering from disorders such as chronic 
kidney disease (CDK) are in need of treatments such as erythropoietin and/or intravenous 
iron to enhance the number of erythrocytes (1-3). Several FDA-approved iron products 
are presently used in clinical practice, of which particularly iron sucrose has been widely 
used because this complex has shown to induce less side effects compared to other first 
generation intravenous iron complexes such as high molecular weight iron dextran (4, 
5). Although these iron complexes have been shown to be therapeutically beneficial for 
patients suffering from iron deficiency, there are some concerns that these iron products 
can also cause short- and long-term complications (6, 7). After administration, the iron 

Abstract

Purpose The aim of this study was to determine the potential of Magnetic Resonance 
Imaging to evaluate the biodistribution of exogenous iron within 24 hours after one 
single injection of Venofer® (iron sucrose).
Methods Venofer® was evaluated in-vitro for its ability to generate contrast in MR images. 
Subsequently, iron disposition was assessed in rats with MRI, in-vivo up to 3 hours and 
post mortem at 24 hours after injection of Venofer®, at doses of 10- and 40 mg/kg body 
weight (n=2x4), or saline (n=4).
Results Within 10-20 min after injection of Venofer®, transverse relaxation rates (R2) 
clearly increased, representative of a local increase in iron concentration, in liver, spleen 
and kidney, including the kidney medulla and cortex. In liver and spleen R2values 
remained elevated up to 3 hours post injection, while the initial R2 increase in the kidney 
was followed by gradual decrease towards baseline levels. Bone marrow and muscle 
tissue did not show significant increases in R2 values.
Whole-body post mortem MRI showed most prominent iron accumulation in the liver 
and spleen at 24 hours post injection, which corroborated the in-vivo results.
Conclusion MR imaging is a powerful imaging modality for non-invasive assessment of 
iron distribution in organs. It is recommended to use this whole-body imaging approach 
complementary to other techniques that allow quantification of iron disposition at a 
cellular/ subcellular level.

KEYWORDS 
Iron ∙ Intravenous ∙ Biodistribution ∙ Oxidative stress ∙ MRI
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studies to determine the tissue iron content and tissue inflammatory markers in rats. 
However, these parameters measured in the Sprague Dawley rat model did not give 
sufficient insight into the iron accumulation and adverse iron related effects after 
intravenous administration of different doses of iron products (manuscript submitted 
for publication).
Rostoker et al. (21) reported that it is feasible to study iron content in transfusion dependent 
patients suffering from iron overload or in hemochromatosis patients by using magnetic 
resonance imaging. In the past, the MRI technique has been used to investigate the 
delivery of iron nanoparticles such as liposomal SPION (superparamagnetic iron oxide 
nanoparticles) formulations (22). Thus, it would be of interest to investigate whether 
intravenously injected complex – bound iron can also be monitored with in-vivo MRI. A 
study by Vinitski et al. reported that ferric hydroxide sucrose was successfully used as a 
MR contrast agent to image pulmonary embolism, suggesting the potential use of MRI 
for imaging of iron sucrose distribution (23). Iron has paramagnetic properties and can 
therefore reduce the magnetic resonance signal as the iron concentration increases (24). 
Therefore, the aim of this study was to determine the potential of magnetic resonance 
imaging (MRI) to non-invasively and accurately monitor iron disposition within twenty 
four hours after one single injection of iron sucrose (Venofer®).

2. MATERIALS AND METHODS

2.1 Materials

Venofer® (lot number: 118101) was obtained from Vifor (International) Ltd., St. Gallen, 
Switzerland. Saline (sodium chloride 0.9% w/v) was purchased from Fresenius Kabi 
Nederland B.V. (Zeist, The Netherlands). Heparin, 5000 U.I. (dissolved in water), was a 
product of Leo Pharma B.V, Amsterdam. Isoflurane was obtained from Teva Pharmachemie 
B.V., Haarlem, The Netherlands, and sodium pentobarbital 60 mg/ml in water, charge 
number 12042302, was provided by the pharmacy of Veterinary Medicine at Utrecht 
University, The Netherlands. Formalin solution neutral buffered 10% (HT501128-4L), 
antibiotic antimycotic solution and sodium azide were purchased from Sigma-Aldrich 
Chemie B.V., Zwijndrecht, The Netherlands. Phosphate buffered saline (PBS) was from 
J.T. Baker (Avantor Performance materials B.V., Deventer, The Netherlands). Sarstedt 
S-monovettes tubes containing clotting activator silica beads for serum collection 
or EDTA for whole blood collection were purchased from Sarstedt B.V, Etten Leur, The 
Netherlands.

complexes which are colloidal dispersions of polynuclear ferric-oxyhydroxide cores 
stabilized by a carbohydrate shell, are taken up by phagocytosis by macrophages of the 
mononuclear phagocyte system (previously termed reticuloendothelial system (RES)) 
(8). In this respect, the colloidal iron particles follow the same fate of other nanoparticles 
based on for example synthetic polymers or lipids (9-12). In the macrophages, the 
complexes are degraded and the iron can be stored in ferritin or it can be released to 
bind to the blood plasma glycoprotein transferrin. The amount of iron released, relies on 
the physiological iron need and is speculated to also depend in part on the properties 
of the iron product, specifically related to the type of carbohydrate used to stabilize the 
iron complex (4, 8, 13). In case of iron overload, accumulation of iron in macrophages 
represents a safety concern as this might result in oxidative stress, inflammation, 
kidney- and heart disorders (6, 14). Because of these safety concerns, there is a great 
need for insight into the distribution of iron after intravenous administration of iron-
based medicinal products. In the reflection paper published by the European Medicine 
Agency concerning data requirements for the development of iron colloidal products for 
parenteral administration, a minimum requirement for biodistribution studies is outlined. 
This paper states that studies of iron distribution, retention and accumulation in-vivo, 
should at least comprise analyzing the blood plasma, reticuloendothelial system and 
organ tissue (15). Furthermore, it is also desirable to examine the early iron distribution, 
meaning within twenty-four hours after iron administration, preferably in a non-invasive 
manner. Beshara et al. studied the long-term kinetics and distribution of iron after an 
intravenous injection, with a particular focus on iron distribution and the production of 
erythrocytes within 3-4 weeks after administration (16).
There is, however, no comprehensive knowledge available regarding the possible 
distribution of iron in the different organs within 24 hours after administration. Giving 
insight into the iron distribution shortly after administration of the iron complexes, 
elucidates on the early iron pharmacokinetics which is useful when for example comparing 
two iron formulations. Several methods have been described to assess the distribution 
of iron complexes and quantitative disposition in different organs. Such methods 
mainly consisted of using radio isotopes, as for example 52Fe or 59Fe in positron emission 
tomography (PET) studies or using whole body counters (17-19). Previous studies using 
this approach to investigate iron disposition in several organs within a twenty-four-hour 
span after administration of the iron complexes, demonstrated that these methods 
allow qualitative assessment of iron biodistribution (16, 18, 19). Nevertheless, the use 
of radioactive labeling has its pitfalls such as safety and ethical issues and the need of 
excessive numbers of animals in the case of pre-clinical in-vivo studies (20). Therefore, it 
is interesting to assess other methods to study the biodistribution of iron complexes. In 
a recent in-vivo study, we investigated the toxicity effects and in-vivo disposition of iron 
after intravenous administration by measuring iron parameters such as hemoglobin, 
serum iron and liver enzymes in blood serum, but also by performing histochemical 
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hematocrite (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin 
(MCH), mean corpuscular hemoglobin concentration (MCHC), serum Fe (iron) and total 
iron binding capacity (TIBC) using an ADVIA 120 Siemens hematology analyzer and a 
Ferrentest (Diagnostic Chemicals Ltd, Charlottetown Canada).

2.4 Iron measurement in urine after a single intravenous injection

Animals received a single intravenous injection with a volume ranging from 650 to 750 
µl conform to the weight of the rat, of Venofer® (40 mg/kg) or ~1.5 ml saline (control). 
Next, rats were placed in metabolic cages for 24 hours, in which they had free access to 
(acidified) water ad libitum and 5 hours to food. The aliment was then removed, resulting 
in a fasting period of 19 hours. The urine of the different animals was collected for 24 
hours in a measuring cylinder containing 1 ml of antibiotic antimycotic solution diluted 
1:5 with deionized water and the volume for each animal was recorded. Next, the urine 
was kept at -20°C until further assessment of the iron content which was determined 
using a Ferrentest (Diagnostic Chemicals Ltd, Charlottetown Canada).
 
2.5 In-vitro assessment of Venofer® as contrast agent for MRI 

Venofer® was diluted in saline to obtain samples with different iron concentrations, 
ranging from 0.00125 – 0.04 M. MRI of the samples was conducted on a 4.7 T horizontal 
bore MR system (Varian, Palo Alto, CA, USA), using a home-built solenoid coil with a 
diameter of 3 cm. All measurements were performed at room temperature, using freshly 
prepared samples. T1 was measured using a Look Locker inversion recovery sequence, 
(Total Repetition Time = 10 s, Repetition time per image =25 ms, Echo Time (TE) = 4.2ms, 
flip angle 5º, 100 images per inversion pulse, 2 averages, slice thickness 1 mm, field of 
view 30 mm x 30 mm, matrix 256 x 256). T2 values were assessed using a multi-slice multi 
spin-echo (MEMS) sequence with the following parameters: Repetition Time (TR) = 3 s, 
TE = 8.52 ms, 100 echoes, 4 averages, slice thickness 1 mm, field of view 30 mm x 30 mm, 
matrix 256 x 256. T2

* values were obtained using a multi echo gradient-echo sequence 
(MGEMS) with the following settings TR = 500 ms, TE = 5 ms, 25 echoes, flip angle 70°, 16 
averages, slice thickness 1 mm, field of view 30 mm x 30 mm, matrix 256 x 256. Average 
T1, T2 and T2

* values for each individual sample were established using non-linear fitting 
routines in Matlab. Next, relaxation rates R1 (1/T1), R2 (1/T2) and R2

* (1/T2
*) were calculated, 

and used to determine relaxivities r1, r2 and r2
* based on the linear correlation between 

concentration and relaxation rate.

2.6 Blood half-life of Venofer® in Sprague Dawley rats

The blood half-life (t1/2) of Venofer® was obtained by MRI analysis of blood samples taken 

2.2 Animals 

All experiments were performed according to Institutional Ethical Committee Regulations 
of Utrecht University, The Netherlands.

MRI:
Twelve male HSd: Sprague Dawley rats of 8 weeks old (Harlan laboratories, The 
Netherlands) were housed in standard perspex cages and were fed standard rat chow 
(Special Diets Services, United Kingdom) and (acidified) water ad libitum unless stated 
otherwise. The animals were housed for 4 weeks prior to the experiment and were 
subjected to a 12 hours light/dark cycle. Each treatment group consisted of four animals 
per group (n=4), weighing 325-400 grams. The rats were randomly assigned to the 
different treatment groups, which were saline solution (control group) or Venofer® (20 
mg (Fe)/ml) given in two different doses, namely: 10 mg (Fe)/kg and 40 mg (Fe) /kg. Each 
animal received one single intravenous bolus, instead of a drip infusion or slow injection 
as done in the clinic. The injection consisted of the volume Venofer® needed to reach 10 
or 40 mg/kg, replenished with saline (sodium chloride 0.9% w/v) up to 1.5 ml.

Urine iron content measurement
For the iron measurement in urine a total of eight Male HSd: Sprague Dawley rats weighing 
325-400 grams were used. The animals were divided in two treatment groups (n=4 per 
group), specifically: the control group (saline solution) and 40 mg/kg of Venofer®. The 
experimental set-up for the measurement of iron content in urine is described in more 
detail further on in materials and methods in the section for iron measurement in urine. 

Blood half-life
For the blood half-life experiment, eighteen male HSd: Sprague Dawley rats weighing 
325-400 grams were used. The animals were randomly assigned to different treatment 
and time-point groups for blood collection as described more in detail in the section; 
blood half-life of Venofer® in Sprague Dawley rats. Each animal received one single 
intravenous injection of (40 mg/kg) Venofer® or saline solution. The animals were housed 
and fed under the same conditions as described above.

2.3 Blood collection 

In order to assess that the animals were healthy and non-anemic, 14 days prior to the 
MRI measurement blood was collected via the tail vein to measure the preteatment 
blood iron parameters. Rats were deprived from food for 19 hours in order to avoid 
interference of iron present in food and had access to (acidified) water ad libitum before 
blood collection. The iron related blood parameters measured were: hemoglobin (HB), 
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1.5 ml saline solution was injected into the rats. Shortly before MRI analysis, the animals 
were anesthetized with 3% isoflurane in air/O2 (1:2) and endotracheally intubated for 
mechanical ventilation. During MRI, the animals were mechanically ventilated and 
anesthetized with 2% isoflurane in air/O2 (4:1). Temperature, respiration, end-tidal 
CO2 levels, O2 saturation and heart rate were continuously monitored and kept within 
physiological range. In-vivo MRI measurements were conducted on a 4.7 T horizontal 
bore MR system (Varian, Palo Alto, CA, USA), using a home-built Helmholtz volume 
coil with a diameter of 8 cm. Serial respiratory-triggered T2-weighted images of the rat 
abdomen were acquired over a period of 3.25 hours using a multi-slice multi spin-echo 
sequence (MEMS) with the following parameters: TR=500 ms, TE=4.1 ms, 9 echoes, 2 
averages, field-of-view 64 mm×64 mm, matrix size 128×128, 10 slices, 1 mm slice gap 
and slice thickness 1.5 mm. Total scan time per MEMS acquisition varied between 4.7 
and 5.5 minutes for the different animals depending on the respiration rate. A total 
of 4 MEMS scans were acquired before intravenous injection of Venofer®, followed by 
approximately 3 hours of repetitive MEMS acquisitions after injection. Following MRI, 
the animals were allowed to recover from anesthesia, transferred into normal cages and 
provided with ad libitum standard rat chow and (acidified) water until sacrificed 24 hours 
after injection.

2.7.2 Postmortem MRI of iron distribution in rats euthanized at 24 hours after one single 
intravenous injection of Venofer® 

For analysis of whole-body iron distribution at 24 hours after a single intravenous 
injection of Venofer®, the rats described above in the in-vivo MRI section, were prepared 
for postmortem MRI. Twenty four hours post injection, the rats were sacrificed using an 
overdose of pentobarbital that was administered intraperitoneally. Next, the animals 
were perfused with PBS followed by a 4% formaldehyde in water solution until they 
were completely blood depleted, and subsequently placed for further fixation in 4% 
formaldehyde for 7 days at 4 °C. Subsequently, the formaldehyde solution was replaced 
by a PBS/ 0.1% azide solution, and the animals were stored at 4°C for postmortem MRI. 
Postmortem MRI measurements were conducted on a 4.7 T horizontal bore MR system 
(Varian, Palo Alto, CA, USA), using a home-built Helmholtz coil with a diameter of 8 cm. 
In order to cover the whole rat from head-to-toe, the animal was manually shifted by 
approximately 7 cm in between acquisitions, resulting in three acquisitions per rat. T2

*-
weighted images were acquired using a multi gradient-echo 3D sequence (MGE3D) with 
the following parameters: TR=100 ms, TE=5 ms, flip angle = 25°, 8 echoes, 2 averages, 
field-of-view 100mm × 90mm x 60 mm and matrix size 250×226 x150.

from the animals at several time points after a single intravenous injection of Venofer® 

as described above. In short, for each time point 2-3 Sprague Dawley rats received one 
single injection of Venofer® (40 mg/kg) or saline via the tail vein. Each rat was used to 
draw blood samples at two subsequent time points. For example, blood was collected 
from one rat at 30 minutes and 2 hours post injection and the rat was then euthanized 
by an overdose pentobarbital administered intraperitoneally. Blood was collected in 
heparin coated Eppendorf tubes at time points 0 (pre-injection), and at 30 minutes, 1, 2, 
3 and 24 hours after injection of the formulation. The heparin coated Eppendorf tubes 
were prepared by pipetting 10 µl of heparin (5000 U.I) into 1.5 ml Eppendorf tubes and 
then allowing the heparin to concentrate overnight at 37°C. Next, blood was diluted 
1:4 with saline and the samples were transferred into 250 µl PCR tubes for Magnetic 
Resonance Imaging (MRI). Blood samples were stored at 4 °C, and MRI was performed 
within 1-3 days after blood collection. MRI analysis of the blood samples was performed 
on a 9.4 T horizontal bore MR system (Varian, Palo Alto, CA, USA), using a Millipede™ coil 
(Varian Inc.). Shortly before the MRI measurements were carried out, the blood samples 
were vortexed for 30 seconds. T2-weighted images of blood samples were acquired, 
using a multi-slice multi-spin echo sequence (MEMS) with the following parameters: 
TR = 5 s, TE = 9 ms, 200 echoes, 4 averages, field-of-view 30mm×30mm, matrix size 
256×256 and slice thickness 1 mm. Regions of interest were drawn within each tube, 
and average signal intensities at the different echo times were used to fit the average T2 
value in each blood sample, using a non-linear fitting routine in Matlab. Subsequently, 
average T2 values were used to calculate the average relaxation rate R2 (1/T2) of each 
blood sample, as R2 scales linearly with contrast agent concentration. Next, blood half-
life (t1/2) of Venofer® was obtained from the R2 values using a mono-exponential fitting 
routine in Matlab, according to the following function:

where R2 (t) is the relaxation rate at each time point, R2 (0) is the relaxation rate at time 
zero, t is time and t1/2 is the blood half-life (24). R2 values used for fitting were corrected for 
the average R2 value in blood samples from animals that did not receive any injections, 
resulting in a baseline R2 value of 0.

2.7 Iron disposition in Sprague Dawley rats
2.7.1 In-vivo MRI of iron distribution after one single intravenous Venofer® injection

Venofer® was intravenously administered via the tail vein to non-anemic Sprague 
Dawley rats. A total volume of 1.5 ml was administered consisting of a mixture of 
Venofer®, to obtain a dose of 10 or 40 mg/kg, supplemented with saline. As a control, 

𝑅𝑅!(𝑡𝑡) = 𝑅𝑅!(0) ∗ 𝑒𝑒
!!" (!)∗!
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Table I Iron related blood parameters

Sample
mg/kg

HB
(g/dL)

Hct
(%)

MCV
(fL)

MCH
(pg)

MCHC
(g/dL)

Serum Fe
(µg/dL)

TIBC
(umol/L)

10 15.6 46 50.8 17.1 33.7 69.8 74.1

10 15.3 45 51.2 17.4 34.0 74.2 69.3

10 15.1 44 51.2 17.6 34.5 85.4 84.3

10 14.8 43 51.8 18.0 34.8 113.3 69.6

40 14.8 45 54.1 17.7 32.9 79.2 73.2

40 14.8 43 53.1 18.2 34.3 75.3 83.7

40 15.3 44 48.7 16.8 34.5 95.4 86.1

40 15.5 44 48.7 16.9 34.8 93.7 80.4

saline 15.0 43 52.8 18.4 34.6 153.5 77.1

saline 14.8 44 50.9 17.4 34.0 82.0 69.3

saline 15.5 45 51.1 18.4 34.8 87.6 80.4

saline 15.9 46 51.2 17.9 34.8 102.7 76.5

Iron related parameters for the individual rats in the different sample groups 14 days before the first injection.

The parameter values shown in Table I were within normal physiological range of non- 
iron deficient rats as described in the manual for animal experiments, and as indicated 
by the animal supplier (28). The serum iron and total iron binding capacity values were 
in accordance with previously obtained results within our department (manuscript 
submitted for publication).

3.2 Iron measurement in urine 24 hours after a single intravenous injection

Urine samples were collected in measuring cylinders for 24 hours after one single 
Venofer® intravenous injection, as described in the section materials and methods 
for iron measurement in urine. A brownish color was observed in the urine collected 
at 3 hours after administration in all rats receiving Venofer®, which was not observed 
in animals that received saline solution or in urine collected at 24 hours post Venofer® 

injection (Figure 1). This suggests that the exogenous iron is partly excreted via the urine 
within 24 hours after administration.

2.8 MR image analysis in-vivo and postmortem

For analysis of in-vivo MRI data, regions of interest (ROIs) were manually outlined on the 
first MEMS acquisition of the time series in FSLView (FMRIB Software Library, 26, 27). Next, 
ROI positioning was verified for the entire time series, and ROIs were manually adjusted 
to correct for motion. ROIs involved the liver, kidney, spleen, spine and muscle. Next, 
a non-linear fitting routine in Matlab was used to assess the average T2

 value in each 
specific ROI at each individual time point. Venofer® -induced changes in R2 (1/T2) values, 
representative of Venofer® concentration, were used to evaluate Venofer® distribution. 
Afterwards, the area under the curve (AUC) for the different treatments in each organ 
was calculated, starting at baseline R2 at t=0 until the end of the measurement of every 
individual rat, using GraphPad Prism version 4.02 for Windows. Subsequently, the 
average AUC of 4 rats within the different treatment groups was then calculated and 
statistical analysis was done to evaluate any differences in-vivo between the treatments. 
For analysis of postmortem MRI data, a predefined subset of organs, including the 
abdominal organs; liver, spleen, kidney, stomach and intestines and additional organs 
such as the heart, lungs, spine (bone marrow tissue), muscle, testis and brain, were 
manually outlined in the MGE3D images using FslView. Next, a non-linear fitting routine 
in Matlab was used to assess the average T2* value in each specific organ. T2* values were 
used to calculate relaxation rates R2*, as described in the in-vitro assessment of Venofer® 
section. In addition, the average signal intensity in the first T2*-weighted image (TE = 5 
ms) of the MGE3D acquisition was calculated in the liver and spleen, and normalized to 
the average signal intensity in muscle tissue in the corresponding T2*-weighted image.

2.9 Statistical methods

The in-vivo and postmortem data are expressed as mean ± standard deviation (st.dev). 
A two-way ANOVA with Bonferroni post-hoc testing was used to test the effects of 
the different Venofer® treatments on the Area Under the Curve from in-vivo R2 values, 
postmortem R2* values and postmortem normalized signal intensity. Statistics was 
performed in GraphPad Prism version 4.02 for Windows, GraphPad Software, San Diego 
California USA. P<0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
3.1 Pretreatment blood collection

To assure that the rats were healthy and not anemic prior the MRI experiment, blood was 
collected via the tail vein 2 weeks prior to the start date of the experiment and several 
blood iron related parameters were measured (Table 1).



108 109

The use of Magnetic Resonance Imaging for non-invasive assessment of Venofer® biodistribution in rats

5

Chapter 5

Figure 2 shows the total iron recovered in urine for the individual rats. The animals 
excreted an average of 20 ml urine in 24 hours (range was 10 – 40 ml). For the rats 
that received saline solution, no iron was detected in the urine. This in contrast to the 
animals receiving 40 mg/kg Venofer®, which showed an average iron concentration of 
380 ± 215 µmol/L. Urine-collected iron accounted for 1.1 ± 0.2 % of the administered 
iron dose. This indicates that to some extent there is renal elimination of iron originating 
from the Venofer® injection. Danielson et al. also reported renal excretion in humans 
after receiving one intravenous Venofer® injection containing 100 mg Fe 5% iron and 
68% sucrose of the injected dose were excreted respectively after 4 hours (29). A brown 
coloration of urine indicative of iron renal elimination, has also been reported for 
animals that received low molecular iron preparations (< MW 18 kD) (30). Venofer® has a 
molecular weight in the range of 34-60 kD and further research demonstrated that the 
average particle core size is smaller than 10 nm (31-33). Renal filtration is thought to be 
limited to 30-50 kD (around 5 nm) for proteins (34-36) making it plausible, that to some 
extent smaller iron complexes are filtered by the kidneys.

 3.3 In-vitro MRI assessment of Venofer®

Venofer® was evaluated as a contrast agent for MRI prior to the in-vivo experiment. Both 
the longitudinal (T1) and transverse (T2 or T2

*) relaxation times for several Venofer® (iron) 
concentrations were measured to determine the relaxation rates (R1 = 1/T1 (s-1); R2 = 1/
T2(s-1) and R2

* = 1/T2
* (s-1)) as described in the materials and methods section for in-vitro 

assessment of Venofer®. The slope obtained from linear regression analysis with iron 
concentration as the independent variable (x) and relaxation rate (R) as the dependent 
variable (y), provided the corresponding relaxivities r1, r2 and r2

*, which give an indication 
of the efficiency of Venofer® to generate contrast on T1-weighted, T2-weighted or T2

*-
weighted magnetic resonance images, respectively.

Table II Relaxivities

Contrast agent r1 (mM-1s-1) r2 (mM-1s-1) r2 
*

 (mM-1s-1)

Venofer® 0.45 3.24 3.63

Relaxivities r1, r2, r2
* of Venofer® in saline solution at room temperature obtained from relaxation times measured 

at 4.7 Tesla magnetic field strength.
 

The r1, r2 and r2
* relaxivities of Venofer® in saline solution at room temperature and 4.7 

Tmagnetic field strength were respectively 0.45 mM-1s-1, 3.24 mM-1s-1 and 3.63 mM-1s-1 
(Table II). These values indicate that Venofer® generates more efficient contrast on T2

(*)-
weighted magnetic resonance (MR) images than T1-weighted images. When compared 
to the relaxivities of a commonly clinically used T1 contrast agent at 4.7 T, such as Gadovist 

Fig. 1 Photographs of urine collected 3 hours (A) and 24 hours (B) after one single intravenous injection of 40 

mg/kg Venofer®

In order to verify whether the brown color was indeed caused by iron, its concentration 
was measured in urine collected for twenty-four hours from animals receiving 40 mg/kg 
Venofer® or saline. 

Fig. 2 Total iron (µmol/L) in urine collected for 24 hours for each individual animal. Figure (A) depicts the 
concentration of iron in µmol/L and (B) shows the percentage of total amount of iron present in the urine 
compared to the administered iron dose per animal
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to the concentration of iron present in the organs, meaning that an increase of the 
relaxation rate R2 reflects more iron (see Figure 3).
For further quantitative assessment of the in-vivo distribution of Venofer0, average R2 
values were calculated in several regions of interest (ROIs), i.e. liver, spleen, kidney, spine 
(bone marrow) and muscle (Figure 5).

Fig. 3 Effect of Venofer® at increasing iron concentrations on (A) T2-weighted images with two different echo 
times (TE), and its corresponding (B) T2 and T2

* maps and (C) R2 and R2
* maps. The concentrations are similar for 

Figures A, B and C

(Gd-DO3A-butrol), it can be concluded that Venofer® is less efficient as a contrast agent 
(relaxivities Gd-DO3A-butrol, r1 = 3.43 mM-1s-1; r2 = 4.69 mM-1s-1 (unpublished results). 
However, the iron complex does generate sufficient MRI contrast as it clearly generates 
a decrease in signal intensity on T2-weighted images, i.e. darker images, with increasing 
concentrations and increasing echo time (TE) as shown in Figure 3A. This decrease in 
signal intensity is caused by the fact that iron shortens the intrinsic T2 relaxation time 
according to its paramagnetic properties (24, 37). Quantitative T2- and T2

*-maps are 
shown in Figure 3B to visualize the effect of increasing iron concentrations on T2

 and 
T2 

* relaxation times. Furthermore, R2- and R2
*-maps (1/T2 and 1/T2

*) are shown in Figure 
3C to visualize the effect of increasing iron concentrations on R2

 and R2 
* relaxation rates. 

These maps clearly demonstrate that the highest concentration of Venofer® (0.04 M) 
most strongly reduced T2 and T2* values, whereas the lowest concentration (0.00125 
M) had a smaller effect on T2 and T2* values. Moreover, these maps show that Venofer® 
affects T2 and T2

* relaxation times in a similar fashion, which was expected as relaxivities 
r2 and r2

* are comparable (Table II). Consequently, both T2 - and T2
*-weighted MR imaging 

sequences qualified for non-invasive monitoring of Venofer® biodistribution. In-vivo 
experiments were performed using T2-weighted imaging (MEMS), whereas T2

*-weighted 
imaging (MGE3D) was used for postmortem MRI. 

3.4 Blood half-life of Venofer® and in-vivo MRI of iron distribution 
3.4.1 Blood half-life of Venofer®

The blood half-life (t1/2) of Venofer® was determined as described in the section materials 
and methods for blood half-life of Venofer® in Sprague Dawley rats. Here, T2 relaxation 
times of blood samples collected at 0, 30 minutes, 1, 2, 3 or 24 hours after one single 
injection of 40 mg/kg Venofer® were measured at 9.4 T. The calculated blood half-life (t1/2) 
of Venofer®, based on a mono-exponential fit of the R2 (i.e. 1/ T1/2) values as a function 
of time, was 2.3 ± 0.6 hours. In humans, a terminal blood half-life of t1/2 of 5.3 hours was 
reported, based on the decay in iron concentration in the terminal phase (3-12 hours 
post injection) (29). Longer elimination half-life, in humans compared to rodents, has 
also been reported for other types of nano-based medicines such as pegylated liposomal 
doxorubicin formulations (38). 

3.4.2 In-vivo MRI of iron distribution

Axial multi-slice T2-weighted multi-spin-echo images were acquired to monitor iron 
distribution over different abdominal organs following Venofer® injection. Examples of 
resulting axial R2 (1/T2) maps of the abdominal region of animals pre- and post- one single 
injection of saline solution (control), 10 mg/kg or 40 mg/kg Venofer® are shown in Figure 
4. Changes observed in R2 values compared to pre-injection R2 values are proportional 
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Fig. 5. In-vivo R2 values (s-1) of the different organs (A–G) as a function of time after one injection of saline 
(black), 10 mg/kg (red) or 40 mg/kg (blue) (n=4 per group). Results are shown for each individual rat. R2 values 
at time zero are the average values of the 4 acquisitions that were acquired before injection for each individual 
rat. Figure H shows the area under the curve (AUC) for Figures A to G. The results represent AUC mean ± st.dev 
of 4 rats

Similar to the liver, the spleen (Fig. 5B) demonstrated a steady increase in R2 values 
reaching maximum values at 30 minutes post injection that remained stable (low dose 
Venofer®) or showed a modest decrease (high dose Venofer®) towards the end of the 
in-vivo measurements. Animals that received 40 mg/kg Venofer® showed an increase 
reaching maximum R2 values of 82 s-1 (54 s-1 higher than saline-treated control), while 
animals treated with 10 mg/kg Venofer® reached maximum R2 values of 43 s-1 (14 s-1 
higher than saline-treated control).
The kidney also showed a rapid increment in R2 after administration of 40 mg/kg 
Venofer®. However, unlike the liver and spleen, the initial increase in R2 was followed by a 
more obvious gradual decrease over time (Fig 5C). Three hours post-injection, R2 values 
of the whole kidney, as well as for the separate compartments (Fig 5D, Fig 5E; cortex and 
medulla), decreased to values not different from the pretreatment or saline values both 

Fig. 4 Representative examples of axial in-vivo R2 maps of the rat abdomen depicting the organs pre- (left 
column) and post- (right column) intravenous injection of (A) saline; (B) 10 mg/kg Venofer® and (C) 40 mg/kg 
of Venofer®. Only one representative slice out of the 10 acquired slices is shown

In the liver (Fig 5A), an injection of the frequently used dose for preclinical toxicity studies 
of 40 mg/kg, induced a rapid increase in R2 values that slowly continued to elevate 
reaching a plateau with an average R2 of 95 s-1 around 50 minutes post injection (57 
s-1 higher compared to saline-treated control). Administration of 10 mg/kg of Venofer®, 
which is close to the maximum clinical dose of 7 mg/kg (39), also resulted in a fast 
increase of R2 values followed by a slow increase in R2 to reach maximum values of ~ 63 
s-1 around 100 minutes after administration.
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Fig. 6 Representative T2*-weighted images (TE = 5 ms) of the whole rat, from head (left) to toe (right), after 
administration of saline, 10 - or 40 mg/kg Venofer® 

 

 
Fig. 7 Average R2

* values (s-1) for different organs measured post mortem in rats euthanized 24 hours post 
injection of 10 - or 40 mg/kg Venofer® or saline solution (n=4 per group). Results represent mean ± st.dev for 
4 rats

at high and low dose Venofer®. In addition, there was no distinction between the two 
sections of the kidney (cortex and medulla) during the in-vivo measurements at either 
dose. Compared to all other regions of interest, spine, which served as a measure for 
bone marrow, and muscle tissues showed only modest changes in R2 after injection with 
the iron complex (Fig 5F, Fig 5G). Figure 5H depicts the area under the curve (AUC) for the 
R2 values over time in each organ. The AUC in the liver, spleen and kidney (including both 
the compartments cortex and medulla) of animals that received 40 mg/kg Venofer®, was 
significantly increased compared to animals in the 10 mg/kg and saline (control) treated 
groups (p<0.001). Furthermore, also the 10 mg/kg Venofer dose, which is comparable to 
the maximum clinical dose, significantly increased the AUC compared to saline-treated 
control animals in liver, spleen (p<0.001) and kidney (p<0.05). 
This clearly demonstrates the potential of MRI to measure the in-vivo distribution of the 
iron sucrose complex at relatively high dose.
Absolute concentrations of deposited iron in the organs of interest cannot be quantified 
because the r2 relaxivity of Venofer®, as assessed in-vitro, may change in-vivo. For instance 
due to release of iron from the sucrose complex or due to internalization of the iron 
complex by cells of the RES (8). Moreover, changes in R2 values do not only originate 
from deposited iron, but may partly originate from Venofer® that is circulating in the 
blood, particularly in highly vascularized tissues such as spleen and liver. The blood 
half-life of Venofer® in rats is 2.3 ± 0.6 hours, meaning that the contribution of vascular 
Venofer® to the measured R2 values should gradually decrease over the time course of 
the longitudinal in-vivo MRI experiment, and only round 40% of the injected dose will 
be present in the blood at the final acquisition 3 hours post-injection. Nevertheless, R2 

values remained constantly elevated over the time course of 3 hours in the liver and 
spleen, indicating that these organs are the main organs of exogenous iron disposition 
after a single injection of the iron complex. 

3.5 Post mortem MRI of iron distribution in rats euthanized 24 hours after one 
single injection of Venofer®

Postmortem T2*-based MRI (multi-gradient-echo 3D (MGE3D)) was performed to evaluate 
whole-body iron disposition, 24 hours post Venofer® injection. Three postmortem 
imaging sessions were performed for each rat to allow whole-body coverage with an 8 
cm diameter Helmholtz volume coil (Figure 6), and ROIs were manually drawn in different 
organs of interest to calculate mean R2* values from the MGE3D images (Figure 7).
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spleen and bone marrow. (8, 13).
Besides chemical and physical characterization of the iron nano-colloidal complexes, a 
biodistribution study is necessary in order to perform a proper comparison between different 
iron products. PET imaging with radioisotope-labeled iron and inductively coupled plasma 
mass spectrometry (ICP-MS) techniques have been demonstrated to allow assessment 
of iron content in different organs (3,16). Nevertheless, an MRI-based method that allows 
longitudinal non-invasive monitoring of iron distribution is considered more advantageous, 
as this imaging modality does not require modifications of the iron complex with radioactive 
labels, as needed for PET. Moreover, there is no need to sacrifice animals at several time points 
such as in the case of ICP-MS measurements, and it is hence expected to be easily translated 
to the clinic.
The present study shows that T2-based MRI allows continuous and non-invasive monitoring 
of iron distribution over various organs of interest. Despite the obvious advantages, there are 
some limitations to the present method. First, iron complexes such as Venofer® induce relatively 
low MRI contrast, which limits its detection to relatively high iron concentrations. It should also 
be taken into account that due to differences between the various iron complexes, each iron 
product should be separately evaluated for their ability to generate sufficient MR contrast. 
Second, the spatial resolution of MRI only allows monitoring iron disposition at macroscopic 
level but cannot be used when interested in cellular iron disposition which can be studied 
with microscopy techniques (40). Third, R2

* changes in organs cannot be directly converted 
into iron concentrations, as intracellular iron accumulation may alter its relaxivities (24, 41). 
Therefore, in order to scrutinize differences in biodistribution and fate of the various iron 
preparations as proposed by the European Medicines Agency (EMA) (15), a multimodal study 
should be carried out. Several evaluation techniques have to be combined to encompass the 
full scope of iron accumulation in plasma, mononuclear phagocyte system and organ tissues, 
after administration of iron-based medicines.

4. CONCLUSION

MRI was successfully used for non-invasive monitoring of iron distribution up to twenty-
four hours after one single intravenous injection of Venofer® in rats. The present method is 
considered complementary to existing iron quantification techniques, and could therefore 
be a valuable whole-body imaging approach for biodistribution measurements to compare 
iron-based medicines in preclinical studies.
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ROI-based analysis in rats that received Venofer® showed increased R2
* values compared to 

saline-treated control animals, indicative of iron uptake in the liver (Figure 7). R2
* values from 

organs such as the lungs and the heart, which are also considered target organs for iron 
accumulation, are not depicted in Figure 7 as these values may be affected by the presence of 
air and should therefore be treated with care. 
The observed R2

* values in the liver and spleen suggest that there is no significant difference 
in iron accumulation between animals treated with 10 or 40 mg/kg (Figure 7). However, this 
outcome is not in accordance with Figure 6, where a clear decrease in signal intensity was 
observed in these organs with increasing dose from 10 to 40 mg/kg. This discrepancy may be 
explained by substantial iron accumulation in these organs, resulting in T2

* values that were 
too low for accurate T2

* quantification. Therefore iron accumulation in the liver and spleen 
was also studied by quantification of the average signal intensity in these organs in the T2

*-
weighted images (TE=5 ms), after normalization to the average signal intensity of muscle 
tissue in the corresponding images (Figure 8). Both in liver and spleen, the normalized signal 
intensity was significantly lower in the animals that received the 40 mg/kg dose as compared 
to the saline-treated controls (Figure 8). Moreover, both organs demonstrated a significant 
decrease in signal intensity with increasing Venofer® dose. 

Fig. 8 Average signal intensity in the liver and spleen, normalized to the signal intensity in muscle tissue in the 
corresponding MR acquisition. Results represent mean ± st.dev for 4 rats

The outcomes of this MRI experiment demonstrate that within 24 hours of one single 
administration of two different doses of Venofer®, the liver and spleen are the main organs 
for exogenous iron disposition. This coincides with previous reports describing the most 
adopted mechanism, in which intravenously injected iron complexes are taken up by the 
mono nuclear phagocyte system and engulfed by macrophages to next dissociate the iron 
from the complex. Subsequently, the iron is then presumably mainly absorbed by the liver, 

***  Versus saline group p < 0.001
+++ Versus 10 mg/kg group p < 0.001
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toxic effects of the formulations for particularly the liver and kidneys. Post mortem, 
oxidative stress of the liver and kidney as well as iron disposition in the liver were 
established. The results presented in chapter 3 did not show clear differences between 
the original iron sucrose Venofer® and the two iron sucrose similars. This in contrast to 
results described in a previous study in which the same iron products were evaluated. 
In addition, differences in results of male and female rats that were exposed to the same 
treatments and experimental circumstances were shown. Chapter 3, illustrates the 
difficulties to compare, standardize and reproduce results from various pre-clinical iron 
related comparison studies that were performed with similar experimental design. As 
it was interesting to scrutinize whether the animal model used for these investigations 
is sensitive enough to give appropriate insight into potential toxicity differences of the 
iron medicinal products, in chapter 4, we conducted a dose-response study. During 
these investigations doses much higher (> 40 mg iron/kg; Venofer® and Ferrlecit®) 
than the clinical administered dose (7 mg/kg) were injected in male Sprague Dawley 
rats. The assessed biomarkers, were similar to those presented in chapter 3. The blood 
related iron parameters, namely serum iron and transferrin saturation (TSAT), showed 
no statistical differences between the iron treatments, but did display higher levels in 
the same group of animals after multiple injections in time. Furthermore, the abdominal 
organs in particular the liver, showed a dose-effect related brownish color. However, 
this was not reflected in other parameters measured such as oxidative stress levels and 
Prussian blue staining of the liver. In addition, the results from the liver enzyme aspartate 
transaminase (AST), demonstrated no significant differences between the different 
treatments. Moreover, evaluation of the kidney function also did not show signs of renal 
toxicity which was expected after injecting such high doses of iron. The different analysis 
in chapter 4, demonstrated neither a clear treatment nor a dose effect after multiple 
injections of the two different iron formulations. Therefore, it is questionable whether 
this frequently used model is sensitive enough to give proper insight into possible toxic 
effects of the two iron formulations investigated.

Characterization of the physicochemical properties (e.g. size, charge, stability) of an 
intravenous iron preparation is not predictive for the clinical effect of the injected iron 
formulation. Therefore, a thorough assessment of the iron distribution in-vivo should 
be done. Chapter 5, sheds light onto the possibility of using imaging techniques such 
as magnetic resonance imaging (MRI) for these purposes. The results showed that 
Venofer®(iron sucrose) generated sufficient contrast in order to evaluate its disposition 
in organs using MRI. Sprague Dawley rats were assessed in-vivo up to 3 hours and post 
mortem at 24 hours after injections of both 10- and 40 mg/kg Venofer®. As a control, 
animals that received saline were included in this study. Within 10 to 20 minutes after 
injection an increase in iron disposition, in the liver, spleen and kidney (including 
kidney medulla and cortex) were observed. Post mortem analysis 24 hours after one 

1. SUMMARY

Iron treatment is necessary to replenish iron deficit due to several clinical conditions such 
as chronic diseases. However, as an excess of iron can result in redox imbalance resulting 
in oxidative stress and thus severe damage to tissue and organs, it is of utmost importance 
to develop iron therapies that are effective and yet safe to not induce iron overload (1). 
Especially in the case of intravenous iron formulations, which are complexes consisting 
of a polynuclear iron(III) oxyhydroxide core and a carbohydrate shell, several factors such 
as the physicochemical properties and manufacturing processes have demonstrated 
to impact their efficiency and safety in-vivo (2). Up to date it has been a challenge to 
develop evaluation methods, particularly suitable in-vivo pre-clinical models to perform 
proper comparisons and in-depth assessment studies of iron therapeutics.

In Chapter 1, we gave a general introduction describing the importance of iron as a 
nutrient and the significance of keeping a healthy iron metabolism. Furthermore, the 
different iron treatment modalities, oral and intravenous, are described as well as their 
possible impact on iron overload. Iron plays an important role in the Fenton reaction 
which can result in oxidative stress in organs and tissues. Therefore, assessing the various 
iron products for safety and efficacy is essential, especially when evaluating the similarity 
of an original iron product and its generics. In chapter 2, we designed an iron-complex 
formulation for oral iron treatment, based on hemin-loaded polymeric micelles, with 
the aim to develop an oral supplement with better bioavailability and possible less side 
effects than the commonly used iron sulfate. As heme has a superior bioavailability to 
non-heme iron, the heme analogue hemin was encapsulated in the biodegradable and 
thermosensitive polymer, methoxy-poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl) 
methacrylamide-dilactate], to form hemin-micelles. The highest loading capacity for 
hemin in mPEG-b-p(HPMAm-Lac2) micelles was 3.9% and the average particle diameter of 
the hemin-micelles, depending on the hemin concentration, ranged from 75 to 140 nm. 
Furthermore, the hemin micelles demonstrated to be stable at pH 2 for approximately 3 
hours and up to 17 hours at a more neutral pH of 7.4. More importantly, after incubation 
of Caco-2 cells with hemin-micelles, ferritin values of 2500 ng/mg protein were 
observed. These values are 10 fold higher compared to ferritin levels obtained with iron 
sulfate. The results presented in chapter 2 demonstrate that hemin-loaded micelles are 
a promising novel iron formulation for oral delivery. In Chapter 3, the reproducibility of 
non-clinical studies was assessed. Here, the original iron sucrose product Venofer® was 
compared with two iron sucrose similars (ISS) in an almost comparable set-up, using 
Sprague Dawley rats, as has been previously described in literature. During this study 
a similar dose of the originator and the similars was administered weekly to male and 
female animals for 4 weeks. Blood and urine were collected in order to measure blood 
related parameters and to perform biochemical analysis that give insights in possible 
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(9). With the aim to lower the symptoms, other preparations with slow iron release 
properties, such as ferrous fumarate as well as oral iron complexes like iron polymaltose 
complex (IPC), have been developed (10-13). In addition, several alterations of the most 
commonly used iron salt, iron sulfate, have also been developed in the form of enteric/
film- coated tablets and extended release capsules (14). However, the occurrence of less 
side effects with these products is not evident (14). More recently, ferric citrate (Auryxia) 
obtained FDA approval after a clinical study in which significant increases in hemoglobin 
values were shown in patients that were unresponsive for other oral iron preparations 
(15,16). Besides iron salts, other products including the previously mentioned IPC but 
also carbonyl iron which consists of micro-particles with purified elemental iron, have 
been developed and clinically evaluated. Carbonyl iron has been reported to have a 
comparable bioavailability as ferrous sulfate but it induces less toxicity (17). All above 
mentioned oral supplementations consist of non-heme iron even though it is known 
that this type of iron has a lower bioavailability than heme iron. As the uptake of heme, 
unlike non-heme iron, occurs probably through receptors, this will lead to less iron 
overload (18). At present, the most prominent heme-based oral supplementation is the 
heme-iron polypeptide (HIP) that has proven to be a well-tolerated, effective and safe 
oral supplement (19-21). Nagaraju et al. reported that the efficacy of HIP was similar 
to that of intravenous iron sucrose in terms of maintaining the hemoglobin levels in 
patients with chronic kidney disease (non-dialysis), but patients receiving IV formulation 
had greater serum ferritin levels, indicating increased iron stores (22). In a review of 
three clinical studies in which HIP was applied for the management of anemia, it was 
observed that this product resulted in lower ferritin levels as compared to other iron 
treatments. Moreover, the effect on the iron related blood parameters as well as adverse 
effects were equal to non-heme iron preparations and intravenous iron treatment (23). 
In chapter 2, we discuss the development of a novel oral heme-based therapy. To this 
end, we encapsulated hemin in micelles consisting of thermosensitive biodegradable 
block copolymer based on methoxy-poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl) 
methacrylamide-dilactate] (mPEG-b-p(HPMAm-Lac2). Micelles based on this polymer, 
have proven to be water dispersible and an effective tool to deliver drugs (24-26). The 
amount of iron normally given to patients is approximately 325 mg with 65 mg being 
elemental iron for ferrous sulfate, even though this iron quantity administered has been 
debated in the past (27-29). The main challenge with the developed hemin micelles 
would be to increase the iron loading or to concentrate the micellar dispersion in order 
to deliver a sufficient dose of iron. Adding 0.1 ml of 120 µg/ml hemin solution to 0.9 ml 
polymer solution to form 1 ml hemin-micellar formulation, resulted in a loading capacity 
of 3.9% and an encapsulation efficiency of 61.4%, thus a micellar hemin concentration 
of ~ 70 µg/ml. This means that impracticable large volumes would be needed to deliver 
sufficient iron to the patients. Within our Department polymers have been developed 
that due to π – π stacking and a more hydrophobic core, resulted in an increase in 

administration of the iron preparation showed, that as expected, iron accumulation was 
essentially observed in the liver and spleen. The results of this Chapter demonstrates 
that the MRI technique has proven to be a powerful non-invasive modality to monitor 
iron distribution after administering exogenous iron.

2. DISCUSSION AND PERSPECTIVES

2.1 Iron deficiency 

The adverse effects of iron deficiency on the overall health of living organisms is well 
known. It is important to eradicate the circumstances that induce this disorder and to 
investigate treatment modalities while of course continuously assuring efficacy and 
safety of these treatments.

The first step in treatment of iron deficiency is to have good diagnostic tools. In order 
to be able to diagnose iron deficiency, it is imperative to understand the three stages of 
iron deficit. The first stage is depletion of iron stores (low levels of ferritin). It should be 
mentioned that in this stage hemoglobin (Hb) levels and red blood cell parameters such 
as mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean 
corpuscular hemoglobin concentration (MCHC) are still normal (3). To detect deficiency 
in this stage one should check for low levels of serum ferritin and low hepcidin serum 
values (4). The second stage is iron deficiency without anemia. During this stage, the 
hemoglobin levels are within normal ranges. However, deviating other iron related 
blood parameters such as decreased serum transferrin saturation (TSAT) levels or higher 
transferrin receptor (TfR) levels are observed (5). The last stage is iron deficiency anemia. 
When this stage is reached it is relatively easy to diagnose, because the well-established 
iron related biomarkers, as mentioned in the two previous stages, will show levels 
characteristic for iron deficiency (6).

Iron metabolism is mainly regulated by the hormone hepcidin (7). As hepcidin production 
is upregulated by inflammatory stimuli, patients suffering from a wide range of chronic 
diseases such as chronic kidney disease (CKD), inflammatory bowel disease (IBD) and 
rheumatoid arthritis develop iron anemia (8, 9).

2.2 Iron deficiency treatments

Oral iron therapy is the most accessible and economical modality for iron replacement 
treatment. Iron salts are mainly used for oral therapy but they are also associated with 
gastrointestinal adverse reactions, which occur more frequently with increasing dose 
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treatments are; 1) total iron binding capacity which together with the serum iron 
levels reflects whether there is oversaturation of transferrin; 2) serum ferritin to assess 
body iron stores; 3) hemoglobin and the red cell indices which give information of the 
amount of iron for erythropoiesis (9). However, the mentioned blood parameters are 
not sufficient to show differences in iron distribution of two iron formulations and thus 
further iron disposition studies on a cellular and organ level should be done. In-vitro 
studies are generally carried out under circumstances that are very different from the 
physiological condition. Therefore, it is advised to perform in-vivo iron distribution 
studies evaluating the following three compartments; 1) Serum or plasma and red blood 
cells, 2) mononuclear phagocyte system of macrophages (e.g. Kupffer cells in the liver) 
and 3) target tissues, which include the pharmacological target tissue such as bone 
marrow and tissue susceptible for toxicological effects such as liver, kidney, heart and 
lungs (38). In addition, the extent in which different formulations induce oxidative stress 
should be established. Here, levels of secondary antioxidants like super oxide dismutase 
(SOD), catalase and glutathione peroxidase should be measured, but also the more 
direct consequence of reactive oxygen species, particularly on lipid peroxidation should 
be investigated (39,40). Several in-vivo models have been used to evaluate iron tissue 
disposition and possible toxic effects of intravenous iron therapy (41-46). However, up to 
date there is no standardized in-vivo model to evaluate iron-based medicinal products. 
As described in chapter 3 and 4 of this thesis, outcomes of the different studies are very 
difficult to reproduce. Different analytical techniques and different sample preparation 
methods can lead to different in-vivo results (2, 47). Moreover, there are several other 
factors that can influence the outcome of these in-vivo studies. For instance, standard rat 
chow also contains small but varying amounts of iron. Housing and environment when 
not being proper, can be stress factors for the animals influencing their behavior and thus 
how they react on the drugs administered. The source of animals has also demonstrated 
to have a big impact on the outcome of in-vivo studies (48). As discussed in Chapter 3 
and 4, other factors should also be taken into account such as variations in tissue sample 
processing as well as the gender of the animals. By using mixed genders, the biological 
variations of the animals is taken into account. However it should be considered whether 
this is really necessary for non-clinical toxicity comparison studies of iron complexes. 
The reason is that using both genders will result in larger variations within treatment 
groups and therefore larger group sizes are needed in order to be able to detect small 
differences between iron complexes. Finally, when using other assessment techniques, 
the significant biopharmaceutical properties of the different iron formulations for that 
specific technique should be defined, such as the ability of the iron complex to generate 
contrast in MR images, as described in chapter 5.

loading and stability of poorly soluble drugs (30). It would be interesting to investigate 
these novel polymers for loading of hemin. Suitable formulations should be evaluated 
in-vivo to establish the bioavailibilty of hemin and their safety.
When intravenous iron is the modality treatment of choice, there are other factors that 
should be considered when developing new iron complexes/formulations. Chapter 3 
and 4 illustrate difficulties to properly assess the toxicological differences between 
various iron formulations. The introduction of this thesis describes that even though iron 
is essential for the human physiology, it can also cause toxic effects to tissues and organs 
due to its ability to react with oxygen and to catalyze the production of reactive oxygen 
species (ROS) (6). Iron overload has been associated with several clinical conditions such 
as secondary hemochromatosis cancer by DNA mutation, neurodegenerative diseases, 
colorectal adenoma and diabetes mellitus (31,32). Therefore, one of the main concerns 
regarding iron therapy, especially in the case of intravenous iron treatment, is that 
products are efficient, stable and safe enough to not result in excessive iron overload. 

2.3 Efficacy and safety of intravenous iron therapy

Primary and secondary iron overload has been clinically successfully managed with 
iron chelators (33,34). However, these products are associated with a number of 
adverse reactions such as decrease in liver- and kidney functioning and hypersensitivity 
reactions (35). It is therefore a must to assess intravenous iron therapy meticulously in 
regards to iron disposition, safety and efficacy, in order to avoid possible secondary iron 
overload. It is assumed that the carbohydrate surface properties play a main role in iron 
disposition and thus in safety and efficacy profiles of the iron formulations. Importantly, 
it has been reported that small variations in manufacturing processes might result in 
significant clinical differences between original iron preparations and their generics 
(36,37). Therefore, for a proper assessment of the original and generic versions of 
iron-based nano-colloidal products, the evaluation should include physicochemical 
characterization, preclinical studies with an emphasis on in-vivo biodistribution studies 
as well as clinical evaluations regarding pharmacokinetics, efficacy and safety (38). The 
focus of this dissertation is on the non-clinical assessment and this will therefore be 
further discussed.

The main site of action and thus the parameter of interest for iron preparations is 
the incorporation of iron in red blood cells. The amount of serum iron is only a small 
portion as compared to the total amount of iron, and also to the quantity incorporated 
hemoglobin present in the red blood cells. This in combination with the fact that serum 
iron levels fluctuate during the day, makes the generally used technique of measuring 
the area under the curve in serum to test efficacy of the drug, not applicable for iron 
preparations (9). Iron related blood parameters that need to be measured after iron 
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In Hoofdstuk 3 werd de reproduceerbaarheid van niet-klinische studies, gerelateerd aan 
intraveneus ijzermedicijnen, onderzocht. Hier werd het originele ijzersucrose product 
Venofer® vergeleken met twee ijzer sucrose-similars (ISS) in een bijna vergelijkbare 
onderzoeksopzet als eerder in de literatuur is beschreven. Tijdens deze studie werd een 
vergelijkbare dosis van het originele ijzer product en de similars wekelijks toegediend 
aan mannelijke en vrouwelijke Sprague Dawley ratten gedurende 4 weken. Bloed en 
urine werden afgenomen om bloed-gerelateerde parameters te meten en biochemische 
analyses uit te voeren. Dit om inzicht te geven in mogelijke toxische effecten van de 
verschillende ijzerproducten, voornamelijk in de lever en nieren. Postmortem werd 
oxidatieve stress in lever en nieren gemeten en de hoeveelheid ijzer in de lever vastgesteld. 
De resultaten beschreven in hoofdstuk 3 tonen geen duidelijke verschillen tussen de 
originele ijzersucrose Venofer® en de twee ijzer sucrose-similars. Dit is in tegenstelling tot 
resultaten beschreven in literatuur waarin dezelfde ijzerproducten werden onderzocht. 
Bovendien werd er verschillen in resultaten tussen mannelijke en vrouwelijke ratten 
aangetoond, terwijl deze aan dezelfde behandelingen en experimentele omstandigheden 
waren onderworpen. Hoofdstuk 3 geeft aan dat het niet gemakkelijk is om resultaten te 
reproduceren en te standaardiseren van vergelijkbare preklinische studies die als doel 
hebben om de verschillen tussen de ijzerproducten aan te duiden. Omdat het interessant 
was om na te gaan of het diermodel dat gebruikt wordt tijdens deze studies, sensitief 
genoeg is om voldoende inzicht te geven in potentiële toxiciteitsverschillen van de 
ijzermedicijnen, hebben we in Hoofdstuk 4 een dosis-respons experiment uitgevoerd. 
Hier werden hogere concentraties (> 40 mg ijzer / kg) van zowel Venofer® en Ferrlecit® 
dan de klinisch toegediende concentratie van maximaal 7 mg / kg, geïnjecteerd in 
mannelijke Sprague Dawley-ratten. De biomarkers de in dit hoofdstuk zijn gemeten 
waren vergelijkbaar met die in hoofdstuk 3. De bloed-gerelateerde ijzerparameters, 
namelijk serumijzer en transferrinesaturatie, toonden geen statistische verschillen 
tussen de ijzerbehandelingen, maar vertoonden wel hogere waarden voor deze 
parameters in dezelfde groep dieren na meerdere injecties in de loop van tijd. Bovendien 
vertoonden de buikorganen, in het bijzonder de lever, een dosis-effect gerelateerde 
bruinachtige kleur. Dit werd echter niet weerspiegeld in andere gemeten parameters 
zoals oxidatieve stressniveaus en ‘Prussian blue’ kleuring van de lever. Daarbij gaven de 
resultaten afkomstig van het lever enzym aspartaat –aminotransferase, geen significante 
verschillen tussen de verschillende behandelingen. Verder laat, in tegenstelling met wat 
werd verwacht, de evaluatie van de nierfunctie ook geen tekenen van renale toxiciteit 
na het injecteren van dergelijke hoge dosering van ijzer zien. De verschillende analyses 
in hoofdstuk 4 toonden noch een duidelijke behandeling noch een dosis-effect na 
meerdere injecties van de twee verschillende ijzerpreparaten aan. Daarom is het nog 
steeds de vraag of dit vaak toegepaste diermodel gevoelig genoeg is om een   goed inzicht 
te verkrijgen in mogelijke toxische effecten van de twee onderzochte ijzerpreparaten. 
Karakterisering van de fysisch-chemische eigenschappen (bijvoorbeeld grootte, lading 

IJzersuppletie wordt toegepast wanneer er sprake is van een ijzertekort dat veroorzaakt 
kan worden door verschillende klinische aandoeningen zoals bijvoorbeeld in geval van 
chronische ziekten. Een teveel aan ijzer kan een redox-onbalans veroorzaken die tot 
oxidatieve stress kan leiden en dus tot ernstige schade aan weefsel en organen. Daarom 
is het van belang om ijzertherapieën te ontwikkelen die effectief en daarnaast ook 
veilig zijn om geen ijzerstapeling te veroorzaken. Vooral in het geval van intraveneuze 
ijzercomplexen, die uit een polynucleaire ijzer (III) oxyhydroxide kern en een koolhydraat-
omhulsel bestaan, hebben verschillende factoren zoals de fysisch-chemische 
eigenschappen en productieprocessen aangetoond hun efficiëntie en veiligheid in-vivo 
te kunnen beïnvloeden. Tot op heden is het een uitdaging om evaluatiemethoden te 
ontwikkelen en vast te stellen, voornamelijk in-vivo preklinische modellen, om goede 
vergelijkingen en diepgaande evaluatiestudies van ijzertherapieën uit te voeren.

In Hoofdstuk 1 wordt een algemene inleiding gegeven over het belang van ijzer als 
voedingsstof en de betekenis van het behouden van een gezond ijzermetabolisme. 
Verder worden de verschillende ijzerbehandelingen, oraal en intraveneus, beschreven, 
evenals hun mogelijke invloed op ijzerstapeling. IJzer speelt een belangrijke rol in de 
Fenton-reactie, wat oxidatieve stress kan veroorzaken in organen en weefsels. Vandaar 
dat het essentieel is om de verschillende ijzerproducten te beoordelen op veiligheid 
en werkzaamheid, vooral bij het vaststellen van de gelijkenis tussen het origineel 
ijzerproduct en de generieke versie.

In Hoofdstuk 2 werd een ijzercomplex voor orale ijzerbehandeling onderzocht, op basis 
van hemine-geladen polymeer micellen. Dit, met als doel een oraal ijzersupplement 
te ontwikkelen met een betere biologische beschikbaarheid en met mogelijk minder 
bijwerkingen dan de meest gebruikte ijzerpreparaat, namelijk ijzersulfaat. Aangezien 
heemijzer een   superieure biologische beschikbaarheid heeft in vergelijking met non-
heemijzer, werd de heem-analogon hemine geladen in het biologisch afbreekbare 
temperatuurgevoelige polymeer, methoxy-poly (ethyleenglycol) -b-poly [N- 
(2-hydroxypropyl) methacrylamidedilactaat], om vervolgens hemine-micellen te 
vormen. De hoogste beladingscapaciteit voor hemine in mPEG-b-p (HPMAm-Lac2) 
-micellen was 3.9% en de gemiddelde grootte van de hemine- micellen, afhankelijk 
van de hemine concentratie, was 75-140 nm. De hemine-micellen bleken stabiel te 
zijn bij pH 2 gedurende ongeveer 3 uur en tot 17 uur bij een neutrale pH van 7.4. Na 
incubatie van Caco-2-cellen met hemine- micellen, werden ferritine waarden van 2500 
ng / mg eiwit waargenomen. Deze waarden zijn 10 keer hoger dan de ferritine waarden 
afkomstig van Caco-2 cellen die geïncubeerd werden met ijzersulfaat. De resultaten 
beschreven in hoofdstuk 2, laten zien dat hemine- geladen micellen een veelbelovend 
nieuw ijzercomplexformulering kan zijn voor orale toediening.
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en stabiliteit) van een intraveneus ijzerpreparaat is niet voorspellend voor het klinisch 
effect van geïnjecteerde ijzer producten. Om die reden moet er gedegen onderzoek 
uitgevoerd worden naar de in-vivo ijzerdistributie.

In Hoofdstuk 5 onderzochten we de mogelijkheid om voor deze doeleinden magne-
tisch resonantie beeldvorming (MRI) te gebruiken. De resultaten toonden aan dat 
Venofer® (ijzersucrose) voldoende contrast genereerde om de distributie ervan in 
organen met behulp van MRI te evalueren. Sprague Dawley-ratten werden in-vivo tot 
3 uur na injectie gemeten en 24 uur na injectie van zowel 10- als 40 mg / kg Venofer® 

postmortem gemeten. Als controle werd een zoutoplossing toegediend. Binnen 10 tot 
20 minuten na injectie werd in de lever, milt en nieren (inclusief nier- medulla en cortex) 
een toename van ijzerdispositie waargenomen. Postmortem 24 uur na één injectie van 
het ijzerpreparaat werd, zoals verwacht, ijzeraccumulatie hoofdzakelijk in de lever en de 
milt waargenomen. De resultaten van dit hoofdstuk laten zien dat de MRI-techniek een 
krachtige niet-invasieve modaliteit is om ijzerdistributie na toediening van exogeen ijzer 
te kunnen onderzoeken.
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