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Background: Iron deficiency anemia (IDA) is a global public health concern. Intravenous iron therapy, particularly ferric carbox
ymaltose (FCM), is a cornerstone therapy for IDA treatment. However, its application is hindered by limited understanding of long- 
term tissue iron distribution post-therapy and the lack of practical clinical methods to assess tissue iron. This study aims to investigate 
the tissue iron distribution following FCM and develop a computational model for predicting tissue iron levels in both rats and 
humans.
Methods: Using an IDA model in rats, we evaluated tissue distribution of iron and dynamic changes of serum iron biomarkers over 
time after a single dose of FCM. Then we developed a mathematical model to characterize tissue-specific iron kinetics. The model was 
further scaled to humans and validated using clinical data.
Results: The computational model accurately captured tissue-specific iron distribution and serum ferritin dynamics in IDA rats. 
Among the analyzed tissues, the liver and spleen exhibited the highest tissue-to-plasma partition coefficient (KPt) values, estimated at 
21.7 and 25.9, respectively. The bone marrow (BM) also demonstrated a notable KPt value of 21.6, reflecting the prioritization of iron 
delivery to BM for erythropoiesis in IDA. Notably, the heart displayed a relatively high KPt value of 18, underscoring its limited 
capacity to clear excess iron. Our model accurately predicted serum iron profiles in IDA patients. Correlation analysis revealed 
a strong correlation between model-predicted iron levels in the liver and spleen and magnetic resonance imaging (MRI)-derived 
relaxation time parameters (P < 0.001), highlighting the model’s predictive capability for tissue iron levels in humans.
Conclusion: This study provides critical insights into the long-term tissue distribution of iron following single dose of FCM and 
highlights the clinical potential of the computational approach to predict tissue iron content, optimize dosing strategies, and ultimately 
enhance the safety and efficacy of iron therapy.
Keywords: ferric carboxymaltose, iron deficiency anemia, distribution, PBPK model, intravenous iron, serum iron biomarkers

Introduction
Iron deficiency anemia (IDA) is a serious global public health problem, which affects around 1.6 billion (24.8%) people 
worldwide, such as patients with chronic kidney disease (CKD), inflammatory bowel disease (IBD), and heart failure.1 

For patients who cannot tolerate or fail to respond to oral iron supplementation, intravenous (IV) iron has become 
a cornerstone therapy for IDA. In recent years, practice trends in managing CKD-related anemia have increasingly 
shifted toward greater reliance on IV iron, largely due to adverse outcomes associated with erythropoiesis-stimulating 
agents use.2 Furthermore, multiple randomized clinical trials have demonstrated the superiority of IV iron over oral iron 
in managing anemia in populations such as those with end-stage renal disease (ESRD) and IBD.3,4

Despite its widespread clinical use, significant challenges remain in optimizing IV iron therapy and monitoring tissue 
iron distribution. Iron homeostasis is tightly regulated by complex, coordinated systems to ensure adequate delivery to 
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target tissues while minimizing harmful effects, such as iron-mediated oxidative stress and ferroptosis.5 Ferritin serves as 
the primary storage form of iron in the human body, accounting for approximately 25% of total iron content. Circulating 
iron is bound to transferrin, which delivers it to tissues, particularly the bone marrow (BM), for red blood cell (RBC) 
production. The majority of functional iron (65%-70%) is incorporated into hemoglobin (HGB) for oxygen transport, 
with smaller amounts present in myoglobin and enzymes. The body efficiently recycles iron, with macrophages in the 
spleen and liver recovering iron from HGB in aged RBCs. However, because the body lacks an active mechanism for 
iron excretion, excessive IV iron administration can lead to iron overload, which is associated with tissue damage, 
increased risk of infection, and tumor progression.6,7 Epidemiological studies have linked excessive IV iron to higher 
mortality and cardiovascular events in hemodialysis patients.8,9 Therefore, there is a growing safety concern over upward 
trends in IV iron use and suboptimal iron dose.2,6,10

Currently, there is no practical method in clinical practice to accurately assess tissue iron levels to guide iron dosing. 
Serum iron concentration measures the amount of iron in the bloodstream but provides limited information on tissue iron 
stores or iron available for erythropoiesis.11 Serum ferritin and transferrin saturation (TSAT) are commonly used 
biomarkers for evaluating iron status. However, they often fail to reliably predict tissue-specific iron availability or 
therapeutic response to IV iron therapy, particularly in the presence of inflammation.12 Magnetic resonance imaging 
(MRI) has become a valuable non-invasive tool for diagnosing and monitoring iron overload diseases through liver iron 
concentration (LIC) measurement in non-CKD populations.13 However, its high cost, limited accessibility, and reduced 
accuracy due to interference from paramagnetic IV iron products restrict its use in monitoring tissue iron in IDA 
management.14,15 Thus, enhancing understanding of iron distribution, improving methods to assess tissue iron levels, and 
optimizing IV iron dosage remain as critical priorities in anemia management.2
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A computational approach based on preclinical data may serve as a promising solution to address these gaps. While 
several iron metabolism models exist in the literature,16–22 many focus solely on erythropoiesis and iron metabolism- 
related biomarkers without incorporating tissue iron content.16–18 Other studies have developed mathematical models to 
predict iron distribution in mice maintained on iron-deficient, iron-adequate, or iron-loaded diets.19–22 However, mice are 
known to rarely develop IDA through dietary iron restriction, making them suboptimal models for studying iron 
distribution under the IDA condition.23–26 This limitation is evident in these studies showing similar iron distribution 
in RBCs after iron infusion in mice on iron-deficient diets and iron-adequate diets.19–22 Additionally, these models rely 
on data derived from radioactive iron solutions, which may not accurately reflect the iron disposition of IV iron 
formulations commonly used in clinical practice.

Ferric carboxymaltose (FCM) is a next-generation IV iron formulation widely used in clinical practice for its 
favorable safety and efficacy.27 It consists of a ferric hydroxide core stabilized by a carbohydrate shell, which allows 
for the controlled release of iron.28,29 Its stable and robust complex structure tightly binds iron, resulting in the lowest 
release of labile, non-transferrin-bound iron (NTBI) among currently available IV iron formulations.30 This feature 
minimizes the risk of toxicity and oxidative stress associated with labile iron, making FCM well-tolerated clinically even 
at high doses. FCM also offers practical advantages, including rapid infusion, the ability to deliver large iron doses in 
a single administration (up to 1000 mg), and no need for a test dose (unlike iron dextran or iron sucrose), thereby 
enhancing patient convenience.28 While the short-term tissue distribution of iron following FCM administration has been 
studied in rats and humans,31,32 the long-term dynamics of tissue iron distribution remains poorly understood. In this 
study, using an IDA model in rats, we first assessed the tissue-specific distribution of iron and the dynamic changes in 
serum iron biomarkers over an extended timescale following a single dose of FCM. Based on these data, a computational 
model was developed to characterize iron kinetics in rats. The model was subsequently adapted to humans to predict 
tissue iron levels in humans and validated using clinical serum iron and MRI data from patients with IDA.

Materials and Methods
Animals and the Introduction of IDA in Rats
The animal experiments received approval from the Animal Experimentation Ethics Committee of the Chinese 
University of Hong Kong (Reference Number 23–263-ECS) and were conducted in accordance with Cap 340 Animals 
(Control of Experiments) Ordinance, The Hong Kong Code of Practice for Care and Use of Animals for Experimental 
Purposes, and The International Guiding Principles for Biomedical Research Involving Animals.33 Male Sprague-Dawley 
(SD) rats were utilized due to the similarities between rats and humans in iron homeostasis and erythropoiesis.23–25 Rats 
weighing between 200 to 250 grams were acquired from the Laboratory Animal Services Centre at the Chinese 
University of Hong Kong. The animals were housed in a controlled environment with unlimited access to water and 
food. To induce IDA,25,26 the rats were maintained on a low iron diet (<10 mg Fe/kg) throughout the experiment. 
Additionally, the rats underwent phlebotomy twice a week, with 1 mL of blood withdrawn each time during the first three 
weeks, followed by a stabilization period for one week. Healthy control animals were provided with a normal iron diet 
(approximately 200 mg Fe/kg) without phlebotomy. Hematological parameters were monitored twice weekly throughout 
the four weeks of model establishment.

Biodistribution Study of FCM in IDA Rats
To investigate the dynamics of tissue iron content following FCM administration, a biodistribution study was conducted 
in IDA rats (Figure 1). A total of 30 male SD rats were divided into two cohorts: a treatment group (n=18) and an IDA 
control group (n=12). The IDA control group was used to measure endogenous iron levels and monitor changes in tissue 
iron content with age. Rats in the treatment group received a single dose of 15 mg/kg FCM (Ferrinject®, Vifor Pharma, 
Glattbrugg, Switzerland) via the tail vein, while those in the IDA control group were given saline.

Following treatment, three rats from the FCM treatment group were sacrificed at 1 h, 6 h, 24 h, 1 week, 3 weeks, and 
5 weeks post-treatment to collect tissue samples for iron analysis. In the IDA control group, tissue iron concentrations 
were measured at baseline, 1 week, 3 weeks, and 5 weeks post-treatment, under the assumption that tissue iron content 
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would not significantly change within 24 hours. This approach minimized the use of animals. The animals were weighed 
on the day of necropsy. All animals were sacrificed using anesthesia with isoflurane and were perfused with 200–250 mL 
saline to remove blood from the organs. Blood samples were collected from the tail vein prior to perfusion and divided 
into two portions: one for immediate hematological parameter measurement and the other for serum iron biomarkers 
analysis. The latter was centrifuged at 2000 g for 15 minutes to separate serum, which was then stored at −80 °C for 

Figure 1 Schematic diagram of the biodistribution study of FCM in IDA rats. (A) Overview of the study design. (B) Schematic illustration of the sample collection process 
and subsequent analyses. Created in BioRender. CAO, K. (2025) https://BioRender.com/7mtfwfw.
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further analysis. Tissue samples from the heart, liver, kidneys, spleen, femur, and lung were collected and subjected to 
weight measurement. Tissue samples were then stored at −80 °C for iron content determination with inductively coupled- 
mass spectrometry (ICP-MS).

Measurements of Hematological Parameters and Iron Homeostasis Biomarkers
Hematological parameters, including HGB, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), 
and hematocrit (HCT), were measured using BC2800VET Hematology Analyzer (BC-2800Vet, Mindray Medical 
International Limited, Shenzhen, China). Serum transferrin and ferritin concentrations were measured by ELISA kits 
(ab137993 and ab157732, Abcam, Waltham, MA, USA). Serum hepcidin and erythroferrone (EFRE) were measured by 
commercial ELISA kits (ER1504, ER1573, FineTest, Wuhan, China). TSAT was calculated using serum iron and total 
iron-binding capacity (TIBC) according to the formulas:

Iron Quantification via ICP-MS
For sample processing, approximately 0.1 g of the tissue samples were weighed and placed in a clean 50 mL tube. The 
exact mass was recorded. Then 4 mL of 68% nitric acid was added to the tube, and the samples were digested at 120°C 
for one hour using a graphite digestion instrument. Following the digestion process, the samples were allowed to cool for 
an hour before being transferred to a stock sample bottle, and then further diluted to 20 mL with ultrapure water for ICP- 
MS analysis.

Twenty-four mixed standard solutions (9–222EL, 1000 mg/L) from SPEX CertiPrep (Metuchen, NJ, USA) were used 
to generate calibration curves. Germanium (Ge) was chosen as the internal standard. The standard solution of Ge (GSB 
04–1728-2004, 1000 mg/L) was purchased from the National Nonferrous Metals and Electronic Materials Analysis and 
Testing Center (Beijing, China). A Perkin Elmer (NexIon 1000, Shelton, CT, USA) ICP-MS instrument was used to 
determine the amount of total iron content in the tissues. The optimized operating conditions used for ICP-MS are 
summarized in Table S1. The assay was linear to 200 μg/L with the lowest limit of qualification of 10 μg/L.

Development of the Computational Model in IDA Rats
A computational model was developed to predict the iron levels versus time profiles in various tissues following FCM 
administration in IDA rats. The model structure, illustrated in Figure 2, is based on physiologically based pharmacoki
netic (PBPK) modeling. In this model, each organ is treated as a well-stirred compartment, and drug transfer from blood 
to tissue is assumed to follow Fick’s law of diffusion. Each tissue is divided into vascular and extravascular compart
ments according to the permeability-limited mechanism. Iron content in each compartment is expressed as total iron with 
the unit of microgram, which was obtained by multiplying the iron concentration (μg/g) detected by ICP/MS by the 
weight of the corresponding tissues.

Based on the fact that HGB makes up about 95% of the dry weight of RBC and accounts for the vast majority of the 
iron present in RBC,34 the amount of iron in the RBC compartment was approximately considered equal to the iron 
content in HGB. The total iron in HGB was calculated according to the established relationship that the amount of iron in 
1 g of HGB is 3.34 mg.35 The blood volume of rats was obtained from literature according to body weight.36 Iron content 
in the rest of the tissues like fat and muscles was lumped into the remainder compartment. A system of ordinary 
differential equations was utilized to characterize the kinetics of iron content in different tissue compartments.

Heart, kidney, and remainder:
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where Vt_vas is the capillary volume of tissue, and Vt_exv represents the extravascular volume of tissue. Ct_vas is the iron 
concentration in the vascular compartment of the tissue while Ct_exv denotes the iron concentration in the extravascular 
compartment of the tissue. Qt is the plasma flow rate in the tissue. Cart is the iron concentration in the artery 
compartment. PSt is the membrane permeability of iron in the tissue. Kpt is the tissue-to-plasma partition coefficient 
of iron in the tissue.

Lungs:

Figure 2 Schematic diagram of the model structure. (A) Whole-body model. (B) Illustration of each tissue compartment.
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where Vlun_vas is the capillary volume of the lung; Vlun_exv represents the extravascular volume of the lung; Clun_vas is the 
iron concentration in the vascular compartment while Clun_exv denotes iron concentration in the extravascular compart
ment. Qlun is the plasma flow rate in the lung. Cvein is the iron concentration in the vein compartment. PSlun is the 
membrane permeability of iron in the lung. Kplun is the tissue-to-plasma partition coefficient of iron in the lung.

Liver:

After IV iron infusion, iron is mainly utilized to synthesize HGB in RBC formation, and this process mainly takes place 
in the BM.37 Recycle of iron in RBC mainly takes place via macrophage-medicated erythrophagocytosis in the 
spleen.38,39 The dynamics of iron in BM, RBC, and spleen compartments were described according to these physiolo
gical mechanisms.

BM:

RBC:

Spleen:

Vein:

Artery:

Where QE is the production rate of RBC in the BM and Kout_RBC is the clearance rate of RBC. Vp is the total plasma 
volume and QC is the cardiac output. All physiological parameters, including plasma flow, vascular volume and 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S534063                                                                                                                                                                                                                                                                                                                                                                                                 12025

Cao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



extravascular volume in each tissue, were listed in Table 1. QC and plasma flow in each tissue were calculated based on 
literature data40 and the actual body weight of rats used in this study using the equation:

where Q1 and Q2 denote the plasma flow of 280 g rats in liturature40 and that of 325 g rats in the current study. Total 
tissue and plasma volume were calculated as follows:

where V1 and V2 denote the total tissue and plasma volume of 280 g rats in literature40 and those of 325 g rats in this 
study. The total volume of the BM was calculated based on the average weight of the femurs in the current study 
(2.74 mg) and the density of the femur with marrow in male rats (1.51 mg/mm3).41 The extravascular volume (Vt_exv) is 
equal to the total volume of the tissue multiplied by the proportion of the extravascular volume to the total tissue 
volume.40

Serum ferritin is also included in this model to recapitulate the interplay between its dynamics and iron storage in the 
body. Serum ferritin is derived primarily from macrophages in the spleen through a nonclassical secretory pathway.42 

Therefore, the dynamics of serum ferritin was characterized as follows:

Where Kin_fer and Kout_fer are the synthesis and clearance rate of serum ferritin, respectively.
The model was implemented using NONMEM (V7.5, Icon plc, USA). Ordinary differential equations were solved 

using the ADVAN14 subroutine, and parameter estimation was performed using the FOCE algorithm. Data preparation 
and model diagnostics were performed using the R program (Version 4.3.0, R Core Team, 2023).

Extrapolation from Rats to Humans
The final model in rats was extrapolated to humans to simulate iron tissue levels after FCM administration in humans. 
Human physiological parameters, including organ volume, plasma flow rate, and organ weights, are shown in Table 2. 
The clearance rate of RBC in humans (Kout_RBC) was calculated according to the lifespan of RBC (120 days) in 
humans.43 The Kpt values were assumed to be identical between rats and humans, whereas PSt and QE were scaled to 
humans using the allometric scaling equation:

Table 1 Physiological Parameters Used in the Model in 325 g Ratsa

Tissue Plasma Flow (mL/h) Vascular Volume (mL) Extravascular Volume (mL)

Plasma 3293 / /
Heart 169 0.05 1.1

Liver 24 1.56 15.39

Spleen 200 0.39 2.51
Lung 3293 0.27 1.14

Kidney 408 0.15 2.52

BM 69 0.04 1.74
Remainder 2423 2.64 273.69

Notes: aPhysiological parameters were calculated based on data from 280 g rats in liturature40 and the actual body 
weight of rats used in this study. Please see the Methods for more information.
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The capacity of this model to predict serum iron concentrations in humans was validated by simulating the identical 
dosing regimen from the literature and comparing the model-predicted serum iron levels with clinical observations.48 

Due to the invasive nature of tissue biopsies, it is challenging to obtain tissue iron data directly in clinical settings. MRI 
has provided a non-invasive method to measure tissue iron levels and has been widely used in iron overload diseases.49 

Iron deposits in tissues create local magnetic field inhomogeneities, accelerating the relaxation of hydrogen protons. The 
MRI-derived relaxation time parameters (T2*/T2) are inversely correlated with tissue iron levels. Previous studies have 
demonstrated a strong correlation between relaxation rates R2 (1/T2) and R2* (1/T2*) and liver iron concentrations 
measured via biopsy in patients with hereditary hemochromatosis, transfusion-dependent thalassemia, and sickle cell 
disease.50,51 One literature reported MRI T2*/T2 at baseline, 3 hours, 14 days and 42 days after a single dose of FCM in 
IDA patients.52 Using this dataset, we simulated tissue iron content with our model and performed a correlation analysis 
between the model-predicted tissue iron levels and MRI-derived relaxation time parameters to validate the model’s 
ability to predict tissue iron content in humans.

Data Analysis and Statistics
Statistical analyses were conducted using GraphPad Prism (version 6.0.2, La Jolla, CA, USA), with a P value of less than 
0.05 considered statistically significant for Student’s two-tailed t-test. Data were expressed as mean ± standard deviation 
(S.D.) in bar charts and GraphPad Prism was used to generate bar charts. Data preparation, line charts and Pearson 
correlation analysis were performed using R program (Version 4.3.0, R Core Team, 2023). The 3D-diagrams of 
the percent distribution of iron were generated using MATLAB (Version R2024b, Natick, Massachusetts: The 
MathWorks, Inc., available at: https://www.mathworks.com/).

Results
Development of the IDA Model in Rats
An IDA model was established in rats using a combination of an iron-deficient diet and phlebotomy to explore the dynamic 
tissue distribution of iron following FCM administration under anemic conditions. Four weeks after model induction, IDA 
rats exhibited significantly reduced HGB, MCV, MCH, and HCT compared to healthy controls (Figure 3A). Furthermore, 
serum iron levels, along with iron content in the liver and spleen, were markedly lower in IDA rats than in healthy controls, 
confirming the successful establishment of the IDA model (Figure 3B and C). As expected, HGB levels as well as HCT and 
MCV were significantly increased in IDA rats one week after FCM administration (Figure 3D and Figure S1).

The Dynamic Process of Iron Tissue Distribution After FCM Treatment
We proceeded to investigate the tissue distribution of iron following FCM administration in IDA rats. The serum iron 
concentrations rose sharply within the first 15 minutes post-treatment, followed by near-complete clearance within 

Table 2 Physiological Parameters in Humans (70 Kg)

Organs Organ Weight 
(g)a

Total Volume 
(mL)b

Plasma Volume (mL) 
b

Extravascular Volume 
(mL) b

Plasma Flow Rate  
(mL/h) b

Heart 330 341 13.1 317 7752

Liver 1299 2143 183 1811 13210

Spleen 121 221 26.8 172.3 6343
Lung 733 1000 55 900 181913

Kidney 235 332 18.2 298 36402

BM 3469 10,165 224 9758 2591
Remainder / 273.69 2.64 273.69 115615

Notes: aData from the literature.44–46 Bone marrow weight is calculated according to the equation: bone marrow weight=7.02×(body weight)1.46.47 bData from the 
literature.40
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24 hours (Figure 4A and Figure S2). By one week after FCM dosing, no significant differences in serum iron levels were 
observed between the treatment and IDA control groups (Figure 4A), highlighting the limited ability of serum iron 
concentrations to reflect iron storage in the body.

The BM, a primary target tissue for FCM’s pharmacological effects, exhibited a rapid increase in iron concentration, 
peaking at 6 hours post-administration and remaining stable at 24 hours (Figure S2). Iron levels in the BM then gradually 
declined, returning to levels similar to the IDA control group by five weeks post-dosing (Figure 4A). Larger increases of 
iron concentrations were observed in the liver and spleen. Liver iron concentrations peaked at 6 hours post-dosing and 
then gradually declined over the following five weeks (Figure 4A and Figure S2). Similarly, spleen iron concentrations 
peaked at 6 hours and remained elevated at 24 hours post-dosing (Figure S2). Afterward, spleen iron levels declined 
rapidly, stabilizing by one week post-treatment (Figure 4A). Long-term analysis revealed significantly higher iron 
concentrations in both liver and spleen in the FCM treatment group compared to the IDA control group.

Iron concentrations in the lungs, heart, and kidneys were also evaluated as toxicologically relevant tissues. Drug- 
induced increases in iron levels in these organs were relatively small. In the lung, a sustained increase in iron 
concentration was observed at 24 hours post-dosing (Figure S2), but no significant long-term iron accumulation was 
detected when compared to the IDA control groups (Figure 4A). Similarly, iron concentrations in the heart increased by 
24 hours post-dosing. Unlike the lungs, however, heart iron levels remained elevated throughout the five-week study 
period (Figure 4A), suggesting a limited capacity for the heart to clear excess iron. This finding raises concerns about 

Figure 3 Successful development of the IDA model in rats. (A) Hematological parameters in healthy control (n=3) and IDA rats (n=12) at the endpoint of the IDA model 
establishment (Day 28). (B) Serum iron in healthy control and IDA rats at the endpoint of the IDA model establishment. Data were expressed as the mean ± S.D. **** P < 
0.0001. (C) Liver and spleen sections stained with Prussian blue for iron detection. The blue area corresponds to iron staining. The results shown are from one 
representative experiment and one representative animal per group. Scale bar, 50 µm. (D) HGB levels after FCM administration. 
Abbreviations: HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin.
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Figure 4 The dynamic process of iron tissue distribution. (A) Iron concentration in different tissues versus time in IDA rats given a single dose of FCM (15 mg/kg) or IDA 
control (n=3 at each time point). The data points represent the mean, and the error bars indicate the standard deviation. *P < 0.05, ** P < 0.01, *** P < 0.001. (B) 
Representative diagram of percent distribution of iron in the analyzed tissues.
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potential cardiac toxicity due to iron overload from long-term iron injections. In contrast, no significant changes in 
kidney iron levels were observed after dosing, and no differences in kidney iron concentrations were detected between 
the treatment and IDA control groups over the five-week study (Figure 4A).

To better understand overall iron distribution, data were expressed as a percentage of total measured iron across all 
tissues. Total tissue iron content was calculated by multiplying iron concentration by tissue mass, and the sum of these 
values determined the total measured iron. As shown in Figure 4B, the liver accounted for the largest proportion of total 
iron in IDA rats, followed by the BM and spleen, while the lung and plasma contributed the least. After FCM 
administration, plasma accounted for the highest proportion of iron among these tissues. However, as plasma iron was 
redistributed into tissues, the liver and spleen became the dominant reservoirs of iron by 6 hours post-treatment. 
Interestingly, despite an increase in BM iron concentration post-FCM, its proportion of total iron decreased in the 
treatment group compared to controls.

Dynamic Response of Serum Iron Homeostasis Biomarkers After FCM Treatment
The dynamic changes in iron homeostasis biomarkers, including serum ferritin, TSAT, hepcidin, and EFRE, were also 
evaluated to explore their relationship with tissue iron following FCM administration. Serum ferritin and TSAT are the 
most commonly used biomarkers in clinical practice to assess iron storage. As shown in Figure 5A, serum ferritin levels 
gradually increased following FCM treatment, with significantly higher concentrations observed at 10 h and 24 h post- 
administration compared to the IDA control group (P < 0.05 for both time points). TSAT increased rapidly in response to 

Figure 5 Dynamic response of serum iron homeostasis biomarkers, including serum ferritin (A), transferrin saturation (TSAT, (B)), serum hepcidin (C) and erythroferrone 
(EFRE, (D)) after a single dose of FCM (15 mg/kg) or saline in IDA rats. The red lines represent data in the treatment group, while the blue lines denote data in the IDA 
control group. The line points represent the mean, and the error bars indicate the standard deviation (n=3 at each time point). *P < 0.05.
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the spike in plasma iron concentration after FCM infusion and subsequently returned to pre-administration levels within 
24 hours (Figure 5B). Over the long term, no significant differences in serum ferritin or TSAT levels were observed 
between the treatment and control groups during weeks 1 to 5 post-administration, despite significantly higher iron 
concentrations in the liver, spleen, and heart of the treatment group (Figure 4A). These findings highlight the limited 
ability of these two biomarkers to accurately reflect tissue iron concentrations and overall body iron storage.

Hepcidin, a small peptide hormone primarily produced by the liver, plays a central role in regulating iron homeostasis 
by controlling dietary iron absorption and iron release from macrophages and hepatocytes.53 It has been proposed as 
a promising biomarker and therapeutic target in iron disorders.54,55 Consistent with previous reports in healthy 
condition,56,57 serum hepcidin exhibited a circadian rhythm in IDA rats (Figure 5C). After FCM treatment, a slight 
increasing trend in hepcidin was observed one hour post-administration (P = 0.06), likely reflecting its induction by rapid 
iron replenishment to prevent toxicity of iron excess.53 However, no significant differences in serum hepcidin levels were 
detected overall between the treatment and control groups (Figure 5C).

EFRE, a hormone secreted by erythroblasts, plays a key role in iron metabolism by suppressing hepcidin production 
and increasing iron availability for HGB synthesis.58 It has been proposed as a potential biomarker for effective 
erythropoiesis.59 This study for the first time reports both the immediate and long-term responses of EFRE to iron 
treatment under IDA conditions. Similar to hepcidin, EFRE exhibited a circadian rhythm in IDA rats, with levels rising 
from morning to night (Figure 5D). Notably, a significant increase in EFRE levels was observed at 1 hour and 2 hours 
post-FCM administration in the treatment group compared to the IDA control group. This increase is likely due to 
enhanced erythropoiesis in IDA condition following iron supplementation. By inhibiting hepcidin, this mechanism 
ensures an adequate supply of iron for HGB synthesis.60 However, no significant differences in serum EFRE levels 
were observed between the treatment and control groups beyond 6 hours after dosing, suggesting that EFRE may not be 
a reliable biomarker for assessing tissue iron content during IV iron therapy.

The Computational Model Accurately Captures Tissue Distribution of Iron Following 
FCM Treatment in IDA Rats
To better understand and predict the dynamic distribution of iron across various tissues following FCM administration in 
anemic rats, a computational model was developed. The structure of the model was illustrated in Figure 2. Each tissue 
was divided into vascular and extravascular compartments based on a permeability-limited mechanism. Additionally, 
serum ferritin dynamics were incorporated into the model to capture its interplay with iron storage in the body.

As shown in Figure 6A and Figure S3, the proposed model effectively captured the iron concentration-time profiles 
across different tissues, with predictions closely aligning with the observed experimental data. The model also accurately 
described the dynamic changes in serum ferritin levels over both short- and long-term periods (Figure 6B). The predicted 
AUC values of tissue iron were in good agreement with the observed data (Table 3). Parameter estimates for the final 
model are presented in Table 4, with most parameters estimated with reasonable precision. The membrane permeability 
in the kidney (PSkid) exhibited relatively high imprecision (RSE = 80.8%), likely attributable to the minimal iron 
accumulation observed in the kidney with KPkid estimated to be 9.66 and the higher variability in the experimental data 
for this tissue.

The liver and spleen, recognized as primary iron storage organs, exhibited the highest KPt values among the analyzed 
tissues, estimated to be 21.7 and 25.9, respectively. In addition, the BM demonstrated a notable partition coefficient 
(KPBM = 21.6), reflecting the prioritization of iron delivery to the BM for red blood cell production under IDA 
conditions. Notably, the heart displayed a relatively high KPt value of 18 among the toxicologically relevant tissues 
(kidney, liver, lung, and heart). This finding aligns with the observed data, which showed significantly higher iron 
concentrations in the heart three and five weeks after FCM administration compared to the IDA control group 
(Figure 4A). These results highlight the potential for iron accumulation in the heart during prolonged iron therapy, 
raising concerns about the risk of cardiac toxicity associated with excessive IV iron infusion.

The impact of different dosing strategies on tissue iron accumulation was further assessed using model-based simulations. 
Specifically, the dynamics of tissue iron were simulated for three dosing regimens: a single dose of 15 mg Fe/kg (A), 7.5 mg 
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Fe/kg administered once weekly for two weeks (B), and 5 mg Fe/kg administered once weekly for three weeks (C). As 
shown in Figure S4, when similar iron levels in RBCs (indicative of efficacy) were achieved three weeks after the first dose 
across all three dosing strategies, the multiple dosing regimens with lower doses resulted in significantly lower iron 
accumulation in toxicologically relevant tissues, such as the heart (AUC0-5w for A = 54060 µg·h, B = 52777 µg·h, C = 
51,605.8 µg·h). These findings suggest that, while the improved formulation of FCM has mitigated the risk of immediate 
hypersensitivity reactions associated with high-dose iron infusion,28,29 adopting a multiple dosing strategy with lower 
individual doses may enhance safety by mitigating long-term cardiac iron accumulation.

Prediction of Tissue Iron Levels After FCM Administration in Humans
The computational model was further scaled to humans to predict iron levels across tissues following FCM infusion. This 
was accomplished by adapting the model with physiological parameters specific to humans (Table 2). To validate the 

Figure 6 Comparison of the model prediction versus observed data of tissue iron content (A) and serum ferritin (B) in IDA rats. The red lines represent model prediction, 
while the black dots denote observed experimental values.
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model, serum iron concentrations reported in the literature from patients with IDA were utilized.48 As shown in 
Figure 7A, the model accurately predicted serum iron profiles after different doses of FCM administration in IDA 
patients.

Due to the invasive nature of tissue biopsies, it is challenging to obtain tissue iron data directly in clinical settings. 
Advancements in MRI have provided a non-invasive method to measure tissue iron levels. The MRI-derived relaxation 
time parameters (T2*/T2) are inversely correlated with tissue iron levels. Previous studies have demonstrated a strong 
correlation between relaxation rates 1/T2 and 1/T2* and liver iron concentrations measured via biopsy in patients with 
hereditary hemochromatosis, transfusion-dependent thalassemia, and sickle cell disease.50,51 Using MRI data in patients 
with IDA after a single dose of FCM,52 we simulated tissue iron content with our model and performed a correlation 
analysis between the model-predicted tissue iron levels and MRI-derived relaxation time parameters to validate the 
model’s ability to predict tissue iron level in humans (Figure 7 and Figure S5). As shown in Figure 7B, the model- 
predicted liver iron levels exhibited a strong correlation with MRI-derived T2* and T2 values, underscoring the model’s 
capability to well predict tissue iron distribution in humans. While the relationship between MRI relaxation times and 
spleen iron content is less well-studied compared to the liver,61,62 our results demonstrated a strong correlation between 
the model-predicted spleen iron levels and T2, *T2 values (Figure 7C).

Table 3 Average Area Under the Curve (AUC) of Iron Across Different 
Tissues Based on Experimental Data and Model Predictions

Tissues Observed AUC(μg.h) Model Predicted AUC(μg.h) Bias%

Serum 33262.33 44143.3 −24.65%

Lung 47982.68 48176.02 −0.40%

Spleen 241738.30 178741.94 35.24%
Liver 1218347.27 1159356.85 5.09%

BM 130304.58 123963.3 5.12%

Kidney 61723.16 62862.09 −1.81%
Heart 54043.66 53550.06 0.92%

RBC 4386704.12 4406173.83 −0.44%

Table 4 Parameter Estimation of the Final Model in IDA Rats

Parameters Description (Units) Estimates (RSE%)

KPhea Tissue to plasma partition coefficient in the heart 18 (2)

KPliv Tissue to plasma partition coefficient in the liver 21.7 (6.7)

KPspl Tissue to plasma partition coefficient in the spleen 25.9 (7)
KPlun Tissue to plasma partition coefficient in the lung 12.2 (3.2)

KPkid Tissue to plasma partition coefficient in the kidney 9.66 (40.6)

KPBM Tissue to plasma partition coefficient in the BM 21.6 (1.7)
KPrem Tissue to plasma partition coefficient in the rest of the body 3.07 (2.2)

PShea Membrane permeability in the heart (mL/h) 0.00677 (4.4)

PSliv Membrane permeability in the liver (mL/h) 2.16 (1.8)
PSspl Membrane permeability in the spleen (mL/h) 0.271 (1.9)

PSlun Membrane permeability in the lung (mL/h) 0.0239 (18.6)

PSkid Membrane permeability in the kidney (mL/h) 0.00735 (80.8)
PSBM Membrane permeability in the BM (mL/h) 0.0436 (13.4)

PSrem Membrane permeability in the rest of the body (mL/h) 0.571 (17.5)

QE The production rate of RBC in BM (mL/h) 1.37 (5)
Kout_RBC The clearance rate of RBC (×10−4/h) 2.92 (21.5)

Kin_fer The synthesis rate of serum ferritin (1/h) 0.174 (23.9)

Kout_fer The clearance rate of serum ferritin (1/h) 0.178 (21.6)
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Figure 7 Model validation in humans. (A) Observed and simulated serum iron profiles in humans following a single dose of FCM at 100 mg, 500 mg, 800 mg, and 1000 mg. 
The dots represent the mean of observed clinical data,6 while the lines depict predictions generated by the proposed computational model. (B and C) Pearson correlation 
analysis of the model-predicted tissue iron levels and MRI-derived relaxation time parameters (ΔT2*, ΔT2) in the liver (B) and Spleen (C). The red lines represent the linear 
regression line and its 95% confidence interval.
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In summary, the model effectively predicted tissue iron distribution in humans, as demonstrated by strong correlations 
between model-predicted tissue iron levels and MRI-derived parameters in the liver and spleen, as well as a good 
agreement between predicted and clinically observed serum iron concentrations.

Discussion
Optimizing IV iron dosing for the treatment of IDA remains a significant challenge in clinical practice due to limited 
understanding of long-term tissue iron distribution and the lack of reliable biomarkers for assessing tissue-specific iron 
levels and total body iron storage.2 This study aims to address these gaps by developing a computational model to 
characterize tissue-specific iron dynamics following FCM administration.

Using an IDA model in rats, we first evaluated the tissue-specific distribution of iron and the dynamic changes in 
serum iron biomarkers over an extended timescale following a single dose of FCM. Based on these data, we developed 
a computational model that effectively captured the dynamic distribution of iron across tissues in IDA rats and accurately 
predicted serum ferritin levels over time. We chose rats instead of mice for several reasons. First, previous studies have 
demonstrated that rats exhibit greater physiological similarity to humans compared to mice, particularly in terms of iron 
homeostasis and erythropoiesis.23,24 Second, the larger blood volume in rats facilitates the collection of sufficient tissue 
and blood samples for the measurement of multiple hematological parameters and serum iron biomarkers. This not only 
reduces the number of animals required but also enables more accurate quantification of biomarkers and tissue iron 
levels. Accordingly, previously published studies on the tissue distribution of IV iron formulations were mainly 
conducted in rats.25,63,64

Among the tissues analyzed, the liver and spleen exhibited the highest partition coefficients (KPt). This is reasonable 
given that these organs are the primary sites for iron storage and recycling.65 The bone marrow also exhibited a high KPt 

value, which is consistent with its critical role in erythropoiesis under IDA condition, where iron delivery to the BM is 
prioritized to support oxygen transport. Notably, this study revealed significant long-term iron accumulation in the heart 
after a single dose of FCM, with the heart displaying a relatively high KPt value among the toxicologically relevant 
tissues. These findings suggest that the heart has a limited capacity for iron clearance, raising concerns about potential 
cardiac toxicity with long-term IV iron therapy. This result aligns with the observation that the heart is more susceptible 
to genetic or acquired iron overload compared to other non-iron storage organs, such as the lungs and kidneys.66 

Although there is no biodistribution data available for FCM in mice, a previous study using mice injected with 59Fe 
solution supported the finding of iron accumulation in the heart 28 days after IV iron injection.67

Iron enters cardiomyocytes primarily through the transferrin receptor 1 (TfR1) pathway, but it can also be transported 
via other mechanisms, including T-type calcium channels (TTCC), divalent metal transporter 1 (DMT1), L-type calcium 
channels (LTCC), and Zrt-, Irt-like proteins (ZIP).65,68 The only protein responsible for exporting iron from cardiomyo
cytes is ferroportin (FPN). While cardiomyocytes have multiple pathways for iron uptake, they rely on a single 
mechanism for iron export, which may explain the heart’s limited ability to remove excess iron during iron 
overload.68 In contrast, negligible iron accumulation in the kidney may be attributed to low TfR1 expression and limited 
iron uptake pathways in renal tissues.69 Excess iron accumulation in the heart can impair cardiac function, potentially 
leading to heart failure and arrhythmias.70 This study highlights the importance of monitoring cardiac iron levels in 
patients undergoing repeated IV iron therapy. Furthermore, our model-based simulations suggest that, under a fixed total 
iron dose, adopting a multiple-dosing strategy with lower individual doses may improve safety by mitigating cardiac iron 
accumulation.

The model was further scaled to humans and validated using clinical data, accurately predicting serum iron profiles in 
IDA patients. Correlation analysis showed a strong correlation between model-predicted iron levels in the liver and 
spleen and MRI-derived relaxation time parameters (T2*/T2), underscoring the potential of a computational approach to 
predict tissue-specific iron levels and optimize dosing strategies. This study also evaluated the dynamic changes in serum 
iron homeostasis biomarkers, including serum ferritin, TSAT, hepcidin, and ERFE, to explore their relationship with 
tissue iron following FCM administration. Ferritin serves both as an iron-storage protein and a positive acute-phase 
reactant.71 Small amounts of ferritin are found in serum, primarily due to secretion from macrophages or release 
following cell death and lysis.42 Although low serum ferritin is generally a good indicator of iron deficiency, it may 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S534063                                                                                                                                                                                                                                                                                                                                                                                                 12035

Cao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



not always accurately reflect tissue iron levels due to its nature as an acute-phase reactant.12 In the presence of 
inflammation, infection, or chronic diseases, serum ferritin levels can rise due to increased production by the liver, 
even if the body’s overall iron stores are low. Furthermore, our study demonstrates that neither serum ferritin nor TSAT 
can reflect long-term iron levels in the heart, liver, or spleen in IDA after a single dose of FCM. Hepcidin and EFRE are 
key regulators of iron homeostasis, specifically interacting to control iron availability for red blood cell production.54,55,59 

Hepcidin reduces iron absorption and release from storage, while ERFE, produced by erythroblasts, suppresses hepcidin, 
promoting iron release during increased erythropoiesis. Although serum hepcidin and ERFE are valuable biomarkers for 
iron homeostasis,54,55,59 their levels are influenced by multiple factors, including inflammation, erythropoietic activity, 
chronic disease, and liver dysfunction, limiting their reliability in reflecting tissue-specific iron content or total iron 
storage.65 Our results show that, aside from a transient increase in ERFE at 1 and 2 hours after FCM administration, there 
were no significant differences in hepcidin and ERFE levels between the FCM treatment and control groups throughout 
the study period, highlighting their limited utility in assessing tissue iron stores. The limitations of these serum 
biomarkers emphasize the need for innovative approaches, such as the computational model proposed in this study, to 
evaluate tissue iron levels, optimize IV iron dosing, and improve the safety and efficacy of IV iron therapy.

This study has some limitations that warrant further investigations. First, the molecular mechanisms underlying iron 
uptake and distribution were simplified in the current model. For example, the roles of the reticuloendothelial system and 
transferrin-mediated iron uptake were not explicitly included to avoid overparameterization. Second, the clearance rate of 
iron was not estimated, as the experimental data did not support such an estimation. This aligns with the physiological 
understanding that the body lacks an active mechanism for iron excretion, with minimal daily iron loss occurring through 
cell shedding from the skin and gastrointestinal surfaces.65 In IDA conditions, this loss is likely even smaller, further 
complicating clearance estimations. Third, this study serves as a proof-of-concept for using computational modeling to 
predict tissue iron distribution following IV iron therapy. While the model performed well in IDA rats and was 
successfully scaled to humans, iron metabolism varies depending on the degree of iron deficiency, inflammation, and 
other disease conditions. Additional clinical data is needed to refine the model for broader applicability. Finally, the 
disposition of iron in the body can vary depending on the specific IV iron formulation used. This study focused 
exclusively on FCM, and the findings may not be generalizable to other formulations, such as iron sucrose or ferric 
derisomaltose. Future research should explore the applicability of this model to other IV iron products to broaden its 
clinical relevance.

Conclusion
In this study, we employed computational modeling to investigate the tissue distribution of iron following a single dose 
of FCM. Using an IDA model in rats, we first assessed the tissue-specific distribution of iron and the dynamic changes in 
serum iron biomarkers over an extended timescale after a single dose of FCM. Based on this data, we developed 
a computational model that effectively characterizes tissue iron kinetics and serum ferritin response in IDA rats. This 
model was subsequently scaled to humans and validated with clinical data, demonstrating its ability to predict tissue iron 
levels in humans. Our findings provide valuable insights into the long-term tissue distribution of iron after a single dose 
of FCM administration and highlight the clinical potential of the computational approach to predict tissue iron content, 
optimize dosing strategies, and ultimately improve the safety and efficacy of iron therapy in clinical practice.
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