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Abstract

Iron is essential for every cell of the mammalian organism. Iron deficiency is a major public health issue worldwide. Intra-
venous (IV) iron therapy has been used to treat anemia. However, IV iron therapy is known far away from ideal because the
quantitative relationship between the pharmacokinetics and biodistribution of IV iron under different iron statuses remains
unclear. Patients are known to suffer adverse effects from excessive iron accumulation. Our objective was to develop a physi-
ologically based pharmacokinetic (PBPK) model of iron in mice and validate its application for predicting iron disposition in
rats and humans. Previously published data on iron were collected for constructing the PBPK model of iron in mice, and then
extrapolated to rats and humans based on physiologically and chemically specific parameters relevant to each species. The
PBPK model characterized the distribution of iron in mice successfully. The model based on extrapolation to rats accurately
simulated the ferric carboxymaltose (FCM) PK profiles in rat tissues. Similarly, the observed and simulated serum PK of
FCM in humans were in reasonable agreement. This mechanistic whole-body PBPK model is useful for understanding and
predicting iron effects on different species. It also establishes a foundation for future research that incorporates iron kinetics
and biodistribution, along with related clinical experiments. This approach could lead to the development of effective and
personalized iron deficiency anemia treatments.
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Introduction

Iron is a vital trace element required for a variety of vital
physiological functions in humans and other mammals due
to its ability to accept and lose electrons. It is used for oxy-
gen transport, DNA metabolism, cellular energy generation,
and also for cell proliferation and differentiation [1]. Deregu-
lated iron metabolism, which results in iron deficiency (hav-
ing too little) or iron overload (having too much), is associ-
ated with many different diseases. For example, excesses of
iron can produce reactive oxygen species (ROS) that damage
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lipid and DNA, causing cell death through ferroptosis [2, 3].
On the contrary, iron deficiency significantly contributes to
the pathogenesis of anemia in chronic kidney disease (CKD)
[4]. Thus, treating iron deficiency is essential for manag-
ing anemia, especially in patients who necessitate kidney
replacement therapy [5]. Iron deficiency anemia (IDA) is the
most prevalent nutritional deficiency worldwide, affecting
approximately 30% of the population [6].

Given iron imbalance results in various pathological con-
ditions, mammals have developed complex mechanisms for
controlling whole-body iron concentrations within normal
physiological levels to maintain the normal structure and
function of the organs [7]. To maintain iron homeostasis,
various iron regulatory proteins coordinate with multi-organ
systems throughout the entire transportation and storage of
iron (Fig. 1) [8, 9]. Iron binds to plasma transferrin for dis-
tribution to tissues. The majority of iron is utilized in the
bone for the synthesis of hemoglobin (Hgb) in red blood
cells (RBCs). Senescent erythrocytes are phagocytosed by
macrophages, releasing iron from catabolized Hgb back into
the circulation [9].
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Fig. 1 Major components and processes of whole-body systemic iron
trafficking. Oral iron is absorbed across the enterocytes, while IV iron
enters the plasma directly. Iron binds to transferrin in the plasma, and
then be transported and taken up by the bone marrow (BM) for red

Erythropoiesis (A process of producing RBCs) is the
major iron consumer in the body because iron is a vital con-
stituent of Hgb, and this need is satisfied by maintaining
a sensitive regulation of iron levels [10]. Iron deficiency
frequently leads to anemia, especially in CKD. The 2012
KDIGO guidelines advocate for the use of erythropoiesis-
stimulating agents (ESAs, e.g. erythropoietin), iron, and
transfusions in the treatment of anemia among CKD patients
[11]. Over the past decade, practice patterns have shifted
towards decreased use of ESAs and increased use of iron
supplementation in many countries, due to adverse outcomes
associated with ESAs [12]. Multiple oral and intravenous
(IV) iron agents have been approved [12]. Recent rand-
omized clinical trials (RCTs) have demonstrated the superior
efficacy and similar safety of IV iron preparation compared
with oral iron preparations, for the management of anemia
in CKD. However, both oral and IV iron formulations are
recognized as suboptimal, primarily due to concerns regard-
ing tolerability and safety [13].

The diagnosis of iron deficiency and iron treatment in
anemic CKD traditionally relies on serum transferrin satu-
ration (TSAT), reflecting circulating iron levels, and serum
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blood cells (RBC) production or the liver or spleen for storage. Iron is

recycled when macrophages take up senescent RBCs and release iron
back to the plasma pool

ferritin, indicating iron stores. In CKD, absolute iron defi-
ciency is characterized by relatively low TSAT and ferritin,
while functional iron deficiency is marked by relatively low
TSAT and normal ferritin levels. However, RCTs suggest
that these biomarkers for iron deficiency in CKD lack reli-
ability in evaluating body iron stores, predicting the response
to iron therapy, and guiding iron dosing regimens. Conse-
quently, the dose of IV iron preparation is not optimal [14].
Optimization of IV iron agent dosage has been recognized as
a critical research priority in anemia management for CKD
patients'. Given the complexity of the PK behavior of IV
iron agents, understanding the iron disposition in various
tissues (including plasma) post-treatment is crucial for opti-
mizing the dose.

Physiologically based pharmacokinetic (PBPK) modeling
is a powerful tool that combines the mathematical descrip-
tion of physiological and biological processes to assess the
disposition of a xenobiotic in tissues'*. Compared with
traditional compartmental modeling, PBPK modeling is a
more mechanistic method that treats the body as intercon-
nected physiological compartments linked by blood flow,
facilitating extrapolation across species [15, 16]. Therefore,
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PBPK models can be applied to predict xenobiotic exposure
in various human organs or tissues based on that in animals.
Moreover, it employs mass balances within the body, thus
allowing for predicting the time-course profiles of toxicant
amounts in tissues and fluids, helping to deepen the com-
prehension of therapeutical benefits and adverse effects, and
eventually contributing to optimal dosing regimens [17].
There are other efforts in the literature for developing
mathematical models for iron agents [18-21]. However,
comprehensive whole-body PBPK models for iron are cur-
rently absent from the literature. Developing a whole-body
PBPK model for iron would be beneficial, offering deeper
insights into the disposition of iron in vivo and prospective
applications in optimizing iron therapy [22]. Here, we con-
structed a whole-body mechanistic PBPK model that can
predict iron tissue distributions using digitized published
data for iron in mice [18, 23], and further extrapolated the
mouse PBPK model to rats and humans to assess its applica-
tion in predicting the tissue disposition of iron across differ-
ent species. Establishing a quantitative relationship between
the dose and PK of an IV iron paves the way for a more
precise and scientific method to optimize I'V iron dosages.

Methods
Software

The PBPK model was established using NONMEM (Ver-
sion 7.5, Icon plc, USA); Model diagnostics utilized the R
program (version 4.1.1, www.r-project.org) for analysis.
Graphical visualization was created using the R program.
Published tissue concentration—time curves of iron were
digitized using the WebPlotDigitizer (version 4.5, https://
apps.automeris.io/wpd/).

Data collection

The PK and biodistribution studies of iron in mice [18, 23],
rats [24], and humans [25] were taken from the published
literature, which was utilized to build and verify the PBPK
model. Because the PK study of iron in mice provided the
most sufficient data on iron disposition in multiple tissues
under different iron statuses, serving as the basis for devel-
oping the mouse PBPK model [23]. Briefly, iron-deficiency,
iron-adequate, and iron-loaded mice were induced by feed-
ing mice with a diet that contained different iron content.
The mice were intravenously injected with 0.2 pmol **Fe/kg.
The mice were killed and dissected 15 min, 12 h, 24 h, and
days 4, 7, 14, and 28 post IV *’Fe -administration to measure
SFe -activity in organs.

Iron concentration—time data after administration of the
IV iron preparation ferric carboxymaltose (FCM) in rat tis-
sues [24] and serum PK profile in humans [25] were utilized
to evaluate the interspecies scaling of the constructed PBPK
model. Other research performed in rats [26] and humans
[27] provided scant PK data and were therefore excluded
from this study. Data were digitized from figures in the pub-
lished literature.

Modeling input physiological parameters required in
developing the PBPK model in mice (Table 1), rats (Sup-
plementary Table 1), and humans (Supplementary Table 2)
with cardiac output, tissue volume, and blood flow rate were
obtained from published papers [28-30].

PBPK model development

The whole-body PBPK model in mice was constructed with
iron distribution data from thirteen tissues, including the red
blood cells, heart, liver, spleen, lung, kidney, brain, bone,
muscle, fat, skin, gut, and plasma (Fig. 2). Iron amounts in
tissues such as the thymus were not measured and were thus
set as the “remainder” compartment. The weight of the mice
in this study was 25 g. Cardiac output (Q) was derived from

the literature for a 20 g mouse: Q2 = Bv;ijlgl, where BW1

Table 1 Physiological and kinetic parameters for modeling iron PK
and biodistribution in mice

Organs Mouse (25 g)

Organ weight (g) * Organ volume Blood flow

(mL)® rate (L/h) ©

Brain 0.47+0.01 0.42 0.034
Bone 1.80+0.25 3.50 0.042
Fat 0.31+0.07 2.16 0.073
Gut 1.22+0.19 1.06 0.146
Heart 0.14+0.02 0.125 0.068
Kidney 0.38+0.05 0.42 0.094
Liver 1.22+0.10 1.375 0.167
Lung 0.13+0.05 0.18 1.04
Muscle 13.42+1.21 9.58 0.165
Skin 3.97+0.73 4.125 0.06
Spleen 0.07+0.01 0.092 0.012
Plasma 1.36+0.03 1.09 -
Remainder - 8.473 0.176

a-The organ weight of each tissue was obtained from literature data
[28-30]. Data was expressed as mean =+ SD

b-The organ volume in each tissue was obtained from literature data
[28-30] and actual body and organ weight of mice used in the current
study

c-The blood flow rate in each tissue was obtained from literature data
[28-30] and actual body and organ weight of mice used in the current
study
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Fig.2 Schematic representation of the PBPK model for IV iron.
Q=organ blood flow rate, Qg=production rate of red blood cell
(RBC) in the bone compartment by utilizing iron, Typ-=lifespan
of RBC, CL,,,=iron unavoidable daily loss rate, FCM =ferric car-

is 20 g [31], and BW2 is 25 g [23]. The Q for the mouse
applied in the model was 0.72 L/h.

The model's mathematical framework includes a mass
balance equation for each compartment [32]. The follow-
ing differential equations were utilized to characterize iron
kinetics within the compartments:

(1) Other organs/tissues (including gut, heart, kidney,
muscle, skin, lung, brain, fat, and the remainder):

dcC

O'TtO=Q0‘CP—KQ—POO'C0 (H
where the abbreviations denote iron concentrations in organs
(Cp) and plasma (Cp), organ blood flow rate (Q,)), organ vol-
ume (V,)), and organ to plasma partition coefficient (KP,,)).
KP, measures the propensity of iron to exit an organ com-
partment into the plasma, indicating the degree of iron accu-
mulation in a tissue relative to another under steady-state
conditions [33].

@ Springer

boxymaltose, IVIP=iron-carbohydrate complex preparation, FCM
releases free iron through two pathways, including P1 direct (circulat-
ing IVIP-to-plasma) and P2 indirect (IVIP-to-macrophage-to-plasma)
iron release

(ii) Iron is mainly utilized to synthesize Hgb, a main
protein in RBCs, in the bone marrow'?, thus for the main
effect compartment bone:

dc 0
B'TtB=QO'CP_(K_IfB+QE)'CB )
dRBC RBC
=0, -Cp—
TR A 3)

where Cy denotes iron concentration in the bone compart-
ment, Vj denotes the volumes of the bone compartment,
Qg and KPj represent the blood flow rates of the bone and
the tissue to plasma partition coefficient, respectively. Qg
denotes the production rate of RBCs in the bone compart-
ment by utilizing iron, while Ty is the lifespan of RBC.
(iii) Because the RBCs recycling under steady
state mainly occurs via macrophage-mediated
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erythrophagocytosis in the spleen, for the main iron recy-
cling compartment spleen [9, 34]:

RBC  Os5
TRBC KPS

dc
Vg — =0, C, +

= C )

where Cy, Vg, Qg, and KPg denote iron concentration in the
spleen compartment, the volumes of the spleen compart-
ment, the blood flow rates of the spleen, and the spleen to
plasma partition coefficient, respectively.

(iv) Liver is the main storage compartment of iron [35]:

& Os )3

dCL CHr+ = T
KP. ¢ KP; KP,;

V- —£=0,-C,+

C
dt S

Cr
®

where C; and C;; are the iron concentration in the liver and
gut compartment, respectively, V; and V; represent the vol-
umes of the liver and the gut compartment, respectively, Q;
and Q, denote the blood flow rates of the liver and the gut,
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respectively, KP; and KP denote the liver to plasma and the
gut to liver partition coefficient, respectively.
(v) Plasma compartment:

dcC
V- d_tp = Z(KQ_POO “Co)=Qco Cp=CLpy - Cp (6)
where O, denotes the cardiac output, CL;  represents
iron's unavoidable daily loss rate'>. Notably, net iron loss was
not measured in the previous study®*. The loss rate yields
indirect information on iron fluxes through the physiologic
exfoliation of cells after receiving IV iron administration.

In the data fitting, all physiological parameters, including
blood flow rate and tissue volume, were collected from the
literature and displayed in Table 1, while CL; ,,.Or, KP for
all tissues, and Ty~ were estimated in the model.

The concentration profiles of iron in plasma and 12 tis-
sues are displayed in Fig. 3. All the data were fitted simulta-
neously in NONMEM 7.5. Different residual error models

Iron-deficient diet
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Fig.3 Fe*® contents in plasma and in 12 examined tissues (brain, red blood cells, fat, gut, spleen, heart, kidney, liver, lung, muscle, skin, bone)
following intravenous bolus administration of 0.02 pmol/kg Fe®® in mice. Mean data was used at each time point
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were used for different compartments, including an additive
(7) or a proportional error model (8):

Y=Y, (1+¢) )

)

®)

<
I
~)
+
™
N

Yij r?presents the observation of individual i at time G,
while Yj; denotes the individual prediction. The errors &,
(proportional error) and €, (additive error) are normally dis-
tributed random variables with zero-mean and variance >
and 6,7, respectively. Given that only mean data is available,
a naive pooled data method was adopted, treating observa-
tions from all individuals as if they originated from a single
unique individual.

Extrapolation from mice to rats and humans

The iron PBPK model established for mice was scaled to rats
first and then to humans, considering interspecies variations
in physiological parameters, such as organ volume and blood
flow, because there is more data in the rat study®* compared
with the human study?®. Since FCM is an iron-carbohydrate
complex preparation (IVIP) that is different from pure iron
solution, the model was modified slightly to mimic the
direct (IVIP-to-plasma) and indirect (IVIP-to-macrophage-
to-plasma) iron release [36]. Initially, the direct release rate
KR and the indirect release mediated by macrophage absorp-
tion rate KA were used to represent the two iron release
pathways. However, the collected data is insufficient to dif-
ferentiate these two parameters. In addition, the direct iron
release is relatively minimal (approximately 0.1% of the total
iron dose)'¢. To simplify the model, the direct release was
removed to reduce the KR parameter. Since macrophage-
mediated FCM absorption mainly occurs at the spleen, to
further simplify the model, the FCM absorption rate KA
was incorporated as the spleen blood flow rate. These two
pathways were expressed as dashed lines (Fig. 2).

The other model structure and equations remain consist-
ent. In the PBPK model for rats, the KP for the same type
of tissues that were not detected in the experiment, CL;
values were assumed to be identical across tissues in mice,
because the data is insufficient to estimate these param-
eters. The KP values for the tissues that were detected in
the experiment, including bone, liver, heart, muscle, kid-
ney, and spleen, were estimated using the data in these tis-
sues obtained from the literature®*. The other physiological
parameters in rats were fixed to the literature values (Sup-
plementary Table 1).

In humans, mean serum iron data from 4 dose levels were
digitized and used for extrapolation, including 100, 500,
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800, and 1000 mg. The KP for the same type of tissues and
CL, . values were assumed to be identical among tissues
in rats. Human physiological parameters were fixed to the
literature values (Supplementary Table 2). Qp for humans
was scaled from mice to humans using an allometric Eq. '%.
Different allometric equations were investigated, including
body weight-based scaling and RBC lifespan-based scaling.
Eventually, the RBC lifespan-based scaling was used and
described as:

TRBC human b
QE(human) = QE(mouse) ! (T—) (9)
RBCmouse

Trpc used in the human simulation was 120 days. A fixed
value of 0.75 was employed for the power function b for the
allometric relationship'*. Body weights of 0.345 and 73 kg
were assigned to rats and humans respectively. The cardiac
output of rats and humans were 6.624 and 336 L/h respec-
tively [28-30].

Data analysis

The ADVANIS5 subroutine was used for solving the ordinary
differential equations, while parameter estimation employed
the first-order conditional estimation method with interac-
tion (FOCEI).

Results
Data collection of the PBPK model

The input parameters of iron for the PBPK model in mice
are given in Table 1. As shown in Fig. 3, iron exhibited
widespread distribution in most tissues after IV injection,
with exceptions in fat, brain, and skin. Twelve hours after
injection, >Fe was very rapidly cleared from the plasma
concentration. Bone is the major consumer organ of iron for
the synthesis of RBCs/Hgb. Under different iron statuses,
the iron content showed different kinetic behavior. In iron-
deficient mice, °Fe-content in the bone notably declined
post-administration, consistently lower than in iron-adequate
mice. These findings align with the rapid increase of >°Fe
in RBCs (Fig. 3), suggesting that iron was consumed for
the production of Hgb in the RBCs. As expected, the liver
functioned as the principal organ for iron storage [35], with
initial accumulation followed by redistribution over time,
demonstrating significant differences across iron statuses.
Moreover, the impact of iron deficiency on other organs
was particularly marked, as a substantial proportion of *°Fe
shifted towards circulating RBCs over time (Fig. 3).
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The data of iron for the PBPK model in rats include the
concentration of iron in serum, bone, heart, kidney, liver,
spleen, and skeletal muscle after receiving a single IV dose
of 30 mg Fe/kg of FCM?*. The human data contains serum
iron concentration after receiving four single ascending
doses (100, 500, 800, and 1000 mg) of IV iron as FCM%,

The model fits the literature data in mice
well

The PBPK model is displayed in Fig. 2. The model employed
a perfusion-limited description in which the behavior of iron
is similar to distribute freely and instantaneously across the
cell membrane without a diffusion barrier, because IV iron
administration results in transferrin saturation and danger-
ously high concentrations of non-transferrin-bound iron
(NTBI) in plasma. Thus, other pathways, such as Zrt/Irt-like

protein 14 and ferritin, can take up NTBI very efficiently,
for salvaging and reutilizing iron to avoid toxicity. In this
situation, the behavior of iron enter tissues fits the perfusion-
limited model®. In this model, the rate of distribution is pri-
marily limited by the blood flow rate.

As shown in Fig. 4, the proposed PBPK model effec-
tively characterized the iron concentration—time profiles in
plasma and tissues, with model predictions closely aligning
with the experimentally observed data. The goodness-of-fit
diagnostic plots (Supplementary Figure S1) demonstrated a
random normal scatter around the identity line, effectively
capturing the overall trend and observed variability. This
confirmed the model's adequacy in accurately describing the
data. The estimated iron PK parameters KP, CL; ., O, and
Trpc in mice are shown in Table 2. Overall, the estimated
lifespan Ty~ was shorter in the iron deficiency mice. This
is reasonable because the increased Hgb autoxidation and
subsequent production of ROS can explain the reduced RBC
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Fig.4 Observed (dots) and predicted (lines) iron concentrations in plasma and various organs/tissues in mice. Each dot represents the mean of
the observations digitized from the literature [18, 23]. Solid lines are the fit predictions based on the proposed PBPK model
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Table 2 Iron pharmacokinetic

e Organs Parameters PBPK estimated (RSE%)

parameter estimation and (Unit) : : . .

precision (RSE) in mouse Iron-deficient diet Iron-adequate diet Iron-loaded diet

plasma and tissues using the

proposed PBPK model Plasma CL,,, (x 107 L/h) 0.124 (6.19) 1.647 (0.016) 1.184 (0.035)
Brain KPy,, 1.075 (0.045) 1.087 (0.011) 0.9304 (0.048)
Bone KPyon 3.635 (0.35) 7.703 (0.035) 7.753 (0.038)
Fat KPy, 0.186 (0.042) 0.258 (0.011) 0.328 (0.025)
Gut KP,, 5.213 (0.14) 5.349 (0.037) 6.979 (0.033)
Heart KP,., 10.08 (0.092) 13.83 (0.096) 25.88 (0.043)
Kidney KP4 6.541 (0.045) 9.223 (0.013) 29.06 (0.042)
Liver KPy, 9.38 (0.10) 18.11 (0.081) 38.53 (0.036)
Lung KPy, 17.86 (0.023) 13.7 (0.001) 45.24 (0.027)
Muscle KP, 1.288 (0.07) 1.764 (0.014) 2.394 (0.034)
Red blood cells Qi (X102 L/h) 0.434 (0.29) 0.217 (0.012) 0.0388 (0.089)

Trpc (h) 41.53 (0.067) 34.44 (0.021) 197.6 (0.016)

Skin KPgy; 0.101 (0.042) 4.651 (0.010) 4.252 (0.027)
Spleen KP, 10.13 (0.06) 16.34 (0.068) 23.93 (0.046)
Remainders KP,.1n 4.93 (0.079) 2.30E-09 (2.78) 3.06E-08 (8.16)

lifespan associated with IDA [37]. High Q values were
estimated in IDA mice (0.434 x 1073 L/h) compared with
the normal mice (0.217 x 1073 L/h) and iron-loaded mice
(0.0388 x 10~ L/h), while low KP values were estimated
for bone, liver, spleen, heart, and kidney compartments in
IDA mice compared with the normal and iron-loaded mice,
indicating that iron was consumed for the production of Hgb
in the RBCs during IDA situation, consistently with the high
tissue concentrations of iron measured in iron-loaded mice.
On the contrary, high loss rate of iron from plasma after IV
iron administration CL, , value was estimated in iron-loaded
mice (1.184 x 10* L/h) and normal mice (1.647 x 10 L/h)
compared with the IDA mice (0.124 x 107 L/h), consistently
with the high Q values estimated in IDA mice and further
demonstrating that iron was consumed for the production of
Hgb in the RBCs during IDA situation.

Taken together, the results have indicated that the pre-
sent PBPK model could predict PK profiles with reasonable
accuracy and estimate the biodistribution of iron in mice
under different iron statuses.

Extrapolation of the PBPK model from mice
to rats

Before extrapolating this PBPK model to humans, we
assessed its capability to predict PK and biodistribution of
iron after receiving FCM treatment in rats.
Time-concentration profiles of iron in several rat tissues
were obtained from a previous study?*, in which rats with
IDA received 30 mg Fe/kg of FCM. As shown in Fig. 5,
although the iron concentration in the serum was slightly
overestimated to a lesser degree after 20 h, the model
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simulations adequately approximated the observed data in
bone, heart, kidney, liver, muscle, and spleen. The estimated
KP values for bone, liver, spleen, heart, muscle, and kidney
compartments in IDA rats were 8.64, 59.4, 147.9, 17.64,
2.28, and 6.41, respectively.

Extrapolation of PBPK model to humans

Among the literature documenting PK data of FCM in
humans, only serum iron PK profiles were reported?.
Patients with IDA received single ascending IV doses of
FCM, including 100, 500, 800, and 1000 mg Fe. A human
PBPK model was constructed using parameters derived from
human physiology typical for a 70 kg healthy adult. The iron
serum PK profile was collected to evaluate the predictive
capability of the model.

The observed human data were overlaid with the simula-
tion results following identical FCM dosing regimens. The
model effectively predicted the human serum PK profile of
iron, with simulated serum iron concentrations generally
aligning well with observed values in patients with IDA
following IV dose regimens of FCM (Fig. 6).

Discussion

Anemia represents a significant global public health con-
cern. Iron deficiency stands as the predominant cause of
anemia, particularly in CKD patients. Expert consen-
sus regarding IV iron therapy for IDA indicates robust
evidence supporting its efficacy and safety across vari-
ous acute and chronic conditions. The observed clinical
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Fig.5 Observed (dots) and predicted (lines) iron concentrations in serum and various organs/tissues in rats. Each dot represents the mean of the
observations digitized from the literature [24]. Solid lines are the fit predictions based on the proposed PBPK model

endpoint provides reassurance regarding the safety and
potential benefits of high-dose IV iron therapy, targeting
higher ferritin and TSAT concentrations than those typi-
cally recommended by current guidelines [38]. Nonethe-
less, guidelines for iron management in CKD patients
remain somewhat outdated, contradictory, and grounded
in limited evidence. Furthermore, findings from observa-
tional studies have yielded conflicting results regarding
the long-term safety of IV iron therapy, particularly con-
cerning risks such as mortality and infection [39]. Stud-
ies indicated that a significant proportion of hemodialysis
patients receiving IV iron administration exhibit hepatic
iron overload on magnetic resonance imaging [40], while
iron accumulation in the heart and liver would generate
ROS and damage the tissues [3, 41, 42]. In addition, while
serum ferritin concentration and transferrin saturation are
useful for guiding clinical decisions regarding IV iron
therapy, determining optimal iron status precisely in indi-
vidual patients with CKD remains clinically challenging

and necessitates further investigation [43]. It is an urgent
need to quantify the exposure—response relationship of IV
iron.

Understanding the PK profiles of iron in various organs
is crucial for evaluating its safety. The mechanistic PBPK
model of iron incorporates regulation mechanisms and tissue
transport dynamics across the organ systems of the entire
body. Utilizing this PBPK model enables the evaluation
and prediction of iron distribution dynamics in diverse tis-
sues, thereby enhancing comprehension of the relationship
between tissue exposure and both drug safety and efficacy
[14].

In the present study, we first constructed a PBPK model
capable of capturing the concentration—time profiles of iron
in plasma and various organs following an IV administration
of 0.2 pmol *’Fe/kg in mice under different iron statuses.
The results showed that the supplemented iron mainly con-
sumed for the synthesis of Hgb that eventually flushed into
the RBCs if the mice were iron deficient. In contrast, the
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Fig.6 Observed (dots) and model-simulated (lines) iron concen-
trations in serum in humans after an IV dose of 100, 500, 800, or
1000 mg. Each dot represents the mean of the observations digitized
from the literature [25]. Solid lines are the simulations based on the
proposed PBPK model

supplemented iron was mainly stored in the liver and was
later redistributed if the mice were iron-adequate or iron-
rich. These findings align with the mechanism of action of
iron, as the iron will be used for the production of Hgb and
liver is the main iron storage compartment [35].

The established PBPK model was successfully scaled
from mice to rats and humans, considering interspecies vari-
ations in physiology, to predict human serum iron concen-
trations. FCM is an IVIP and has two pathways to release
iron from the IVIP core, which is different from pure iron
solution [36]. However, the collected data is insufficient to
differentiate these two pathways. To simplify the model, the
direct release was removed because the direct iron release
is relatively minimal (approximately 0.1% of the total iron
dose)'®, and the macrophage-mediated FCM absorption rate
was incorporated as the spleen blood flow rate. The data in
rats were used for model development and validation first
because the data in rats is richer than humans. Although the
model fitting in serum was slightly overestimated due to lim-
ited data at later times, the model fitting in other organs was
good. Eventually, the whole-body PBPK model successfully
extrapolated the PK of FCM from mice and rats to humans.
Iron serum concentrations in humans decrease rapidly.
Given the widespread distribution of iron throughout tissues,
serum concentration may not reliably reflect iron exposure at
specific target sites or organs where toxicity may occur. Our
comprehensive semi-mechanistic whole-body PBPK model
not only predicts iron concentrations in serum but also in
multiple organs. This capability suggests potential clinical
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utility in evaluating the efficacy and safety of FCM, offering
insights for optimizing therapeutic strategies.

This study has limitations that merit further discussion
and exploration in future research. First, iron tissue samples
were only obtained up to a single dose. Therefore, caution
is advised in interpreting the model results for extrapolation
to multiple doses over extended time periods. Moreover, the
iron tissue samples were only collected up to mean data as
the individual data were not available from the literature,
which may have some bias during the simultaneous fitting of
all thirteen tissues. In addition, the time point in the terminal
phase is sparse, which may also lead to some bias. Further
investigation is warranted to evaluate individual level data
and iron tissue distribution after multiple doses over longer
periods. Second, the molecular mechanism was simplified
in this model. RES system should be more complex as iron
uptake was mediated by transferrin, which was not consid-
ered in the current PBPK model to avoid overparameteriza-
tion due to limited data. Third, the daily loss of iron can be
achieved through skin and enteric desquamation and minor
blood losses, the current study only included CL; , to repre-
sent iron unavoidable loss rate through the physiologic exfo-
liation of cells after receiving IV iron administration due to
limited data. In addition, different iron preparations should
have different PK profiles due to different release rates and
absorption rates, which warrant further investigations.

Conclusion

In conclusion, we presented a novel whole-body PBPK
model of iron which is capable of describing the PK and
biodistribution of pure iron and FCM as evidenced by
reproducing the observed PK data. The model also provides
mechanistic insights regarding the mechanism of action of
iron by integrating the production of RBCs and the mac-
rophage-mediated recycling of senescent RBCs. Our model
may serve as a valuable tool for optimizing the dosing regi-
men of the FCM therapy through simulations of iron serum
concentration and tissue accumulation, and have potential
clinical applications for evaluating the efficacy and safety
of iron preparations.

Data availability statement

Raw data and the model code are available from the cor-
responding author on request.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13346-024-01675-x.

Acknowledgements NA.


https://doi.org/10.1007/s13346-024-01675-x

Drug Delivery and Translational Research

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Xiaoqing Fan, Kangna Cao and Xiaoyu Yan. The first
draft of the manuscript was written by Xiaoqing Fan and all authors
commented on previous versions of the manuscript. All authors read
and approved the final manuscript.

Funding This work was supported by UGC Research Matching
Grant Scheme (RMGS) [Mathematical Models in Pharmacokinetics
and Pharmacodynamics, Project number: 8601261].

Data Availability All data generated or analysed during this study are
included in this published article [and its supplementary information
files].

Declarations

Ethics approval and consent to participate No ethical approval is
required for this study.

Consent for publication All authors have agreed with publication of
the manuscript.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Roemhild K, von Maltzahn F, Weiskirchen R, Kniichel R, von
Stillfried S, Lammers T. Iron metabolism: pathophysiology and
pharmacology. Trends Pharmacol Sci. 2021;42(8):640-56.

2. Correnti M, Gammella E, Cairo G, Recalcati S. Iron Mining for
Erythropoiesis. Int J Mol Sci. 2022;23(10):5361.

3. Coates TD. Iron overload in transfusion-dependent
patients. Hematol Am Soc Hematol Educ Program.
2019;2019(1):337-44.

4. Batchelor EK, Kapitsinou P, Pergola PE, Kovesdy CP, Jalal
DI. Iron Deficiency in Chronic Kidney Disease: Updates on
Pathophysiology, Diagnosis, and Treatment. ] Am Soc Nephrol.
2020;31(3):456-68.

5. Gutiérrez OM. Treatment of Iron Deficiency Anemia in CKD and
End-Stage Kidney Disease. Kidney Int Rep. 2021;6(9):2261-9.

6. Kumar A, Sharma E, Marley A, Samaan MA, Brookes MJ. Iron
deficiency anaemia: pathophysiology, assessment, practical man-
agement. BMJ Open Gastroenterol. 2022;9(1):e000759.

7. Koleini N, Shapiro JS, Geier J, Ardehali H. Ironing out mecha-
nisms of iron homeostasis and disorders of iron deficiency. J Clin
Invest. 2021;131(11).

10.

12.

13.

14.

15

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Vogt AS, Arsiwala T, Mohsen M, Vogel M, Manolova V, Bach-
mann MF. On Iron Metabolism and Its Regulation. Int ] Mol Sci.
2021;22(9):4591.

Anderson GJ, Frazer DM. Current understanding of iron homeo-
stasis. Am J Clin Nutr. 2017;106(Suppl 6):1559s—66s.
Papanikolaou G, Pantopoulos K. Systemic iron homeostasis and
erythropoiesis. [UBMB Life. 2017;69(6):399-413.

. Driieke TB, Parfrey PS. Summary of the KDIGO guideline on

anemia and comment: reading between the (guide)line(s). Kidney
Int. 2012;82(9):952-60.

Babitt JL, Eisenga MF, Haase VH, et al. Controversies in opti-
mal anemia management: conclusions from a Kidney Disease:
Improving Global Outcomes (KDIGO) Conference. Kidney Int.
2021;99(6):1280-95.

Girelli D, Ugolini S, Busti F, Marchi G, Castagna A. Modern iron
replacement therapy: clinical and pathophysiological insights. Int
J Hematol. 2018;107(1):16-30.

Bi Y, Deng J, Murry DJ, An G. A Whole-Body Physiologically
Based Pharmacokinetic Model of Gefitinib in Mice and Scale-Up
to Humans. Aaps j. 2016;18(1):228-38.

Jones H, Rowland-Yeo K. Basic concepts in physiologically based
pharmacokinetic modeling in drug discovery and development.
CPT Pharmacometrics Syst Pharmacol. 2013;2(8):e63.

Alston AB, Digigow R, Flihmann B, Wacker MG. Putting square
pegs in round holes: Why traditional pharmacokinetic principles
cannot universally be applied to iron-carbohydrate complexes. Eur
J Pharm Biopharm. 2023;188:6-14.

. HuZY, LuJ, Zhao Y. A physiologically based pharmacokinetic

model of alvespimycin in mice and extrapolation to rats and
humans. Br J Pharmacol. 2014;171(11):2778-89.

Lopes TJ, Luganskaja T, Vuji¢Spasi¢ M, et al. Systems analysis
of iron metabolism: the network of iron pools and fluxes. BMC
Syst Biol. 2010;4:112.

Mitchell S, Mendes P. A computational model of liver iron metab-
olism. PLoS Comput Biol. 2013;9(11):e1003299.

Sarkar J, Potdar AA, Saidel GM. Whole-body iron transport and
metabolism: Mechanistic, multi-scale model to improve treat-
ment of anemia in chronic kidney disease. PLoS Comput Biol.
2018;14(4):e1006060.

Schirm S, Scholz M. A biomathematical model of human eryth-
ropoiesis and iron metabolism. Sci Rep. 2020;10(1):8602.

Sasso AF, Isukapalli SS, Georgopoulos PG. A generalized phys-
iologically-based toxicokinetic modeling system for chemical
mixtures containing metals. Theor Biol Med Model. 2010;7:17.
Schiimann K, Szegner B, Kohler B, Pfaffl MW, Ettle T. A method
to assess 59Fe in residual tissue blood content in mice and its
use to correct 59Fe-distribution kinetics accordingly. Toxicology.
2007;241(1-2):19-32.

Funk F, Weber K, Nyffenegger N, Fuchs JA, Barton A. Tissue
biodistribution of intravenous iron-carbohydrate nanomedicines
differs between preparations with varying physicochemical
characteristics in an anemic rat model. Eur J Pharm Biopharm.
2022;174:56-76.

Geisser P, Banké-Bochita J. Pharmacokinetics, safety and toler-
ability of intravenous ferric carboxymaltose: a dose-escalation
study in volunteers with mild iron-deficiency anaemia. Arzneimit-
telforschung. 2010;60(6a):362—-72.

De Souza LV, Hoffmann A, Fischer C, et al. Comparative analysis
of oral and intravenous iron therapy in rat models of inflammatory
anemia and iron deficiency. Haematologica. 2023;108(1):135-49.
Beshara S, Sorensen J, Lubberink M, et al. Pharmacokinetics
and red cell utilization of 52Fe/59Fe-labelled iron polymaltose in
anaemic patients using positron emission tomography. Br J Hae-
matol. 2003;120(5):853-9.

Davies B, Morris T. Physiological parameters in laboratory ani-
mals and humans. Pharm Res. 1993;10(7):1093-5.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Drug Delivery and Translational Research

29.

30.

31.

32.

33

34.

35.

36.

Brown RP, Delp MD, Lindstedt SL, Rhomberg LR, Beli-
les RP. Physiological parameter values for physiologically
based pharmacokinetic models. Toxicol Ind Health Jul-Aug.
1997;13(4):407-84.

Hall C, Lueshen E, Mosat A, Linninger AA. Interspecies scaling
in pharmacokinetics: a novel whole-body physiologically based
modeling framework to discover drug biodistribution mechanisms
in vivo. J Pharm Sci. 2012;101(3):1221-41.

An G, Morris ME. A physiologically based pharmacokinetic
model of mitoxantrone in mice and scale-up to humans: a semi-
mechanistic model incorporating DNA and protein binding. Aaps
j-2012;14(2):352-064.

Thémans P, Marquet P, Winkin JJ, Musuamba FT. Towards
a Generic Tool for Prediction of Meropenem Systemic and
Infection-Site Exposure: A Physiologically Based Pharmacoki-
netic Model for Adult Patients with Pneumonia. Drugs R D.
2019;19(2):177-89.

Utembe W, Clewell H, Sanabria N, Doganis P, Gulumian M. Cur-
rent Approaches and Techniques in Physiologically Based Phar-
macokinetic (PBPK) Modelling of Nanomaterials. Nanomaterials
(Basel. 2020;10(7):1267.

Korolnek T, Hamza I. Macrophages and iron trafficking at the
birth and death of red cells. Blood. 2015;125(19):2893-7.
Pietrangelo A. Iron and the liver. Liver Int. 2016;36(Suppl
1):116-23.

Garbowski MW, Bansal S, Porter JB, Mori C, Burckhardt S, Hider
RC. Intravenous iron preparations transiently generate non-trans-
ferrin-bound iron from two proposed pathways. Haematologica.
2021;106(11):2885-96.

@ Springer

37.

38.

39.

40.

41.

42.

43.

Nagababu E, Gulyani S, Earley CJ, Cutler RG, Mattson MP, Rif-
kind JM. Iron-deficiency anaemia enhances red blood cell oxida-
tive stress. Free Radic Res. 2008;42(9):824-9.

Del Vecchio L, Ekart R, Ferro CJ, et al. Intravenous iron therapy
and the cardiovascular system: risks and benefits. Clin Kidney J.
2021;14(4):1067-76.

Macdougall IC. Intravenous iron therapy in patients with chronic
kidney disease: recent evidence and future directions. Clin Kidney
J.2017;10(Suppl 1):i16-24.

Rostoker G, Griuncelli M, Loridon C, et al. Hemodialysis-associ-
ated hemosiderosis in the era of erythropoiesis-stimulating agents:
a MRI study. Am J Med. 2012;125(10):991-999.e991.

Xing G, Meng L, Cao S, et al. PPARa alleviates iron over-
load-induced ferroptosis in mouse liver. EMBO Rep.
2022;23(8):e52280.

Alikhani M, Aalikhani M, Khalili M. Reduction of iron toxicity
in the heart of iron-overloaded mice with natural compounds. Eur
J Pharmacol. 2022;924:174981.

Ganz T, Aronoff GR, Gaillard C, et al. Iron Administration, Infec-
tion, and Anemia Management in CKD: Untangling the Effects of
Intravenous Iron Therapy on Immunity and Infection Risk. Kidney
Med May-Jun. 2020;2(3):341-53.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	A whole-body mechanistic physiologically-based pharmacokinetic modeling of intravenous iron
	Abstract
	Introduction
	Methods
	Software

	Data collection
	PBPK model development
	Extrapolation from mice to rats and humans
	Data analysis
	Results
	Data collection of the PBPK model

	The model fits the literature data in mice well
	Extrapolation of the PBPK model from mice to rats
	Extrapolation of PBPK model to humans
	Discussion
	Conclusion
	Data availability statement
	Acknowledgements 
	References


