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Abstract

Intestinal mucosal block is the transient reduction in iron absorption ability of intestinal
epithelial cells (enterocytes) in response to previous iron exposures that occur at the cell
scale. The block characteristics have been shown to depend both on iron exposure mag-
nitude and temporality, and understanding block control will enable deeper understanding
of how intestinal iron absorption contributes to pathological iron states. Three biochem-
ical mechanisms implicated in driving the block behavior are divalent metal transporter

1 endocytosis, ferritin iron sequestration, and iron regulatory protein regulation of iron
related protein expression. In this work, a model of enterocyte iron metabolism is built
based on published experimental data that is capable of reproducing the mucosal block
phenomena. The model is then used to estimate the quantitative contribution of each of
the three mechanisms on the properties of the mucosal block. Analysis reveals that ferritin
and iron regulatory proteins are the main intracellular mechanisms contributing to the
mucosal block, findings congruent with experimental predictions. Lastly, DMT1 endocyto-
sis is shown to play a role in limiting total iron uptake by enterocytes but does not contrib-
ute to the decrease in total iron transfer across their basal membrane seen in the mucosal
block.

Author summary

Dietary iron is absorbed by enterocytes, cells that line the walls of the initial part of the
small intestine (duodenum). After being exposed to an iron dose, enterocytes show
reduced capacity to absorb sequential iron doses for a certain length of time. Detailed
understanding of this enterocyte iron absorption block helps better understand certain
diseases, such as anemia and hemochromatosis. Three mechanisms have been implicated
in this phenomenon: 1) endocytosis of divalent metal transporter 1 (DMT1), the protein
that imports iron into enterocytes, 2) sequestration of iron in the cytoplasm by ferritin,
and 3) regulation of ferritin expression by the iron regulatory proteins (IRPs), allowing
enterocytes to produce more ferritin when iron levels are high. We build a computational
model that reproduces these three mechanisms based on existing experimental data, and
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use it to quantify the contribution of each mechanism to the block. Simulations show
that ferritin and regulation by IRPs have the largest quantitative impact on the enterocyte
iron block. DMT1 endocytosis does not significantly decrease the total iron transferred
from intestine to the blood, but it limits the total enterocyte iron uptake, protecting the
cell against high levels of free iron and the oxidative stress it would cause.

Introduction

The duodenum, the first section of the small intestine, is the primary location for dietary
iron absorption in mammals. Because iron loss is mostly passive, regulation of its entry into
circulation through the enterocytes in the duodenum plays an important role in maintaining
appropriate iron levels. The absorptive capacity of the duodenum needs to be able to increase
or decrease according to the body’s iron status. As great as a 20-fold increase in absorption
has been observed [1] in response to anemia, compared to normal body iron levels. On the
other hand, each enterocyte in the duodenum also needs to regulate the amount and state of
its own internal iron, to protect against oxidative stress. Consequently, the regulation of iron
absorption to match losses and prevent overload is crucial and has major implications for
iron related diseases (e.g., anemia of chronic disease and hemochromatosis). Our knowledge
of intestinal iron regulation continues to grow, which has led to the discovery and character-
ization of the process ‘mucosal block’ and the major regulatory role of the peptide hormone
hepcidin.

The phenomenon that an initial oral iron dose leads to decreased duodenal absorption of
subsequent doses, was observed experimentally as early as the 1940-1950s [1,2]. Since then,
there have been many efforts to understand the regulation driving mucosal iron absorption
[3,4]. Iron stores in the mucosa were hypothesized to impact iron absorption, with absorption
increasing only if those stores dropped. After the hormone hepcidin was discovered [5-8],
it was shown that many aspects of mucosal iron absorption behavior could be explained by
hepcidin’s action (part of a systemic negative feedback loop, also modulated by erythropoietic
[9-11] and inflammatory signals [12], but ultimately driven by global iron levels). Subse-
quently, there has been a distinction between the systemic mucosal iron absorption block
mediated by hepcidin and a cellular intestinal block that is dependent on the biochemistry of
individual enterocytes [3,13-15]. This enterocyte-level block is revealed by in vitro systems
lacking hepcidin and by the inability of hepcidin to explain all intestinal iron absorption
behavior [16,17]. In this work, we use computational modeling to estimate the quantita-
tive impact of distinct cellular mechanisms within individual enterocytes to understand the
mucosal block, specifically as it relates to how an iron dose alters subsequent enterocyte iron
absorption. While our focus is on the cellular mechanisms, still the systemic effect of hepcidin
has to be considered as enterocytes in vivo are always affected by it.

The mucosal block has been suggested to depend on three distinct biochemical mecha-
nisms. The first of these is endocytosis of the divalent metal transporter 1 (DMT1). DMT1
is the main importer of inorganic ferrous (Fe?*) iron located in the enterocyte apical mem-
brane. After exposure to iron, fractions of DMT1 on the luminal membrane are endocytosed
[18,19], which temporarily decreases the number of importers and thus potentially decreases
the capacity to absorb iron, while keeping total DMT1 protein amount (the plasma mem-
brane fraction plus the endocytosed cytoplasmic fraction) relatively stable [19]. The second
mechanism proposed is the post transcriptional regulation of iron related proteins through
iron regulatory proteins 1 and 2 (IRPs) [20,21]. IRPs bind sequences in the untranslated
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regions of mRNA called iron-responsive elements (IREs) to either increase (when in the 3’
end) or repress (in the 5" end) translation. In low iron conditions IRPs cause increased DMT1
synthesis and decreased synthesis of ferroportin (FPN), the basolateral exporter of iron, and
of ferritin (FT), a protein used to store iron intracellularly, among others. Under iron excess,
IRPs unbind from the target mRNAs leading to opposite effects on the levels of those proteins.
FT synthesis is controlled by IRPs, but there is also iron depleted FT in enterocytes at baseline.
As iron enters the cell, the preexisting FT is able to buffer this iron independently of regula-
tion by IRPs. No quantitative descriptions exist about the relative importance of immediate
FT buffering versus FT concentration changes directed by IRPs in response to repeated iron
doses. Therefore, a third possible mechanism is the buffering effect that existing FT has on
cytoplasmic iron levels. In summary, three mechanisms appear to co-exist that could lead to
the observed hepcidin-independent mucosal block: 1) endocytosis of DMT1, 2) regulation of
protein levels by IRPs, and 3) the buffering effect of FT, but the relative importance of each
one is not known. Here, a computational model is constructed that incorporates all three
mechanisms for the specific purpose of quantifying the contribution of each of these mecha-
nisms to the cellular mucosal block.

Results
A model of enterocyte iron absorption block

The kinetic model developed here is composed of a set of ordinary differential equations
encapsulating the processes of iron uptake from the intestinal lumen, intracellular iron
metabolism, and export across the basolateral membrane for an individual duodenal entero-
cyte. It is built for the specific purpose of estimating the quantitative impact of three mecha-
nisms (DMT1 endocytosis, FT iron sequestration, and IRPs regulation of FT expression) on
the dynamics of enterocyte iron absorption and their contribution to the cellular mucosal
block. The model includes five cellular compartments: lumen, apical membrane, intracel-
lular space, basolateral membrane and plasma. The model tracks the following iron species:
ferrous luminal iron, “free” ferrous cytosolic iron (labile iron pool, LIP), ferric and mineral-
ized iron inside FT, iron exported into plasma, and iron sequestered by the rest of the body.
In addition, it contains proteins that transform or bind these iron species. The model has a
total of 13 distinct chemical species and 19 reactions (Fig 1). These reactions capture the three
mechanisms studied as well as FPN-dependent iron export and its regulation by hepcidin.
FPN regulation is widely accepted as the main mechanism for the systemic regulation of

iron absorption. FPN is regulated through hepcidin which, in non-pathogenic conditions,

is reflective of the whole-body iron level. The first three mechanisms may contribute to the
enterocytic iron block and are the main subject of this research. The ferritin iron sequestration
component was the subject of a previous publication that provided it [22] as a “model brick”
[23] (MODEL2211030001 in BioModels Database), which is appropriately re-used here.

All models, by necessity, carry assumptions and simplifications and that is true in the
present one. Specifically, 1) when protein synthesis is included this is represented by only one
reaction producing the mature protein, 2) heme iron uptake is not considered in this model,
3) the role of the ferroxidases DCYTB and HEPH are not included explicitly, 4) only ferritin
is post-translationally regulated by IRPs, 5) the distinct action of IRP1 and IRP2 are aggre-
gated into a single variable “IRPs”. Further details about these assumptions can be found in
Methods.

The model contains a total of 68 parameter values, including compartment sizes
(5), species initial concentrations (13), reaction rate parameters (43) and other global
parameters (7). There are 19 additional parameters introduced to simulate experimental
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Fig 1. Enterocyte iron absorption model, SBGN process diagram. A model encapsulating iron transport
from the intestinal lumen through a single enterocyte was constructed using COPASI [24-26]. Species inclusion
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is motivated by the intent to capture a minimal, but sufficient detail needed to reproduce the mucosal block
phenomenon in duodenal enterocytes. The model has 5 compartments (lumen, cytoplasm, and blood, which are
three-dimensional, and the apical and basal membranes, which are two-dimensional). Thirteen model variables

are included to track the concentrations and densities of the relevant chemical species. Abbreviations: DMT1:
divalent metal transporter 1, FT: ferritin, DFP: diferric peroxo complex ferric intermediate (ferric iron in FT), core:
FT mineralized core iron, IRPs: iron regulatory proteins, FPN: ferroportin, LIP: labile iron pool, Fe: iron (lumen,
blood, and body forms). Figure created with Cell Designer [99] and Inkscape, adopting the Systems Biology Graph-
ical Notation standard (SBGN) [100,101].

https://doi.org/10.1371/journal.pcbi.1012374.9001

procedures, including scheduling, execution, and tracking of lumen iron addition events.
For model calibration, 55 model parameters were determined directly from published
experimental data, and their provenance, rationale, and calculations are documented in
the Methods section. The 13 parameter values that were not available in the literature were
estimated to match published experimental results [4,13,27-29]. For example, since several
of the DMT1 endocytosis regulation parameters were not measured directly, experimental
time courses of DMT1 cellular location in response to iron exposure [27,28] were used

to determine those parameter values. Parameter estimation was carried out by nonlinear
least-squares on the numerical solutions of the full ODE model, using the parameter esti-
mation task in the software COPASI [24-26] (using a combination of optimization algo-
rithms: Genetic algorithm, Hooke and Jeeves, and Particle swarm). The result was a model
that fits the experimental observations (Fig 2A-2C). Additionally, the steady state apical
and cytosolic DMT1 concentrations exist in the fitted model in a ratio of 3.12:1.88, which
is similar to the 3:2 shown in Tandy et al. 2000 [29]. For the simulation of experiments
some of the parameters were then scaled appropriately (e.g., the lumen compartment size
to account for experiments done with a population of cultured cells versus an individual
cell). The models used for parameter estimation and their experimental data can be found
in the S1 Data. The full set of equations used in the model are listed in S1 Text, and the
numerical parameter values in S2 Text.

The model exhibits mucosal block behavior

Model validation tests if the model produces appropriate results compared to data gath-

ered in conditions outside those used for fitting of the model. Data from three studies that
measured enterocyte iron kinetics [14,15,30] were set aside a priori and not used at all in
model calibration. The first two used cultured Caco-2 cells, a widely-used in vitro system

for studying enterocyte iron absorption [31-33], and tested dose dependent iron absorption
over time. The third used live Sprague-Dawley rats and in vivo duodenal isolation and dosing
to look at the temporal aspect of mucosal block. Without modifying any parameters, other
than the initial conditions reflective of each experiment, the model adequately reproduced
the observations of the validation experiments (Fig 2D-2F). The fact that the datasets tested
conditions outside the calibration range (lower iron dose for the second dataset [30] and
much longer timescales for the third [15]) adds confidence to the model performance. To
clarify the intricacy of the methods of Frazer et al. 2003 [15], (Fig 2E and 2F) each time point
represents the cumulative effect of two iron doses and the time between them. For each, a rat
was given an intragastric dose of iron and then, after the designated time, a second test dose.
After 30 minutes, the percentages of the second dose that were 1) absorbed by the duodenum
(uptake) and 2) exported out into the rest of the body (transfer) were measured compared to
the total dose. In this way the authors measured the percentage of the second dose that was
absorbed (i.e., the “mucosal block™) as a result of the first dose and the time between them.
The results are plotted in Fig 2E and 2E
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Fig 2. Model calibration and validation. The model was parameterized using kinetic constants from published experiments. For
those with no literature value (DMT1 endocytosis free/LIP modified, DMT1 fusion, FPN and IRPs activation/inactivation reaction
parameters listed in S2 Text), were estimated by nonlinear least-squares regression over the calibration data (see Methods) (A-C).
Validation then checks whether the model with the estimated values behaves in agreement to a number of independent experiments
(D-F). In all plots the model output is represented by a black line, and the experimental data by blue circles. Error bars are from the
publications that presented the experimental datasets. (A) Iron exported through FPN over time following an apical iron dose (20uM)
[13]. (B) Time course of DMT1 endocytosis triggered by an apical iron dose (20uM) from two independent experiments [27,28]. (C)
Cellular iron over time following an apical iron dose (20uM) [13] (A-C calculations carried out with file parameter_estimation.cps in
S1 Data). (D) Dose-dependent cellular iron uptake over time, from Fig 2 of Colins et al. 2017 [30] and Fig 6A of Cegarra et al. 2019
[14] (file validation_cegerra.cps in S1 Data). (E) Percent uptake and (F) percent transfer of duodenal iron dependent on time
(horizontal-axis) between iron doses from Fig 1 of Frazer at al. 2003 [15], (file validation_frazer.cps in S1 Data). “Transfer” represents
iron absorbed into the body, i.e., first taken up by enterocytes and then exported to plasma.

https://doi.org/10.1371/journal.pcbi.1012374.9002

The model simulation generally matches the experimental observations, especially for the
iron time courses (Fig 2D). For the whole animal however, while the model captures the same
block behavior overall (qualitatively similar curves, similar minimum absorption and block
alleviation times — around 10 and 24 hours respectively), there are some differences; the model
displays a higher absorbance recovery than the experiment (at 72 hours it predicts a greater
absorption percentage, Fig 2E) and also a deeper uptake (greater uptake reduction) and
shallower transfer (Fig 2E and 2F). When evaluating the model performance, it is important
to note the model is built with the explicit purpose of being minimal, but sufficient in cap-
turing the block at the individual enterocyte scale. As a result, because the experiment is done
in a whole animal system, there are several other processes contributing to iron absorption
behavior, especially considering the multiple day time scale. The intestinal microbiome, cell
viability/death as a result from the stress and length of the experiment (which involved sur-
gical isolation of the duodenum), and presence of non-enterocyte cells within the duodenum
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are just a few processes that would affect iron absorption measurement. The model, however,
assumes 100% cell viability and is composed only of enterocytes. Thus, these slight deviations
of the model from the data appear to be acceptable.

Mediators of mucosal block

Having obtained a model that adequately fits experimental data, even in conditions at a vastly
different time scale and iron dose from those it was built from, the model was used to explore
the quantitative impact of each of its components on mucosal block. The impact analysis is
supplemented by time course simulations providing possible explanatory mechanisms under-
lying the results.

Steady states. While enterocytes are never in a steady state, given the perturbations caused
by meals, it is useful to establish a steady state that would exist if the average iron from meals
was continuously infused. Such steady states provide the average values of each variable
and will be used as initial conditions for time courses. First, a reference steady state of the
model was determined (Table 1) by setting a constant concentration of iron in the lumen

and running the model for 5.5x10° seconds from the initial state (over 60 days). This steady
state was then used as the basal state that will become the initial condition for subsequent
simulations. This simulated steady state display concentrations that are within biologically

feasible ranges. A deficient iron diet steady state was determined by fixing “Fe___” at a value

lumen
of 0. In this iron deficient condition, all of the iron species in the model approach 0 except for
total body iron (where the iron is exported to). Finally, an iron-overload diet was simulated
by fixing the lumen iron at 125nM. Iron overload results in increased FT and FT-associated
iron and a reduction of membrane FPN (a result of hepcidin regulation). Under both dietary
conditions, the model behaves as expected regarding the direction change in iron species
concentrations; FT, IRPs, and FPN all match experimentally predicted changes as well.

Next, the model is used to quantify the impact of DMT1 endocytosis, FT iron sequestra-
tion, and IRPs regulation on the dynamics of enterocyte iron mucosal block. There are two
categories of interest in the mucosal block: iron transferred (the total amount of iron passed
through the enterocyte to the rest of the body, consisting of: Fe, _ , +Fe_,)and iron uptake
(the total iron imported by the enterocyte from the lumen, consisting of Fe,_ , +Fe,, +
LIP + DFP + FT core iron). When describing the block, a “larger” block magnitude means

Table 1. Simulated steady-state concentrations at different iron loadings. Steady-state concentrations at each fixed luminal iron level: basal at 12.5 nM, low iron
at 0 M (Low Fe diet), and high iron at 125nM (High Fe diet). APC (“atoms per core”) is the average number of iron atoms trapped in each ferritin cage.

Species Location basal Low Fe diet High Fe diet

Fe Lumen 12.5nM oM 125 nM

FT cage Cytoplasm 2.38 nM 2.18 nM 10.8 nM

core Cytoplasm 0.368 uM oM 46.6 uM

APC Cytoplasm 1550 0 4299

DFP Cytoplasm 0.13 nM oM 590 nM

LIP Cytoplasm 0.12 uM oM 20.1 pM

DMT1 Apical membrane 3.12 pmol cm™? 3.12 pmol cm™ 2.94 pmol cm™?
DMTI Cytoplasm 1.88 pM 1.88 pM 2.06 pM

Fe Blood 5nM oM 46.7 nM

FPN Basal membrane 0.1 pmol cm? 0.1 pmol cm™? 0.053 pmol cm™
FPN Cytoplasm oM oM 0.047 pM

IRPs Cytoplasm 68.9 pM 76.2 pM 4.15 pM

IRPs inactive Cytoplasm 7.3 pM 0M 72 pM
https://doi.org/10.1371/journal.pcbi.1012374.1001
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that there is less iron uptake/transfer, so the maximum block will have the minimum iron
uptake/transfer values. Thus, to quantify the block, five properties of the block were chosen
as a base for analysis (shown in the legend for Fig 3): 1) the maximum block magnitude for
uptake (Minimum Uptake Value), 2) the time at which the maximum block occurs for uptake
(Minimum Uptake Time), 3) the time at which the block in uptake is recovered to >95% of its
initial value (Recovery of Uptake Time), 4) the time at which the maximum block occurs for
transfer (Minimum Transfer Time), 5) and the maximum block magnitude for transfer (Min-
imum Transfer Value). These five properties were monitored in various simulations that were
designed to analyze the effects of various perturbations, namely the size of the iron dose, the
inhibition of FPN iron export by hepcidin, rate of DMT1 endocytosis, levels of iron sequestra-
tion by FT, and strength of the regulation of FT expression by IRPs.

Dose size modifies all block characteristics. Mucosal block is dependent on the
magnitude of the initial dose of iron [15]. To test the effect of the loading dose on block
severity, simulations were run varying the initial loading dose in the range 1.5 - 5 uM
while keeping the test dose unchanged (at 2.5 uM) (Fig 3). Simulations show an increased
loading dose increasing all five block characteristics, thus causing a more severe block.
(Fig 3E and 3G). The magnitude of the simulated difference in block between the lowest
and highest dose — around 3.5-fold for uptake (Fig 3A), and 2-fold for transfer (Fig 3C)

— as well as the linear relationship between dose size and block depth (Fig 3E) agree with
experimental data (also linear with 4-fold block increase from loading dose variation, see
Fig 6 of Frazer et al. 2003 [15]).

Hepcidin control of FPN determines iron transfer. The next mechanism tested, also
with an effect well characterized in literature, is the hepcidin-FPN axis. As mentioned in the
Introduction, hepcidin levels increase in response to rising blood iron levels and subsequently
reduce the export potential of enterocytes by decreasing their FPN basal fraction. More
hepcidin driven degradation of FPN leads to greater FPN activity reduction so less transfer
for the same iron dose should be observed. The rate constant (k) for the FPN inactivation
reaction in the model represents the magnitude of the hepcidin response relative to the same
change in blood iron levels. When the k_, for the FPN inactivation reaction is varied (0.7
- 2.8x10° s), keeping all other parameters fixed, the simulations show an increase of the
characteristics of the transfer curves (Fig 3D). This trend reveals that in the model, the more
sensitive the degradation of FPN is to the level of hepcidin (and thus the level of plasma iron),
the smaller the amount of iron transferred to the plasma is. Interestingly, when the uptake
curve is analyzed (Fig 3B), there are mostly minimal changes, with the largest effect on the
recovery time, though still relatively minor (Fig 3F and 3H). This result indicates that FPN
regulation by hepcidin controls the enterocyte iron export, but the enterocyte still maintains
the same total iron uptake capacity in the model, regardless of its ability to export iron to the
plasma.

These loading dose and FPN related results confirm that the model behaves according to
the known physiology. The next steps are to use this model to study the contribution of the
intracellular enterocyte mechanisms, which have not been estimated otherwise, and are the
main objective of this study.

Sensitivity of DMT1 endocytosis to the LIP determines iron uptake but not
transfer. Simulations were carried out where the rate constant (k_,) of the LIP-induced
DMT1 endocytosis was varied in the range 1-40s™, to assess the impact on the mucosal block
(Fig 4). This rate constant represents the sensitivity of endocytosis to LIP, in other words how
much DMTT1 is sequestered into the cytoplasm from the apical membrane relative to the same
LIP change. A higher value of this rate constant causes more endocytosis for the same amount
of LIP change. A higher value of this rate constant leads to a higher maximum reduction in
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(k0.7 - 2.8x10° s, baseline, 1.4x10¢s"). The abscissa represents the time interval between loading and the test dose, while the ordinate represents the amount of
iron absorbed 30 min after application of the test dose (2 uM). For each dose variation, 300 simulations were run with different time intervals (0-72 hrs). (A, B) Uptake.
Uptake iron amount (fmol) based on dose (A) and k_, (B) and time between dose is plotted. (C,D) Transfer. Transfer iron amount (fmol) based on dose (C) and k_ (D)
and time between dose is plotted. (E-H) Block characteristics. In each panel, a subset of the five block characteristics are plotted as a function of the loading dose value
(E,G) or the k_, value (EH).

https://doi.org/10.1371/journal.pcbi.1012374.9003

iron uptake (Fig 4A), while the other block characteristics stay essentially unchanged (Fig.
4F, 41, and 4M). This means that variations in the rate of DMT endocytosis significantly alter
iron uptake by the enterocyte, but do not affect how much iron is subsequently transferred to
the plasma, after being taken up by the enterocyte from the lumen. In other words, the block
severity seen in iron transfer to plasma is not explained by DMT1 endocytosis.

FT synthesis impacts both uptake and transfer blocks. Finally, we tested the impact of
post-transcriptional regulation of FT expression by IRPs on mucosal block (Fig 4). These
examine the interpretation of experiments by Galy et al. that IRPs and FT are responsible
for the mucosal block [34]. Low intracellular iron (LIP) leads to increased activity of
IRPs, which then repress the rate of FT synthesis, eventually leading to a state of low FT
concentration. Conversely, when LIP raises, the activity of IRPs is reduced, leading to higher
FT concentration. Reflective of this biology, in the model the rate of FT synthesis is expressed
as a fixed basal rate plus a component that depends on the concentration of active IRPs. As
the value of the rate constant increases, the relative effect on FT synthesis due to the IRPs
increases. In other words, if the basal rate value is high, then the same decrease in IRPs activity
will have a greater effect on the magnitude of the increase in FT concentration. The effects on
uptake and transfer when k_, values were varied (0.035-1.5 pMs™) supports the interpretation
of Galy et al. 2013 [34]. As the k_, increases, the uptake block is alleviated (Fig 4B), while the
transfer block increases in severity (Fig 4F).

The active IRPs modulation of FT expression is also dependent on the value of the FT
expression K, which sets the range for which the rate of FT synthesis is sensitive to changes in
IRPs. What simulations showed is that the effect of varying this K value is dependent on the
FT expression basal rate, km - To best characterize this effect, multiple sets of simulations with
different values of basal expression rates were run, in each one, the K_is set at different values
between 7 pM and 28 pM (14 pM is the base value); starting with one with the minimum basal
rate of 0.035 pMs™ up to one with the max of 1.5 pMs™. What is seen as the K increases is
that the uptake and transfer block deepens (larger block) in a time-dependent way, with larger
effect at larger time intervals between doses (with similar block characteristics at early time
intervals, 0-12h, regardless of K value). Importantly, the effect of the K variation is sec-
ondary to the basal rate. Fig 4D, 4H, 4L and 4P depicts the results of varying the K_between
7 pM and 28 pM with k_ of 1.5 pMs™ (the maximum basal rate value simulated), due to the
observed maximum effect of K variation at that expression rate value. Lower expression
values show similar block characteristics effects, but with progressively smaller magnitude,
with almost no variation in block characteristics with K variation at basal expression rate
0f 0.035 pMs™.. This result is due to the fact that the IRPs indirectly modulate FT concentra-
tion through the FT expression, so the degree to which they impact FT levels depends on the
magnitude of the rate that they are modifying. In other words, the same relative IRPs depen-
dent reduction in FT expression rate will result in a greater absolute change in FT protein level
when the absolute expression rate is higher.

FT concentration affects both uptake and transfer blocks. Because the regulation
of IRPs affects the FT levels, we independently tested the effect of FT concentration,
independent of IRPs regulation. In this case we fix the total concentration of FT in the
model and set it at different values. The motivation behind this is that FT concentration in
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which is activated by LIP, was varied between 1s” and 40s™ (baseline 14.5s); the effect of LIP on DMT1 endocytosis is higher at higher values of this parameter.
The rate constant (k_ ) for the synthesis of FT, which is regulated by TRPs, was varied in nine steps between 0.035 and 1.5 pMs™' (baseline 0.0768 pMs™); the effect of
IRPs on FT synthesis is higher at higher values of this parameter. Next, we conducted simulations where the FT concentration is fixed at values in between 0.5nM
and 100 nM (baseline, 2.375nM); this probes the effect of FT iron buffering independent of the feedback loop through the IRPs regulation. Lastly, we conducted
simulations where the FT expression K is set at values between 7 pM and 28 pM (baseline, 14 pM); this probes the sensitivity of FT expression to IRPs level changes.
In all panels the abscissa represents the time interval between the two iron doses. Panels A, B, C and D show the effect of the four parameters on the total iron uptake
(expressed as fmol of iron). Panels E, E, G and H show the effect of the parameters on the total iron transferred (also expressed in fmol of iron). Panels I, J, K, and

L show the time interval at which the block is most effective as a function of the parameter value (the Minimum Uptake Time of panels A, B, C, and D), as well as
Recovery of Uptake Time. Panels M, N, O, and P express values of the Minimum Uptake Value, and Minimum transfer value as a function of parameter value.

https://doi.org/10.1371/journal.pcbi.1012374.9004
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a terminally differentiated enterocyte is a consequence of the history of iron status during

its differentiation. Increased mature enterocyte FT level has been shown to result in part
from increased iron exposure during differentiation [35]. Thus, fixing the concentration of
FT at different values simulates different histories of iron exposure during differentiation.
Simulations (Fig 4) show that a higher concentration of FT decreases the maximum uptake
reduction (less block), while the time interval at which there is maximum uptake reduction
does not change. A higher concentration of FT also reduces the time needed to recover

iron uptake (Fig 4C). For transfer, the time of maximum block decreases with increased FT
concentration (Fig 4G and 40). Around the 36-hour dosing time interval there is an inversion
in the effect on the trend. An increase in FT concentration leads to less of a block up to those
time intervals, but after, it leads to more (Fig 4G and 40), though this effect is of a small
magnitude.

Sensitivity analysis. Fig 4 is useful to assess the effects of each parameter variation on the
mucosal block, with additional support by a formal sensitivity analysis for those parameters.
Sensitivity analysis quantifies the magnitude of the effect of a parameter change on the value
of a model variable of interest. These can be expressed as partial derivatives of the effect of the
parameter on the variable:

S<V’p):%’ (1)

where V is the variable and p the parameter. A more useful expression can also be used in
terms of relative changes:

()

) dvIV dlog(V)
dp/p  dlog(p)

The values of R can easily be compared across variables and parameters, while those of s
depend on the magnitudes of V and p [36]. Here we estimate the values of R where the vari-
able of interest are the various block characteristics and the parameters are those already stud-
ies in Fig 4. The analysis is carried out by first running a simulation with the initial conditions
reflecting the basal state of Table 1 and the baseline values of each of the five characteristics

of the block were determined. Then additional simulations were run where each parameter
was increased by 10%, while keeping the other parameters at baseline value, and the resulting
relative change in the model output for each of the five characteristics was determined (Table
2). Because relative changes are measured, all values can be compared directly with each other.

R(V.p

For example a 10% increase in dose lengthens recovery time by 12.5% and lowers uptake
value by 6.2% (increases uptake block). The sign of these sensitivities indicates the direction
of change in the block characteristic after a 10% increase in that parameter (negative meaning
that the variable reacts in the opposite direction of the change in the parameter). In addition
to the five parameters varied above, several other model parameters were included in this
analysis.

The results of the sensitivity analysis reaffirm the trends of Figs 3 and 4, additionally, it
reveals that the uptake mucosal block characteristics are most sensitive to the magnitude of
the loading dose. Next is the effect of FPN inactivation, and FPN parameters in general, which
dictate the most sensitive impact on transfer characteristics. The sensitivity to FPN is reflec-
tive of the known importance of hepcidin in regulating intestinal iron absorption. Of the three
other mechanisms tested the largest effect on the transfer block are parameters affecting FT
level (“Fixed [FT]” and IRPs expression regulated via “FT expression k_,” and most potently
by “FT expression K 7). To reemphasize the importance of FT value and regulation by IRPs,
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Table 2. Sensitivity of mucosal block to model parameter variations. The relative change in each of the five mucosal block characteristics resulting from a simula-

tion run at baseline compared to a simulation where a single parameter value is increased by 10% of its baseline value are shown (“-

»

indicates negligible change).

Compared are: 1) the time at which the maximum block occurs for uptake (Minimum Uptake Time), 2) the value of the maximum reduction in uptake (Minimum
Uptake Value), 3) the time at which the block in uptake is lifted (Recovery of Uptake Time), 4) the time at which the maximum block occurs for transfer (Mini-
mum Transfer Time), 5) the value of the maximum reduction in transfer (Minimum Transfer Value).

Minimum Uptake Time | Minimum Uptake Value | Recovery of Uptake Time | Minimum Transfer Time | Minimum Transfer Value

Loading dose 0.95 -0.62 1.25 1.24 -0.25
FPN inactivation k| 0.16 -0.02 0.20 0.22 -0.29
FPN inactivation K | -0.32 0.05 -0.51 -0.49 0.79
FPN activation k - - -0.02 -0.02 0.05
FT expression k_ - 0.01 -0.02 -0.02 -

FT expression K_* - 0.01 -0.03 0.66 -0.44
IRPs degradation - - - - -

FT turnover - 0.01 -0.02 - -
Fixed [FT] 0.16 -0.05 0.16 0.16 -0.03
DMT1k_, 0.08 -0.37 - - -

“FT expression k_, of 1.5 pMs™

https://doi.org/10.1371/journal.pcbi.1012374.t002

with the similar transfer sensitivity as FPN related parameters. DMT1 endocytosis has an
effect on the iron uptake, but little effect on the iron transfer.

Time course analysis of iron uptake and transfer. To provide insight into how DMT1
endocytosis and FT synthesis impact the block, time course simulations were run for a
duration of 72 hours. Rather than assessing the block at different dose intervals, here we use
one fixed dose interval of 12 hours, using a dose of 2.5 uM iron in the lumen, and then follow
the dynamics of iron distribution across all model compartments. We examine the effect
of changing the same parameters (as above, Fig 5). A control baseline time course (Fig 5A)
shows the iron added to the lumen enters the cell over the course of 12 hours and mainly
partitions to LIP, raising the LIP by orders of magnitude. Throughout, LIP is exported through
FPN into the blood and consequently sequestered into the body. By 48 hours, there are only
trace amounts of LIP export. Fig 5C-5E shows the effect on FT core iron, LIP, and transferred
iron when simulations are run under the same conditions as the control, but now varying the
parameters for rate of FT synthesis or the (LIP-induced) DMT1 endocytosis. Increasing the
rate of FT synthesis decreases the total iron transferred, especially in the last 36-72 hrs (Fig 5C
and 5E), in concordance with the block analysis (Fig 4E and 4K). The additional information
revealed by the time course is that the majority of iron not transferred is sequestered as FT
core iron (Fig 5C), and that increased FT concentration also increases LIP buffering (Fig 5E).
This means the more active the FT synthesis is (e.g., by IRPs suppression and disinhibition),
the more the enterocyte can respond with new FT synthesis, and the mucosal block is more
pronounced. For DMT1, however, increasing its endocytosis sensitivity to LIP results in a
dramatic reduction of the LIP peak (Fig 5F), there is little effect on the fraction of iron in the
FT core or the amount of transferred iron (Fig 5D).

Direct comparison of DMT1 and FT/IRPs role in cumulative mucosal block (terminal
time point analysis). To better visualize the effects of varying the rate of (LIP-induced)
DMT1 endocytosis and the rate of (IRPs inhibited) FT synthesis, the simulated terminal
time point values of uptake and transfer (representing cumulative iron uptake/transfer) were
plotted against their rate constant values (Fig 5B). This more clearly shows how, at 72 hours,
increased FT expression allows more iron uptake (+3%, potentially due to the increased LIP
buffering ability shown in Fig 5E) while simultaneously decreasing the total iron transfer
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Fig 5. Time course analysis of iron uptake and transfer. (A). A baseline (control) simulation was run to show temporal iron
species dynamics in response to a loading dose (time 0 hrs, 2.5 uM) and a test dose (time 12 hrs, 2.5 uM). Plotted are Fe, _ (black),

LIP (orange), FT core iron (red), Fe, . (green), and Fe dy (blue). (B) Two groups of nine time course simulations were run where a
loading dose (time 0 hrs, 2.5 uM) and a test dose (time 12 hrs, 2.5 uM) were applied and the cumulative uptake and transferred iron
recorded after 72 hrs. Each simulation had parameters identical to the control except for the value of the k_, rate constant of FT syn-
thesis (IRPs regulated), which varied between 0.035 and 1.5 pMs™ (black lines) or the rate constant of LIP-induced DMT1 endocytosis
LIP, which varied between 1 and 40 pM s (blue lines). Both parameters are represented in the abscissa as relative changes to the con-
trol value. The total iron uptake and transfer amounts are expressed as a percentage of the total iron dose (loading plus test dose, 5 pM,
solid line for uptake, dashed line for transfer). (C) Time course of transferred iron amount (fmol) and core FT iron as a function of the
FT synthesis rate constant. (D) Time course of transferred iron amount (fmol) and core FT iron as a function of the DMT1 endocyto-
sis rate constant. (E) Time course of LIP amount as a function of the rate constant of FT synthesis. (F) Time course of LIP amount as a
function of the rate constant of DMT1 endocytosis.

https://doi.org/10.1371/journal.pcbi.1012374.9005
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(-25%). Increasing the DMT1 endocytosis rate constant, on the other hand, results in only a
minor decrease in iron uptake (-8%) and even smaller decrease in iron transfer (-3%).

Discussion

Determining the quantitative impact of individual components of biological systems on
observed phenomena is facilitated by the synergistic relationship between modeling and
experimental studies. Computational modeling is useful in two major ways: it allows one to
integrate data from independent experiments in a way that confirms (or not) the consistency
of the mechanisms identified in the context of a larger system. This integrative aspect was
used here in terms of putting together three mechanisms that were previously hypothesized

as having a role in the mucosal block, and we used the model to quantify how important that
role was in effect. Another major utility of computational models in supplementing laboratory
experiments is their ability to isolate and modify a particular system component, while keep-
ing the rest of the system unaltered. In laboratory experiments, particularly in vivo, it is hard
or impossible to suppress various compensating responses of the system. In an experimental
setting, when a particular cellular component is perturbed, compensatory mechanisms are
exerted amidst a myriad of regulatory pathways to respond to the perturbation. With compu-
tational models it is possible to directly manipulate specific processes without allowing other
compensatory effects, making it possible to dissect the specific effect of each process toward
an observed behavior. We applied this approach to study the regulation of iron absorption in
intestinal enterocytes using a computational model that was assembled based on knowledge of
its components derived from extensive literature data.

The model presented here was constructed to quantify the relative quantitative importance
of the mechanisms responsible for enterocyte iron mucosal block, a specific iron absorption
behavior. However, we hope the model may additionally serve as a “model brick” [23] for
future iron absorption models. Because this model was built for an explicit purpose, there
are aspects of iron metabolic behavior still to be added that would be necessary to describe
the totality of iron regulation by the duodenum. Thus, in addition to providing insights into
mucosal block behavior, we hope the model here can be used as a starting point for future
modeling efforts in the duodenum. Several potential future model additions and alterations
are highlighted in the Assumptions section of the Methods to assist in doing so.

The present enterocyte mucosal block model was validated by showing that it reproduces
experiments not used to calibrate it, and which were carried out in a variety of conditions
including some very different to those that produced the data used to calibrate it. Addition-
ally, the model reproduces well-known aspects of iron absorption, namely the importance of
the size of the iron loading dose (ingestion of high amounts of iron [34]) and the hepcidin
regulation of ferroportin-dependent iron export to the plasma. To this extent, the enterocytes
are relatively passive elements, however they still contain mechanisms that modulate how
much and how fast iron can be a) imported to their cytoplasm (uptake), and b) exported
to plasma (transfer, which corresponds directly to iron absorption to the body). Because of
this differential between uptake and transfer, and the relatively short lifetime of enterocytes,
much iron can be taken up by enterocytes that is never absorbed (and is lost with enterocyte
death and excretion). The two major intracellular mechanisms implicated are the amount of
cytosolic ferritin (FT), which synthesis is regulated by the iron regulatory proteins (IRPs), and
the endocytosis of the divalent metal transporter 1 (DMT1), which is induced by the labile
iron pool (LIP). Following validation and the reproduction of known iron metabolic behavior,
the model was used for simulations intended to dissect the role of mechanisms previously pro-
posed to have an effect on the dynamics of enterocyte iron absorption: DMT1 endocytosis, FT
iron sequestration, and the regulation of FT synthesis by IRPs.
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Model simulations show that the largest impact on both iron uptake and transfer is
mediated by the synthesis of FT, and that the DMT1 endocytosis has a minor effect on
these two fluxes of iron. These results are consistent with what was previously proposed
by Galy et al. 2013 [34], with addition of quantitative assignment of impact (FT vs DMT1)
and further elucidation of cellular roles. The model here is able to disentangle the effect of
each interrelated regulatory mechanism highlighting the specific aspects of IRPs and FT
and their interactions that contribute to the iron transfer block. By simulating the model at
different basal rates of FT expression and different strength of its control by IRPs, the model
builds on the previous findings, suggesting that IRPs regulation is most impactful only in
states where FT expression is relatively high. The model also shows how increased ferritin
expression yields greater iron uptake capacity by enterocytes, but by increasing the cytoso-
lic buffering capacity simultaneously decreases the iron transfer capability. Consequently,
we show IRPs most significantly exert their effect when FT expression rate is high. These
uptake and transfer effects are evidenced by the simulation results of Fig 4, the sensitivity
analysis (Table 2), and its magnitude shown directly in comparison to that of DMT1 regula-
tion (Fig 5B).

The high buffering capacity of FT also has consequences at the tissue-level given that duo-
denal enterocytes have short life span and are sloughed to the intestinal lumen at a consider-
able rate [104]; thus it is expected that such sloughing of enterocytes with high ferritin-bound
iron content will result in irreversible loss of iron that had been uptake by enterocytes but will
be irreversibly lost from being transferred to the rest of the body. To investigate such dynam-
ics, however, is beyond the scope of this work and will require a multiscale model of the villus
structure and dynamics.

Lastly, the model is able to shed light on the hypothesis that rapid regulation of apical
membrane DMT1 concentration in enterocytes reduces the amount of iron that enterocytes
can absorb [18]. Our model shows that varying the sensitivity of such endocytosis does indeed
lead to lower total iron uptake (Fig 4A). However, the model predicts that while reduced api-
cal DMT]1 resulting from endocytosis reduces the total uptake over time, at the range of iron
doses tested here, endocytosis does not appreciably reduce total iron transfer (Fig 4D). While
this may lead one to question the significance of this phenomenon, our simulations indicate
another important role DMT1 endocytosis may have. Faster rates of endocytosis serve to limit
the transient peak of intracellular LIP (cellular free iron concentration) after an iron dose
(Fig 5F). This effect is additional to the previously identified role of FT in buffering LIP levels
[105]. While the exact mechanisms behind the regulation of DMT1 endocytosis are still being
clarified, experiments have suggested that one driver connecting LIP levels and DMT1 endo-
cytosis may be reactive oxygen species (ROS) [27]. Because LIP can catalyze ROS formation,
it is possible that DMT1 endocytosis serves to protect the cells from ROS spikes, based on the
LIP peak reduction prediction observed in these simulations.

Methods
Software

All simulations were carried out with COPASI versions 4.35 and 4.36 [24-26] on a Windows
10 computer with a Intel Core i7-4770 CPU at 3.40GHz. Some COPASI simulations were
driven by Python scripts using the library BasiCO, a python API for COPASI [98]. Tasks were
either run directly using the COPASI graphical user interface and collecting their output

into .tsv files, or the task was run using the BasiCO scripts. Plots were created using Python’s
Matplotlib library, and exported to vector graphics SVG files and later refined using Inkscape
(https://inkscape.org/). Experimental data were gathered from the supplemental materials
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of the relevant publications, or digitized from their figures using an image digitizer (https://
automeris.io/WebPlotDigitizer/). The process diagram to visualize the model (Fig 1) was cre-
ated with Cell Designer [99] and converted to the SBGN format using Inkscape.

Model Construction

DMT1 iron transport and regulation. To absorb inorganic dietary iron, duodenal
enterocytes express divalent metal transporter 1 (DMT1) and duodenal cytochrome b
(DCYTB) to their apical membrane [37]. DMT1 transports several divalent metals, including
ferrous iron (Fe**). Before ferric iron (Fe**) from the diet can be transported through DMT1
it must be reduced to ferrous by DCYTB. DMT1 activity is regulated through endocytosis
in a LIP-sensitive manner. The precise mechanistic details are not entirely known, but
phenomenologically it has been shown that an increase in enterocyte LIP triggers endocytosis
of DMT1 on the apical membrane (potentially driven by presence of reactive oxygen
species [27]). Endocytosis reduces the density of (active) DMT1 proteins on the baso-
lateral membrane and increases the cytosolic, vesicular DMT1 pool [18,19,27]. Ultimately,
endocytosis may provide a negative feedback mechanism for transiently reducing the iron
import flux through DMT1 when the cytoplasmic iron (LIP) levels are high. This mechanism
does not reduce the total DMT]1 protein level, only its activity by internalization. Because of
the presence and importance of DMT1 in enterocyte iron absorption, the model presented
here includes both DMT1 iron transport and endocytosis. DMT1 is represented by two
species (for membranous and cytosolic DMT1) and six corresponding reactions. While
the role of DCYTB in converting dietary ferric iron to ferrous is well known, we excluded
DCYTB from the model because a block still occurs when enterocytes are exposed to ferrous
iron. Thus while DCYTB may participate in a block when ferric iron is present, a simplified
model excluding DCYTB is still sufficient to capture the block phenomena. The reactions are
outlined in Table 3.

Ferritin iron sequestration. Ferritin (FT) is a cytosolic protein that forms a hollow
protein cage made up of 24 subunits capable of sequestering 4300 iron atoms per cage [39-41].
The ability of FT to sequester such quantities of ferrous iron is necessary in maintaining
appropriately low levels of LIP [39,41,42]. A FT cage stores excess LIP (soluble ferrous iron,
Fe?*) by importing and converting it into an insoluble ferric iron (Fe**) mineral core [43-45].
The storage process begins as a ferrous ion moves through pores in the FT cage into the cavity

Table 3. DMT1 iron transport and regulation. Shown are the reaction names, reactions, rate, laws, parameters and references for each process involved in DMT1
regulation and iron transport. The LIP independent DMT endocytosis represents endocytosis of DMT1 from the apical membrane and into the cytoplasm that
occurs that is not driven by LIP. DMT1 fusion represents the reverse reaction; cytoplasmic DMT1 returning to the membrane. Both reactions are represented by
mass action kinetics and are responsible in part for establishing the steady state apical cytoplasmic DMT1 fraction ratio [29]. The DMT1 iron transport reaction
represents DMT1 facilitating ferrous iron movement from the lumen into the cytoplasm (increasing LIP). It is irreversible and represented by HMM Kkinetics
with Fe,  as the substrate. LIP dependent DMT endocytosis is represented phenomenologically by Hill-like kinetics. The last term in the reaction rate can vary
between 0-1 and modifies the endocytosis rate based on LIP concentration.

Reaction Reaction Rate Law Parameter Value Ref.
DMT1 endocytosis free ave > DMTL_ k,, xDMT1_, . k., 2945’ -
DMT1 endocytosis LIP modified aaive = DMTL_ LIP" k., 14.5s" -
i k, xDMT1,, X——— K 2805 M
ca e X L LIP" : . -
n 1.03 -
DMT!1 fusion rtopsm ~ DMT1 ., K, XDMT1_, . - 505" -
DMT1 iron transport F k., 6844 5! [38]
upper —Lp kcut X DMTlucrive X % :
K, +Fe,,,, K, 2.835 M 38]
https://doi.org/10.1371/journal.pcbi.1012374.t003
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within [46]. After entry, the ferrous iron participates in a series of reactions catalyzed by the

FT subunits resulting in its oxidation to the ferric state [47,48] effectively trapping it within the
cage. The ferric iron requires reduction before it can be released [49]. While mechanisms of iron
release from FT are still being uncovered, the mineral iron within FT has been shown to be able
to be liberated directly to the LIP by autophagic degradation of FT cages, regulated by nuclear
receptor co-activator 4 (NCOA4) [50]. Within the ODE model presented here, FT is represented
as a concentration (not individual cages with unique iron contents) that can be increased via
expression and decreased by degradation. The iron stored within the total FT is represented

as collective ferrous and ferric iron stores, a simplification that extends a previously published
BioModels Database [51] model (MODEL2211030001) [22]. The process of iron sequestration is
simplified into the first four reactions contained within Table 4. The last two reactions of Table 4
capture the process of mineral iron release through degradation of FT. Note that the rate law for
core release via FT can be simplified mathematically to k, times core. The rate law is presented
in the unsimplified form because the rate law reflects the fact that the amount of core released
when some portion of the FT population degrades is proportional to the population of cages
“FT” and the amount of core within those cages (“core/ FT”). As an example of intended model
behavior, if there was a time point where there was an average of 100 iron atoms of core per cage
within a cell, it is expected that on average the degradation of 1 cage liberates 100 atoms. This
behavior is what the rate law captures, albeit once simplified captures more opaquely.

FPN iron export and regulation by plasma iron levels. The iron export protein
ferroportin (FPN) is a transmembrane protein that is the only known exporter of ferrous,
cytosolic iron (LIP) [54]. In enterocytes, FPN is the conduit through which dietary iron
that has entered the cell is transferred to the blood and ultimately the rest of the body. FPN

Table 4. FT mathematical representation. Shown below are the four FT iron sequestration and two degradation reactions in the model, their stoichiometries,
rate laws, and rate laws parameter values. Nucleation and mineralization were parameterized using parameter estimation. The others (oxidation, reduction, and
degradation reactions) are parameterized from published data.

Reaction Reaction Rate Law Parameter Value Ref.
Oxidation 2 LIP -» DFP k. 591s! [44]
W HH10 ey Lipr ‘
“ 24410 K, 0.35 mM [52]
Km" + LIP" n 1.3 [52]
rO 2 [22]
H 24 [22]
Reduction DEP — 2LIP k. x DFP kdeg 0.2605s! [44,52]
deg
Nucleation k. 5x107 st [22]
2DFP — 4core k. x DEP* x FTx L+rN "
“ 24+rN K 0.4615 mM
Ki" n 4
o~
Ki" + core” rN 50
L 0
Mineralization DEP — 2core k., x DFP  core K" k., 0.101564s* [22]
Km + DEP Ki" + core” K, 5x10°M
4300" — apc” K 4.6458 mM
w2200 T ape
4300™ n 4
m 8
FT core release core — LIP core) kdeg 5.46x10°s! [53]
deg T
FT degradation FT — k. XET kdeg 5.46x10°s! [53]
deg
https://doi.org/10.1371/journal.pcbi.1012374.t004
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contains two iron binding sites where LIP iron can bind and be shuttled into the plasma

[55]. The ferrous iron exported out of a cell through FPN is oxidized by membrane-bound
ferroxidase hephaestin [56]. FPN and its activity are regulated transcriptionally, post
transcriptionally, and its activity on the surface of the cell is controlled by plasma hepcidin,
which in turn depends on the systemic level of iron and liver production. The binding of
circulating hepcidin to FPN not only blocks the channel preventing iron export, but also
triggers FPN internalization, ubiquitination, and subsequent degradation, reducing the active
FPN at the membrane [57,58].

In the model presented here, and considering the purpose of analyzing aspects of cellular
mucosal block, FPN activity serves as a “control” to establish biological plausibility and cred-
ibility. The role of hepcidin in controlling enterocyte iron export via FPN is well established.
Here, hepcidin regulation of FPN is included so that the influence of the other mechanisms
encoded by the model can be quantitatively compared to hepcidin’s role in block of iron trans-
fer to the body. Because enterocytes have been shown to have low basal levels of FPN expres-
sion, FPN IRE lacking mRNA, and the relative magnitude of the hepcidin control, in the
model FPN is controlled by plasma iron levels alone and not IRPs. Because the inclusion of
other organs is currently outside the scope of the model purpose and because is ultimately the
plasma iron that drives hepcidin production in the liver, the entire systemic regulation process
is simplified to one reaction, FPN inactivation, shown in detail with the other FPN related
reactions in Table 5. The modeling decisions regarding the process for including systemic
feedback are not trivial. Practically, FPN as a species is represented as a relative value scaled so
that the iron transport matches experimental rates [59,60].

IRPs regulation of FT, DMT1. While differentiating and to some extent while mature,
enterocytes utilize iron regulatory proteins 1 and 2 (IRP1 and IRP2, collectively referred to
as IRPs) to post transcriptionally regulate several essential iron related proteins, including
FT, FPN, and DMT1 [16]. IRPs bind sequences in the untranslated regions of mRNA called
iron-responsive elements (IREs) [61-63]. The location and number of the IRE in the mRNA
transcript determines the effect of IRPs binding. IRPs binding can either increase (3° IRE)
or repress (5" IRE) translation. In turn, IRPs binding is inhibited by LIP. Thus in low iron
conditions IRPs block and decrease synthesis of FPN and FT, which have 5" IREs [64-66],
while stabilizing some DMT1 splice variants, which have 3" IREs, increasing their expression,
especially in enterocytes [67]. Conversely, in iron excess, IRPs activity is inhibited by LIP,
leading to higher levels of FPN and FT [17] and lower DMT1. IRP1 and IRP2, though similar
in their binding activity, are regulated differently by LIP. IRP1 binds iron and undergoes a
conformational change into a form incapable of efficiently binding IREs [68-70], while IRP2
is degraded in an iron dependent mechanism [71-73]. However, the model here represents
IRP1/2 as one species “IRPs” that can be active or inactive. The reasoning is outlined in the

Table 5. FPN iron export and regulation by plasma iron levels representation. Shown below are the FPN related reactions in the model, their stoichiometries, rate

laws, and parameter values.

Reaction Reaction Rate Law Parameter Value Ref.
FPN-inactivation FPN . .~ FPN Fe. " k.. 1.44x10°¢ s -
kcarXFPNactivex% K 12.21 uM
K., +Fey, m AR B
n 2.72 -
FPN-activation FPN,_ ..~ FPN_ k., xFPN k., 0.437x10"? cm? s’! -
FPN iron transport k., 1.88s! [59,60]
LIP — Fe,,,, k. XFPN.. x LIP t
“ “ K, +LIP K, 2.31uM [55,59]
https://doi.org/10.1371/journal.pcbi.1012374.t005
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Assumptions section below. Practically, the total IRPs concentration and resultant time course
of FT and DMT1 are used to represent the IRPs effect in the model, so each isn’t individually
represented. A useful addition to the model outside the current scope would be to represent
their individual concentrations and regulation explicitly. To incorporate the effect of IRPs, LIP
modifies the total active IRPs through an “IRPs inactivation” reaction, and the reaction for FT
expression is modified by active IRPs levels, both outlined in Table 6.

Additional reactions. In addition to the reactions represented in Tables 3-6, the
model contains three additional reactions (Table 7). These reactions include rest of body
sequestration of plasma iron, basal enterocyte iron uptake from plasma, and paracellular
iron movement direct from lumen to plasma, reversibly. These reactions are all represented
by mass action kinetics. Body sequestration was calibrated using the whole body model of
Parmar et al. [75,76]. To do so, a range of initial plasma iron concentrations was fit to a linear
model (of non-duodenum iron sequestration) and the slope variable of the model used as the
mass action rate constant. The basal uptake and paracellular routes for iron uptake are also
both simplifications of more complicated processes. Basal uptake in enterocytes, like many
other mammalian cell types relies on transferrin (Tf) and transferrin receptor 1 (TfR1), and
the endocytosis of the complex after plasma circulating Tf binds TfR1 on the basal membrane.
While they may represent potentially more impactful processes in iron metabolism in other
cell types, their contribution to total iron movement in the enterocyte model is minimal
compared to other reaction fluxes [76]. The values of their respective rate constants were
determined during parameter estimation, reflective of and validated by what has been seen
experimentally.

Model assumptions and species inclusion justification. The present model is built for
the explicit purpose of analyzing the dynamics of 1) DMT1 endocytosis, 2) FT iron buffering,
and 3) IRPs regulation dependent FT expression on the iron handling behavior of a single
mature enterocyte, specifically cellular mucosal block. Every modeling decision was motivated
by that underlying goal, especially species and reaction selection/determination, to ensure a
model with both minimal and sufficient detail. Because of this, the model is suited to address
mucosal block dynamics, while there are several areas that should ideally be expanded in

Table 6. IRPs mathematical representation. Shown below are the IRPs related reactions in the model, their stoichiometries, rate laws, and rate laws parameter

values.

Reaction Reaction Rate Law Parameter Value Ref.

IRPs inactivation IRPs —IRPs_ . k,, xIRPs,, xLIP - 4 M's! -

IRPs activation IRPs, . —1IRPs k, xIRPs, . - 4,63 x10°s! -

FT expression L FT . [1 IRPs, " ] k., 0.0768 pMs* [74]
“ K! +1IRPs,, " K, 14 pM [74]

https://doi.org/10.1371/journal.pchi.1012374.1006

Table 7. Additional reactions. Shown below are the additional three reactions in the model, their stoichiometries, rate laws, and rate laws parameter values.
The reactions represent rest of body sequestration of plasma (blood) iron (“Body Sequestration”), basal membrane enterocyte iron uptake from plasma (“Basal
Uptake”), and paracellular iron movement direct from lumen to plasma, reversibly (“Paracellular Iron Movement”).

Reaction Reaction Rate Law Parameter Value Ref.
. -1 _
Body Sequestration Feyp — Feyy, k., xFe,,, k. 0.000329s
16 o-1 _
Basal Uptake Fe,,, — LIP k., xFey,., - 2.22x10's
Paracellular Iron Movement Fe,,, < Fey,, kfar xFe, . — k. xFey,, ke 3.88x10%2s! -
k. 3.17x 10! -
https://doi.org/10.1371/journal.pcbi.1012374.t007
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future model iterations of more general iron metabolism. The specific assumptions of the
model not explained in the previous sections are described below, including justifications of
why iron species essential to enterocyte iron metabolism are not included. The assumptions
also serve to highlight potential future modeling additions/extensions for future model
applications, building toward a “complete” in silico model of duodenal enterocyte iron
regulation.

1. Protein synthesis. For all protein species, transcription and translation are grouped into
one reaction “protein synthesis” that increases the protein concentration in one step.
Motivation for the one reaction grouping is two-fold. First, the grouping still captures
enough level of detail that the process can be altered where biologically indicated while
simplifying the model and reducing the number of parameters. Second, there is evidence
that in mature enterocytes at the villus tip, translation occurs at a relatively higher rate than
transcription [19,38,77]. The importance of translational regulation versus transcriptional
regulation is reinforced by the reliance of enterocytes on IRPs to regulate protein levels
post-transcriptionally. Additionally, the grouping allows for the modification of protein
synthesis by IRPs.

2. Heme iron. Apical uptake and subsequent metabolism of heme is excluded from the
model. While heme is a necessary dietary component for many mammals and thus import-
ant to include in a model attempting to capture iron regulation in full, it is excluded from
the model for a few reasons. Essential players in enterocyte uptake of heme are still being
identified, so there is not enough detail to include a complete pathway. Also, the mucosal
block the model presented here characterizes occurs in enterocytes exposed to inorganic
iron. Thus, while the presence of heme in the lumen undoubtedly modifies the iron metab-
olism of enterocytes and it would in future iterations ideally be included, the simplest form
of mucosal block occurs even in its absence, meaning a model without heme still contains
sufficient detail to capture the effect.

3. DMT1 and DCYTB. The DMT1 iron import reaction is a grouping effect of the activity of
DMT1 and DCYTB. DCYTB is a reductase associated with DMT1 that converts ferric iron
in the lumen into a ferrous form to allow DMT1 to transport it and is thus critical to iron
absorption. However, DCYTB is excluded for several reasons. The main reason is the pres-
ence of mucosal block in ferrous iron exposed enterocytes, backed by a significant number
of experiments using ferrous iron. Similar to exclusion of heme, not including DCYTB
allows the disentanglement of the availability of iron dependent on meal composition from
DMT1 import and endocytosis dynamics. In other words, instead of having to incorporate
a set of lumen iron availability reactions that depends on DCTYB expression and reaction
kinetics, the concentration of ferrous iron added to solution (or in a meal) can be used
directly. Also adding credibility to its exclusion is the evidence that DCYTB knockout does
not induce a notable iron phenotype, suggesting ferrireductase redundancy [78].

In addition to the activity of DCYTB, there are several other factors that also modify the
activity of DMT1. These modifiers include temperature, luminal pH, presence of other metals,
etc. For simplicity and again due to the presence of a mucosal block under unvaried condi-
tions of these variables, these additional modifiers are also not included. To test the effect of
variations in DCYTB and these other modifiers by adding them to the model presented here
would be useful future work, but is tangential to the model purpose here.

4. FPN and HEPH. There is a similar but not identical reasoning for the exclusion of the oxi-
dase associated with FPN, hephaestin (HEPH) to the exclusion of DCYTB. While a mutation
in hephaestin is known to result in accumulation of non-heme iron in enterocytes and in a
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reduced transfer of iron to plasma [102], it appears that it is responsive to global levels of iron
rather than the level of iron in the enterocyte [103], and as such we assume that it does not
have a role in the mucosal block caused by consecutive dietary iron doses. The pathological
iron mucosal block caused by the HEPH mutation is not addressed in this model.

5. IRPs effect on DMT1/FPN translation. The effects on protein synthesis IRP1 and IRP2 have
on DMT1 and FPN are not included. In the model, DMT1 the endocytosis alone determines
the active DMT1 concentration [19]. There are several reasons why the IRPs effect on DMT1
mechanism, though undoubtedly present in duodenal enterocytes, is not included.

In contrast to FT, for DMT1 the physiologic role of IRPs post-transcriptional regulation,
while extensively described, is still being established. Also still being worked out is the
relative importance of IRPs regulation in determining apical DMT1 levels compared to
relocation (endocytosis) regulation in terminally differentiated enterocytes. Total cellular
DMT1 protein concentration depends on 1) basal transcription and 2) basal translation
rates, 3) transcriptional rate modification (including of the DMT-1A variant by HIF2-alpha
[79,80] which in turn is also regulated by IRPs [34]), 4) post-transcriptional regulation by
IRPs binding (complicated by the fact that DMT1 has splice variants expressed by entero-
cytes that do not contain an IRE [34,81]), and 5) mRNA and protein degradation rate.
Layered on top of that whole cell concentration regulation is post-translational cellular
location regulation. The DMT1 fraction on the apical membrane is ultimately what trans-
ports ferrous iron into the enterocyte, meaning that while transcriptional and translational
regulation are necessary for modifying total DMT1, DMT1 cellular location regulation
determines uptake. Experimentally, there are data describing the dynamics across all these
DMT]1 regulation levels. Absence of an DMT1 +IRE variant leads to iron deficiency in
mice and it has been shown that a decrease in IRPs activity following iron exposure leads to
lower DMT1 +IRE mRNA stability [20] and mRNA concentration (50%) [19]. While lower
mRNA levels tend to be associated with lower protein levels, such a phenomenological
simplification is not always seen. Galy et al. 2013 [34] showed an increase in DMT1 protein
in IRP-deficient mice, despite the prediction of the opposite effect. There have also been
multiple studies that attempt to describe not just the change in transcription and transla-
tion, but location of DMT1 protein as well (apical membrane versus whole cell). In these
levels decrease, but the changes to total DMT1 (whole cell) are relatively minor (shown by
a subset of studies that measure whole cell concentration simultaneously [4,19,82]). This
suggests that while IRPs may modestly modify total DMT1 levels in terminally differenti-
ated villus enterocytes, we make the assumption that excluding explicit IRPs impact will
not affect the membrane component significantly relative to impact of DMT1 relocation.

Considering the multiple levels of DMT1 regulation data, the model excludes the effect

of IRPs on DMT1 expression. However, a version of the model was created that includes
IRPs regulation of DMT1 and that model output was compared to that of the one here.
Ultimately, the results with or without the IRPs regulation show only minor differences in
the five iron uptake characteristics we establish for analysis in the results section, but the
general trends regarding parameter sensitivity in the model are not altered, indicating that
while one version of the model may be more accurate than the other, the conclusions made
congruent. Proper experimental work disproving this would be to remove IRE-sensitive
expression of DMT1 and see if block is removed.

For FPN, the exclusion of IRPs directed effect is driven by the purpose of the model
here, namely describing the reduction in iron exported out of FPN due to mucosal
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block. As a result, the necessary FPN details are its iron transport kinetics and basal
membrane fraction, with additional detail, though potentially biologically correct, irrel-
evant to the current scope and excluded for simplicity. Also, the model relies on the fact
that even if IRPs changes the FPN total, hepcidin levels ultimately determine the total
active FPN fraction. For future models, there should still be deliberation on relevance
of IRPs directed FPN change before addition to the model, as it appears that there is
greatly reduced IRPs driven FPN expression in duodenal enterocytes [15,83,84] com-
pared to other cell types.

6. IRP1 and IRP2 There are two distinct iron regulatory proteins (IRPs), IRP1 and IRP2 that
both post-transcriptionally regulate several iron related proteins. IRP1 and IRP2 have sim-
ilar IRE binding activity, but are in turn regulated differently by LIP. Rising LIP levels drive
IRP1 conformational change reducing its ability to bind IREs [68-70], while they cause
IRP2 to undergo proteasomal degradation [71-73]. It is possible that because of the two
distinct LIP regulated mechanisms, varying the total IRPs composition of IRP1 and IRP2
may result in varied total IRPs activity temporal dynamics. However, the model here rep-
resents IRP1 and IRP2 as one species “IRPs” that can be active or inactive. The motivation
for the single species simplification is in part that these proteins have similar interaction
with IREs [71,85] and redundancy in their activity [86,87]. Thus the total concentration of
both is assumed to correlate to the total post-transcriptional effect. Experimentally, when
both IRP1 and IRP2 are knocked out in the mouse intestine, the result is fatal, indicating
that inclusion of the IRPs mechanism is essential [20,86]. However, in support of our
simplification, single IRP1 or IRP2 knockout mice are viable [86,88-91]. The single species
assumption is not made lightly. There is an abundance of data surrounding the differen-
However, efforts we made to construct a submodel focused on the differences between
these species utilizing these data, revealed there were key elements missing from the liter-
ature, ultimately requiring our use of the approximation implemented here. Relevant data
to properly build and IRP1/2 submodel would describe dose dependence changes on the
activity of IRP1 and degradation IRP2 and the delineate of protein synthesis and concen-
tration changes into the underlying transcription and translation rates of the IRPs regu-
lated proteins specifically within terminally differentiated enterocytes (ideally also shown
to be iron dose dependent in their changes).

Supporting information
S1 Text. Full set of ordinary differential equations of the model.
(PDF)

S2 Text. Full set of parameters used in the model.
(PDF)

$3 Text. Analysis of blocking magnitude dependence on iron blocking dose.
(PDF)

S1 Data. Models in COPASI format and data used for parameter estimation.
(ZIP)

Acknowledgments

We thank Drs. M. Blinov, S. Torti, and P. Vera-Licona for discussions about this project. We
thank the UConn School of Medicine for supporting JM.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 23/29



http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012374.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012374.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012374.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012374.s004

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

Author contributions

Conceptualization: Joseph Masison, Pedro Mendes.
Formal analysis: Joseph Masison, Pedro Mendes.
Funding acquisition: Pedro Mendes.

Methodology: Joseph Masison.

Project administration: Pedro Mendes.

Software: Joseph Masison, Pedro Mendes.

Supervision: Pedro Mendes.

Validation: Joseph Masison.

Visualization: Joseph Masison.

Writing - original draft: Joseph Masison, Pedro Mendes.
Writing - review & editing: Joseph Masison, Pedro Mendes.

References

1. Stewart WB, Yuile CL, Claiborne HA, Snowman RT, Whipple GH. Radioiron absorption in anemic
dogs; fluctuations in the mucosal block and evidence for a gradient of absorption in the gastrointesti-
nal tract. J Exp Med. 1950;92(4):375-82. https://doi.org/10.1084/jem.92.4.375 PMID: 14778918

2. Hahn PF, Bale WF, Ross JF, Balfour WM, Whipple GH. RADIOACTIVE IRON ABSORPTION BY
GASTRO-INTESTINAL TRACT : INFLUENCE OF ANEMIA, ANOXIA, AND ANTECEDENT FEED-
ING DISTRIBUTION IN GROWING DOGS. J Exp Med. 1943;78(3):169-88. https://doi.org/10.1084/
jem.78.3.169 PMID: 19871320

3. Shinoda S, Yoshizawa S, Nozaki E, Tadai K, Arita A. Marginally excessive iron loading tran-
siently blocks mucosal iron uptake in iron-deficient rats. Am J Physiol Gastrointest Liver Physiol.
2014;307(1):G89-97. hitps://doi.org/10.1152/ajpgi.00305.2013 PMID: 24833704

4. Nunez MT, Tapia V, Rojas A, Aguirre P, Gomez F, Nualart F. Iron supply determines apical/basolat-
eral membrane distribution of intestinal iron transporters DMT1 and ferroportin 1. Am J Physiol Cell
Physiol. 2010;298(3):C477-85. https://doi.org/10.1152/ajpcell.00168.2009 PMID: 20007457

5. Krause A, Neitz S, Magert HJ, Schulz A, Forssmann WG, Schulz-Knappe P, et al. LEAP-1, a novel
highly disulfide-bonded human peptide, exhibits antimicrobial activity. FEBS Lett. 2000;480(2—3):147—
50. https://doi.org/10.1016/s0014-5793(00)01920-7 PMID: 11034317

6. Park CH, Valore EV, Waring AJ, Ganz T. Hepcidin, a urinary antimicrobial peptide synthesized in the
liver. J Biol Chem. 2001;276(11):7806—10. https://doi.org/10.1074/jbc.M008922200 PMID: 11113131

7. Pigeon C, llyin G, Courselaud B, Leroyer P, Turlin B, Brissot P, et al. A new mouse liver-specific gene,
encoding a protein homologous to human antimicrobial peptide hepcidin, is overexpressed during iron
overload. J Biol Chem. 2001;276(11):7811-9. https://doi.org/10.1074/jbc.M008923200 PMID: 11113132

8. Nicolas G, Bennoun M, Devaux |, Beaumont C, Grandchamp B, Kahn A, et al. Lack of hepcidin
gene expression and severe tissue iron overload in upstream stimulatory factor 2 (USF2) knockout
mice. Proc Natl Acad Sci U S A. 2001;98(15):8780-5. hitps://doi.org/10.1073/pnas.151179498 PMID:
11447267

9. Coffey R, Ganz T. Erythroferrone: An Erythroid Regulator of Hepcidin and Iron Metabolism.
Hemasphere. 2018;2(2):e35. https://doi.org/10.1097/HS9.0000000000000035 PMID: 31723763

10. Muckenthaler MU, Rivella S, Hentze MW, Galy B. A Red Carpet for Iron Metabolism. Cell.
2017;168(3):344—61. hitps://doi.org/10.1016/j.cell.2016.12.034 PMID: 28129536

11. Ganz T. Molecular control of iron transport. J Am Soc Nephrol. 2007;18(2):394—400. https://doi.
org/10.1681/ASN.2006070802 PMID: 17229910

12. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, et al. IL-6 mediates hypoferre-
mia of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J Clin Invest.
2004;113(9):1271-6. https://doi.org/10.1172/jci200420945

13. Halleux C, Schneider YJ. Iron absorption by CaCo 2 cells cultivated in serum-free medium as in

vitro model of the human intestinal epithelial barrier. J Cell Physiol. 1994;158(1):17-28. https://doi.
org/10.1002/jcp.1041580104 PMID: 8263023

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 24729



https://doi.org/10.1084/jem.92.4.375
http://www.ncbi.nlm.nih.gov/pubmed/14778918
https://doi.org/10.1084/jem.78.3.169
https://doi.org/10.1084/jem.78.3.169
http://www.ncbi.nlm.nih.gov/pubmed/19871320
https://doi.org/10.1152/ajpgi.00305.2013
http://www.ncbi.nlm.nih.gov/pubmed/24833704
https://doi.org/10.1152/ajpcell.00168.2009
http://www.ncbi.nlm.nih.gov/pubmed/20007457
https://doi.org/10.1016/s0014-5793(00)01920-7
http://www.ncbi.nlm.nih.gov/pubmed/11034317
https://doi.org/10.1074/jbc.M008922200
http://www.ncbi.nlm.nih.gov/pubmed/11113131
https://doi.org/10.1074/jbc.M008923200
http://www.ncbi.nlm.nih.gov/pubmed/11113132
https://doi.org/10.1073/pnas.151179498
http://www.ncbi.nlm.nih.gov/pubmed/11447267
https://doi.org/10.1097/HS9.0000000000000035
http://www.ncbi.nlm.nih.gov/pubmed/31723763
https://doi.org/10.1016/j.cell.2016.12.034
http://www.ncbi.nlm.nih.gov/pubmed/28129536
https://doi.org/10.1681/ASN.2006070802
https://doi.org/10.1681/ASN.2006070802
http://www.ncbi.nlm.nih.gov/pubmed/17229910
https://doi.org/10.1172/jci200420945
https://doi.org/10.1002/jcp.1041580104
https://doi.org/10.1002/jcp.1041580104
http://www.ncbi.nlm.nih.gov/pubmed/8263023

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Cegarra L, Colins A, Gerdtzen ZP, Nuiiez MT, Salgado JC. Mathematical modeling of the reloca-
tion of the divalent metal transporter DMT1 in the intestinal iron absorption process. PLoS One.
2019;14(6):e0218123. https://doi.org/10.1371/journal.pone.0218123 PMID: 31181103

Frazer DM, Wilkins SJ, Becker EM, Murphy TL, Vulpe CD, McKie AT, et al. A rapid decrease in the
expression of DMT1 and Dcytb but not Ireg1 or hephaestin explains the mucosal block phenomenon
of iron absorption. Gut. 2003;52(3):340-6. https://doi.org/10.1136/gut.52.3.340 PMID: 12584213

Lipinski P, Starzynski RR. The role of iron regulatory proteins (IRPs) in the regulation of systemic
iron homeostasis: lessons from studies on IRP1 and IRP2 knock out mice. Postepy Hig Med Dosw
(Online). 2006;60:322—-30. PMID: 16819431

Vanoaica L, Darshan D, Richman L, Schimann K, Kiihn LC. Intestinal ferritin H is required for
an accurate control of iron absorption. Cell Metab. 2010;12(3):273-82. hitps://doi.org/10.1016/j.
cmet.2010.08.003 PMID: 20816093

Nufez MT. Regulatory mechanisms of intestinal iron absorption-uncovering of a fast-response
mechanism based on DMT1 and ferroportin endocytosis. Biofactors. 2010;36(2):88—-97. hitps://doi.
org/10.1002/biof.84 PMID: 20232409

Sharp P, Tandy S, Yamaji S, Tennant J, Williams M, Singh Srai SK. Rapid regulation of divalent
metal transporter (DMT1) protein but not mMRNA expression by non-haem iron in human intestinal
Caco-2 cells. FEBS Lett. 2002;510(1-2):71-6. hitps://doi.org/10.1016/s0014-5793(01)03225-2 PMID:
11755534

Galy B, Ferring-Appel D, Kaden S, Gréne H-J, Hentze MW. Iron regulatory proteins are essen-
tial for intestinal function and control key iron absorption molecules in the duodenum. Cell Metab.
2008;7(1):79-85. https://doi.org/10.1016/j.cmet.2007.10.006 PMID: 18177727

Galy B, Conrad M, Muckenthaler M. Mechanisms controlling cellular and systemic iron homeosta-
sis. Nat Rev Mol Cell Biol. 2024;25(2):133-55. https://doi.org/10.1038/s41580-023-00648-1 PMID:
37783783

Masison J, Mendes P. Modeling the iron storage protein ferritin reveals how residual ferrihydrite iron
determines initial ferritin iron sequestration kinetics. PLoS One. 2023;18(2):€0281401. hitps://doi.
org/10.1371/journal.pone.0281401 PMID: 36745660

Cowan AE, Mendes P, Blinov ML. ModelBricks-modules for reproducible modeling improving model
annotation and provenance. NPJ Syst Biol Appl. 2019;5:37. https://doi.org/10.1038/s41540-019-0114-3
PMID: 31602314

Bergmann FT, Hoops S, Klahn B, Kummer U, Mendes P, Pahle J, et al. COPASI and its applications
in biotechnology. J Biotechnol. 2017;261:215-20. https://doi.org/10.1016/j.jbiotec.2017.06.1200 PMID:
28655634

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, et al. COPASI--a COmplex PAthway SIm-
ulator. Bioinformatics. 2006;22(24):3067—74. https://doi.org/10.1093/bioinformatics/btl485 PMID:
17032683

Mendes P. GEPASI: a software package for modelling the dynamics, steady states and control of
biochemical and other systems. Comput Appl Biosci. 1993;9(5):563-71. hitps://doi.org/10.1093/bioin-
formatics/9.5.563 PMID: 8293329

Esparza A, Gerdtzen ZP, Olivera-Nappa A, Salgado JC, Nufez MT. Iron-induced reactive oxygen
species mediate transporter DMT1 endocytosis and iron uptake in intestinal epithelial cells. Am
J Physiol Cell Physiol. 2015;309(8):C558-67. https://doi.org/10.1152/ajpcell.00412.2014 PMID:
26289753

MaY, Specian RD, Yeh K-Y, Yeh M, Rodriguez-Paris J, Glass J. The transcytosis of divalent metal
transporter 1 and apo-transferrin during iron uptake in intestinal epithelium. Am J Physiol Gastrointest
Liver Physiol. 2002;283(4):G965-74. https://doi.org/10.1152/ajpgi.00005.2002 PMID: 12223357

Tandy S, Williams M, Leggett A, Lopez-Jimenez M, Dedes M, Ramesh B, et al. Nramp2 expression is
associated with pH-dependent iron uptake across the apical membrane of human intestinal Caco-2
cells. J Biol Chem. 2000;275(2):1023-9. https://doi.org/10.1074/jbc.275.2.1023 PMID: 10625641

Colins A, Gerdtzen ZP, Nufiez MT, Salgado JC. Mathematical Modeling of Intestinal Iron Absorp-
tion Using Genetic Programming. PLoS One. 2017;12(1):e0169601. https://doi.org/10.1371/journal.
pone.0169601 PMID: 28072870

Alvarez-Hernandez X, Nichols GM, Glass J. Caco-2 cell line: a system for studying intestinal iron
transport across epithelial cell monolayers. Biochim Biophys Acta. 1991;1070(1):205-8. hitps://doi.
0rg/10.1016/0005-2736(91)90165-5 PMID: 1751528

Au AP, Reddy MB. Caco-2 cells can be used to assess human iron bioavailability from a semipurified
meal. J Nutr. 2000;130(5):1329-34. https://doi.org/10.1093/jn/130.5.1329 PMID: 10801938

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 25/29



https://doi.org/10.1371/journal.pone.0218123
http://www.ncbi.nlm.nih.gov/pubmed/31181103
https://doi.org/10.1136/gut.52.3.340
http://www.ncbi.nlm.nih.gov/pubmed/12584213
http://www.ncbi.nlm.nih.gov/pubmed/16819431
https://doi.org/10.1016/j.cmet.2010.08.003
https://doi.org/10.1016/j.cmet.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20816093
https://doi.org/10.1002/biof.84
https://doi.org/10.1002/biof.84
http://www.ncbi.nlm.nih.gov/pubmed/20232409
https://doi.org/10.1016/s0014-5793(01)03225-2
http://www.ncbi.nlm.nih.gov/pubmed/11755534
https://doi.org/10.1016/j.cmet.2007.10.006
http://www.ncbi.nlm.nih.gov/pubmed/18177727
https://doi.org/10.1038/s41580-023-00648-1
http://www.ncbi.nlm.nih.gov/pubmed/37783783
https://doi.org/10.1371/journal.pone.0281401
https://doi.org/10.1371/journal.pone.0281401
http://www.ncbi.nlm.nih.gov/pubmed/36745660
https://doi.org/10.1038/s41540-019-0114-3
http://www.ncbi.nlm.nih.gov/pubmed/31602314
https://doi.org/10.1016/j.jbiotec.2017.06.1200
http://www.ncbi.nlm.nih.gov/pubmed/28655634
https://doi.org/10.1093/bioinformatics/btl485
http://www.ncbi.nlm.nih.gov/pubmed/17032683
https://doi.org/10.1093/bioinformatics/9.5.563
https://doi.org/10.1093/bioinformatics/9.5.563
http://www.ncbi.nlm.nih.gov/pubmed/8293329
https://doi.org/10.1152/ajpcell.00412.2014
http://www.ncbi.nlm.nih.gov/pubmed/26289753
https://doi.org/10.1152/ajpgi.00005.2002
http://www.ncbi.nlm.nih.gov/pubmed/12223357
https://doi.org/10.1074/jbc.275.2.1023
http://www.ncbi.nlm.nih.gov/pubmed/10625641
https://doi.org/10.1371/journal.pone.0169601
https://doi.org/10.1371/journal.pone.0169601
http://www.ncbi.nlm.nih.gov/pubmed/28072870
https://doi.org/10.1016/0005-2736(91)90165-5
https://doi.org/10.1016/0005-2736(91)90165-5
http://www.ncbi.nlm.nih.gov/pubmed/1751528
https://doi.org/10.1093/jn/130.5.1329
http://www.ncbi.nlm.nih.gov/pubmed/10801938

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Arredondo M, Mufioz P, Mura CV, Nufiez MT. HFE inhibits apical iron uptake by intestinal epi-
thelial (Caco-2) cells. FASEB J. 2001;15(7):1276-8. https://doi.org/10.1096/f].00-0578fje PMID:
11344112

Galy B, Ferring-Appel D, Becker C, Gretz N, Gréne H-J, Schiimann K| et al. Iron regulatory pro-
teins control a mucosal block to intestinal iron absorption. Cell Rep. 2013;3(3):844-57. hitps://doi.
org/10.1016/j.celrep.2013.02.026 PMID: 23523353

Oates PS. The relevance of the intestinal crypt and enterocyte in regulating iron absorption. Pflugers
Arch. 2007;455(2):201-13. https://doi.org/10.1007/s00424-007-0264-9 PMID: 17473933

Kholodenko BN. How do external parameters control fluxes and concentrations of metabolites? An
additional relationship in the theory of metabolic control. FEBS Lett. 1988;232(2):383-6. hitps://doi.
org/10.1016/0014-5793(88)80775-0 PMID: 3378629

Ma, Yeh M, Yeh K-V, Glass J. Iron Imports. V. Transport of iron through the intestinal epithelium. Am
J Physiol Gastrointest Liver Physiol. 2006;290(3):G417-22. https://doi.org/10.1152/ajpgi.00489.2005
PMID: 16474007

Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, et al. Cloning and character-
ization of a mammalian proton-coupled metal-ion transporter. Nature. 1997;388(6641):482-8. https://
doi.org/10.1038/41343 PMID: 9242408

Arosio P, Elia L, Poli M. Ferritin, cellular iron storage and regulation. [IUBMB Life. 2017;69(6):414-22.
https://doi.org/10.1002/iub.1621 PMID: 28349628

Fischbach FA, Anderegg JW. An x-ray scattering study of ferritin and apoferritin. J Mol Biol.
1965;14(2):458-73. https://doi.org/10.1016/s0022-2836(65)80196-6 PMID: 5880863

Arosio P, Ingrassia R, Cavadini P. Ferritins: a family of molecules for iron storage, antioxidation and
more. Biochim Biophys Acta. 2009;1790(7):589-99. https://doi.org/10.1016/j.bbagen.2008.09.004
PMID: 18929623

Plays M, Mdiller S, Rodriguez R. Chemistry and biology of ferritin. Metallomics. 2021;13(5):mfab021.
https://doi.org/10.1093/mtomcs/mfab021 PMID: 33881539

Liu X, Theil EC. Ferritin reactions: direct identification of the site for the diferric peroxide reaction inter-
mediate. Proc Natl Acad Sci U S A. 2004;101(23):8557—-62. https://doi.org/10.1073/pnas.0401146101
PMID: 15166287

Sun S, Chasteen ND. Ferroxidase kinetics of horse spleen apoferritin. Journal of Biological Chemistry.
1992;267(35):25160-6. https://doi.org/10.1016/s0021-9258(19)74019-8

Zhao G, Bou-Abdallah F, Arosio P, Levi S, Janus-Chandler C, Chasteen ND. Multiple pathways
for mineral core formation in mammalian apoferritin. The role of hydrogen peroxide. Biochemistry.
2003;42(10):3142-50. https://doi.org/10.1021/bi027357v PMID: 12627982

Chandramouli B, Bernacchioni C, Di Maio D, Turano P, Brancato G. Electrostatic and Structural Bases
of Fe2+ Translocation through Ferritin Channels. J Biol Chem. 2016;291(49):25617-28. https://doi.
org/10.1074/jbc.M116.748046 PMID: 27756844

Bou-Abdallah F. The iron redox and hydrolysis chemistry of the ferritins. Biochim Biophys Acta.
2010;1800(8):719-31. https://doi.org/10.1016/j.bbagen.2010.03.021 PMID: 20382203

Narayanan S, Shahbazian-Yassar R, Shokuhfar T. Transmission electron microscopy of the iron oxide
core in ferritin proteins: current status and future directions. J Phys D: Appl Phys. 2019;52(45):453001.
https://doi.org/10.1088/1361-6463/ab353b

Kidane TZ, Sauble E, Linder MC. Release of iron from ferritin requires lysosomal activity. Am J Physiol
Cell Physiol. 2006;291(3):C445-55. https://doi.org/10.1152/ajpcell.00505.2005 PMID: 16611735

Santana-Codina N, Mancias JD. The Role of NCOA4-Mediated Ferritinophagy in Health and Disease.
Pharmaceuticals (Basel). 2018;11(4):114. hitps://doi.org/10.3390/ph11040114 PMID: 30360520

Li C, Donizelli M, Rodriguez N, Dharuri H, Endler L, Chelliah V, et al. BioModels Database: An
enhanced, curated and annotated resource for published quantitative kinetic models. BMC Syst Biol.
2010;4:92. hitps://doi.org/10.1186/1752-0509-4-92 PMID: 20587024

Tosha T, Hasan MR, Theil EC. The ferritin Fe2 site at the diiron catalytic center controls the reaction
with O2 in the rapid mineralization pathway. Proc Natl Acad Sci U S A. 2008;105(47):18182-7. https://
doi.org/10.1073/pnas.0805083105 PMID: 19011101

Mitchell S, Mendes P. A computational model of liver iron metabolism. PLoS Comput Biol.
2013;9(11):e1003299. https://doi.org/10.1371/journal.pcbi. 1003299 PMID: 24244122

Pinnix ZK, Miller LD, Wang W, DAgostino R Jr, Kute T, Willingham MC, et al. Ferroportin and Iron
Regulation in Breast Cancer Progression and Prognosis. Sci Transl Med. 2010;2(43):. https://doi.
org/10.1126/scitransimed.3001127

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 26/29



https://doi.org/10.1096/fj.00-0578fje
http://www.ncbi.nlm.nih.gov/pubmed/11344112
https://doi.org/10.1016/j.celrep.2013.02.026
https://doi.org/10.1016/j.celrep.2013.02.026
http://www.ncbi.nlm.nih.gov/pubmed/23523353
https://doi.org/10.1007/s00424-007-0264-9
http://www.ncbi.nlm.nih.gov/pubmed/17473933
https://doi.org/10.1016/0014-5793(88)80775-0
https://doi.org/10.1016/0014-5793(88)80775-0
http://www.ncbi.nlm.nih.gov/pubmed/3378629
https://doi.org/10.1152/ajpgi.00489.2005
http://www.ncbi.nlm.nih.gov/pubmed/16474007
https://doi.org/10.1038/41343
https://doi.org/10.1038/41343
http://www.ncbi.nlm.nih.gov/pubmed/9242408
https://doi.org/10.1002/iub.1621
http://www.ncbi.nlm.nih.gov/pubmed/28349628
https://doi.org/10.1016/s0022-2836(65)80196-6
http://www.ncbi.nlm.nih.gov/pubmed/5880863
https://doi.org/10.1016/j.bbagen.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18929623
https://doi.org/10.1093/mtomcs/mfab021
http://www.ncbi.nlm.nih.gov/pubmed/33881539
https://doi.org/10.1073/pnas.0401146101
http://www.ncbi.nlm.nih.gov/pubmed/15166287
https://doi.org/10.1016/s0021-9258(19)74019-8
https://doi.org/10.1021/bi027357v
http://www.ncbi.nlm.nih.gov/pubmed/12627982
https://doi.org/10.1074/jbc.M116.748046
https://doi.org/10.1074/jbc.M116.748046
http://www.ncbi.nlm.nih.gov/pubmed/27756844
https://doi.org/10.1016/j.bbagen.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20382203
https://doi.org/10.1088/1361-6463/ab353b
https://doi.org/10.1152/ajpcell.00505.2005
http://www.ncbi.nlm.nih.gov/pubmed/16611735
https://doi.org/10.3390/ph11040114
http://www.ncbi.nlm.nih.gov/pubmed/30360520
https://doi.org/10.1186/1752-0509-4-92
http://www.ncbi.nlm.nih.gov/pubmed/20587024
https://doi.org/10.1073/pnas.0805083105
https://doi.org/10.1073/pnas.0805083105
http://www.ncbi.nlm.nih.gov/pubmed/19011101
https://doi.org/10.1371/journal.pcbi.1003299
http://www.ncbi.nlm.nih.gov/pubmed/24244122
https://doi.org/10.1126/scitranslmed.3001127
https://doi.org/10.1126/scitranslmed.3001127

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Li S, Yang Y, Li W. Human ferroportin mediates proton-coupled active transport of iron. Blood Adv.
2020;4(19):4758-68. https://doi.org/10.1182/bloodadvances.2020001864 PMID: 33007076

Wang J, Pantopoulos K. Regulation of cellular iron metabolism. Biochem J. 2011;434(3):365-81.
https://doi.org/10.1042/BJ20101825 PMID: 21348856

Vogt A-CS, Arsiwala T, Mohsen M, Vogel M, Manolova V, Bachmann MF. On Iron Metabolism and lts
Regulation. Int J Mol Sci. 2021;22(9):4591. https://doi.org/10.3390/ijms22094591 PMID: 33925597

Qiao B, Sugianto P, Fung E, Del-Castillo-Rueda A, Moran-Jimenez M-J, Ganz T, et al. Hepcidin-
induced endocytosis of ferroportin is dependent on ferroportin ubiquitination. Cell Metab.
2012;15(6):918-24. https://doi.org/10.1016/j.cmet.2012.03.018 PMID: 22682227

Eady JJ, Wormstone YM, Heaton SJ, Hilhorst B, Elliott RM. Differential effects of basolateral and api-
cal iron supply on iron transport in Caco-2 cells. Genes Nutr. 2015;10(3):463. https://doi.org/10.1007/
s12263-015-0463-5 PMID: 25896409

Kondaiah P, Sharp PA, Pullakhandam R. Zinc induces iron egress from intestinal Caco-2 cells via
induction of Hephaestin: A role for PI3K in intestinal iron absorption. Biochem Biophys Res Commun.
2020;523: 987-92. https://doi.org/10.1016/j.bbrc.2020.01.023

Khan MA, Walden WE, Theil EC, Goss DJ. Thermodynamic and Kinetic Analyses of Iron Response
Element (IRE)-mRNA Binding to Iron Regulatory Protein, IRP1. Sci Rep. 2017;7(1):8532. hitps://doi.
0rg/10.1038/s41598-017-09093-5 PMID: 28819260

Bouton C, Raveau M, Drapier JC. Modulation of iron regulatory protein functions. Further insights into
the role of nitrogen- and oxygen-derived reactive species. J Biol Chem. 1996;271(4):2300-6. https://
doi.org/10.1074/jbc.271.4.2300 PMID: 8567693

Selezneva Al, Cavigiolio G, Theil EC, Walden WE, Volz K. Crystallization and preliminary X-ray dif-
fraction analysis of iron regulatory protein 1 in complex with ferritin IRE RNA. Acta Crystallogr Sect F
Struct Biol Cryst Commun. 2006;62(Pt 3):249-52. https://doi.org/10.1107/S1744309106004192 PMID:
16511314

Garza KR, Clarke SL, Ho Y-H, Bruss MD, Vasanthakumar A, Anderson SA, et al. Differential trans-
lational control of 5" IRE-containing mRNA in response to dietary iron deficiency and acute iron
overload. Metallomics. 2020;12(12):2186-98. https://doi.org/10.1039/d0mt00192a PMID: 33325950

Ma J, Haldar S, Khan MA, Sharma SD, Merrick WC, Theil EC, et al. Fe2+ binds iron responsive
element-RNA, selectively changing protein-binding affinities and regulating mRNA repression and
activation. Proc Natl Acad Sci U S A. 2012;109(22):8417-22. https://doi.org/10.1073/pnas. 1120045109
PMID: 22586079

Hentze MW, Caughman SW, Rouault TA, Barriocanal JG, Dancis A, Harford JB, et al. Identification
of the iron-responsive element for the translational regulation of human ferritin mRNA. Science.
1987;238(4833):1570-3. hitps://doi.org/10.1126/science.3685996 PMID: 3685996

Anderson GJ, Frazer DM, McLaren GD. Iron absorption and metabolism. Curr Opin Gastroenterol.
2009;25(2):129-35. https://doi.org/10.1097/MOG.0b013e32831ef1f7 PMID: 19528880

Haile DJ, Rouault TA, Tang CK, Chin J, Harford JB, Klausner RD. Reciprocal control of RNA-binding
and aconitase activity in the regulation of the iron-responsive element binding protein: role of

the iron-sulfur cluster. Proc Natl Acad Sci U S A. 1992;89(16):7536—40. hitps://doi.org/10.1073/
pnas.89.16.7536 PMID: 1502165

Brazzolotto X, Gaillard J, Pantopoulos K, Hentze MW, Moulis JM. Human cytoplasmic aconitase
(Iron regulatory protein 1) is converted into its [3Fe-4S] form by hydrogen peroxide in vitro but is
not activated for iron-responsive element binding. J Biol Chem. 1999;274(31):21625-30. https://doi.
org/10.1074/jbc.274.31.21625 PMID: 10419470

Klausner RD, Rouault TA. A double life: cytosolic aconitase as a regulatory RNA binding protein. Mol
Biol Cell. 1993;4(1):1-5. https://doi.org/10.1091/mbc.4.1.1 PMID: 8443405

Guo B, Phillips JD, Yu'Y, Leibold EA. Iron regulates the intracellular degradation of iron regula-

tory protein 2 by the proteasome. J Biol Chem. 1995;270(37):21645-51. https://doi.org/10.1074/
bc.270.37.21645 PMID: 7665579

Terzi EM, Sviderskiy VO, Alvarez SW, Whiten GC, Possemato R. Iron-sulfur cluster deficiency can be
sensed by IRP2 and regulates iron homeostasis and sensitivity to ferroptosis independent of IRP1
and FBXL5. Sci Adv. 2021;7(22):eabg4302. https://doi.org/10.1126/sciadv.abg4302 PMID: 34039609
Wang H, Shi H, Rajan M, Canarie ER, Hong S, Simoneschi D, et al. FBXL5 Regulates IRP2 Stability
in Iron Homeostasis via an Oxygen-Responsive [2Fe2S] Cluster. Mol Cell. 2020;78(1):31-41.e5.
https://doi.org/10.1016/j.molcel.2020.02.011 PMID: 32126207

Johnson G, Jacobs P, Purves LR. Iron binding proteins of iron-absorbing rat intestinal mucosa. J Clin
Invest. 1983;71(5):1467-76. hitps://doi.org/10.1172/jci110900 PMID: 6853722

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 27 /29



https://doi.org/10.1182/bloodadvances.2020001864
http://www.ncbi.nlm.nih.gov/pubmed/33007076
https://doi.org/10.1042/BJ20101825
http://www.ncbi.nlm.nih.gov/pubmed/21348856
https://doi.org/10.3390/ijms22094591
http://www.ncbi.nlm.nih.gov/pubmed/33925597
https://doi.org/10.1016/j.cmet.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22682227
https://doi.org/10.1007/s12263-015-0463-5
https://doi.org/10.1007/s12263-015-0463-5
http://www.ncbi.nlm.nih.gov/pubmed/25896409
https://doi.org/10.1016/j.bbrc.2020.01.023
https://doi.org/10.1038/s41598-017-09093-5
https://doi.org/10.1038/s41598-017-09093-5
http://www.ncbi.nlm.nih.gov/pubmed/28819260
https://doi.org/10.1074/jbc.271.4.2300
https://doi.org/10.1074/jbc.271.4.2300
http://www.ncbi.nlm.nih.gov/pubmed/8567693
https://doi.org/10.1107/S1744309106004192
http://www.ncbi.nlm.nih.gov/pubmed/16511314
https://doi.org/10.1039/d0mt00192a
http://www.ncbi.nlm.nih.gov/pubmed/33325950
https://doi.org/10.1073/pnas.1120045109
http://www.ncbi.nlm.nih.gov/pubmed/22586079
https://doi.org/10.1126/science.3685996
http://www.ncbi.nlm.nih.gov/pubmed/3685996
https://doi.org/10.1097/MOG.0b013e32831ef1f7
http://www.ncbi.nlm.nih.gov/pubmed/19528880
https://doi.org/10.1073/pnas.89.16.7536
https://doi.org/10.1073/pnas.89.16.7536
http://www.ncbi.nlm.nih.gov/pubmed/1502165
https://doi.org/10.1074/jbc.274.31.21625
https://doi.org/10.1074/jbc.274.31.21625
http://www.ncbi.nlm.nih.gov/pubmed/10419470
https://doi.org/10.1091/mbc.4.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8443405
https://doi.org/10.1074/jbc.270.37.21645
https://doi.org/10.1074/jbc.270.37.21645
http://www.ncbi.nlm.nih.gov/pubmed/7665579
https://doi.org/10.1126/sciadv.abg4302
http://www.ncbi.nlm.nih.gov/pubmed/34039609
https://doi.org/10.1016/j.molcel.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32126207
https://doi.org/10.1172/jci110900
http://www.ncbi.nlm.nih.gov/pubmed/6853722

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Parmar JH, Davis G, Shevchuk H, Mendes P. Modeling the dynamics of mouse iron body distribution:
hepcidin is necessary but not sufficient. BMC Syst Biol. 2017;11(1):57. hitps://doi.org/10.1186/s12918-
017-0431-3 PMID: 28521769

Parmar JH, Mendes P. A computational model to understand mouse iron physiology and disease.
PLoS Comput Biol. 2019;15(1):e1006680. https://doi.org/10.1371/journal.pcbi. 1006680 PMID:
30608934

Oates PS, Thomas C, Freitas E, Callow MJ, Morgan EH. Gene expression of divalent metal trans-
porter 1 and transferrin receptor in duodenum of Belgrade rats. Am J Physiol Gastrointest Liver
Physiol. 2000;278(6):G930-6. https://doi.org/10.1152/ajpgi.2000.278.6.G930 PMID: 10859223

Mackenzie B, Garrick MD. Iron Imports. Il. Iron uptake at the apical membrane in the intestine. Am
J Physiol Gastrointest Liver Physiol. 2005;289(6):G981-6. https://doi.org/10.1152/ajpgi.00363.2005
PMID: 16286504

Shah YM, Matsubara T, Ito S, Yim S-H, Gonzalez RJ. Intestinal hypoxia-inducible transcription factors
are essential for iron absorption following iron deficiency. Cell Metab. 2009;9(2):152—64. hitps://doi.
org/10.1016/j.cmet.2008.12.012 PMID: 19147412

Mastrogiannaki M, Matak P, Mathieu JRR, Delga S, Mayeux P, Vaulont S, et al. Hepatic hypoxia-
inducible factor-2 down-regulates hepcidin expression in mice through an erythropoietin-mediated
increase in erythropoiesis. Haematologica. 2012;97(6):827-34. https://doi.org/10.3324/haema-
t0l.2011.056119 PMID: 22207682

Hubert N, Hentze MW. Previously uncharacterized isoforms of divalent metal transporter (DMT)-1:
implications for regulation and cellular function. Proc Natl Acad Sci U S A. 2002;99(19):12345-50.
https://doi.org/10.1073/pnas.192423399 PMID: 12209011

Johnson DM, Yamaji S, Tennant J, Srai SK, Sharp PA. Regulation of divalent metal transporter
expression in human intestinal epithelial cells following exposure to non-haem iron. FEBS Lett.
2005;579(9):1923-9. hitps://doi.org/10.1016/j.febslet.2005.02.035 PMID: 15792797

Zoller H, Koch RO, Theurl |, Obrist P, Pietrangelo A, Montosi G, et al. Expression of the duodenal
iron transporters divalent-metal transporter 1 and ferroportin 1 in iron deficiency and iron overload.
Gastroenterology. 2001;120(6):1412-9. https://doi.org/10.1053/gast.2001.24033 PMID: 11313311

Zhang D-L, Hughes RM, Ollivierre-Wilson H, Ghosh MC, Rouault TA. A ferroportin transcript that
lacks an iron-responsive element enables duodenal and erythroid precursor cells to evade transla-
tional repression. Cell Metab. 2009;9(5):461-73. hitps://doi.org/10.1016/j.cmet.2009.03.006 PMID:
19416716

Pantopoulos K, Gray NK, Hentze MW. Differential regulation of two related RNA-binding proteins, iron
regulatory protein (IRP) and IRPB. RNA. 1995;1(2):155-63. PMID: 7585245

Zhang D-L, Ghosh MC, Rouault TA. The physiological functions of iron regulatory proteins in iron
homeostasis - an update. Front Pharmacol. 2014;5124. https://doi.org/10.3389/fphar.2014.00124
PMID: 24982634

Wang W, Di X, DAgostino RB Jr, Torti SV, Torti FM. Excess capacity of the iron regulatory protein sys-
tem. J Biol Chem. 2007;282(34):24650-9. https://doi.org/10.1074/jbc.M703167200 PMID: 17604281

Meyron-Holtz EG, Ghosh MC, Iwai K, LaVaute T, Brazzolotto X, Berger UV, et al. Genetic ablations
of iron regulatory proteins 1 and 2 reveal why iron regulatory protein 2 dominates iron homeostasis.
EMBO J. 2004;23(2):386-95. https://doi.org/10.1038/sj.emboj.7600041 PMID: 14726953

Galy B, Ferring D, Minana B, Bell O, Janser HG, Muckenthaler M, et al. Altered body iron distribution
and microcytosis in mice deficient in iron regulatory protein 2 (IRP2). Blood. 2005;106(7):2580-9.
https://doi.org/10.1182/blood-2005-04-1365 PMID: 15956281

LaVaute T, Smith S, Cooperman S, Iwai K, Land W, Meyron-Holtz E, et al. Targeted deletion of the
gene encoding iron regulatory protein-2 causes misregulation of iron metabolism and neurodegener-
ative disease in mice. Nat Genet. 2001;27(2):209—-14. https://doi.org/10.1038/84859 PMID: 11175792

Cooperman SS, Meyron-Holtz EG, Olivierre-Wilson H, Ghosh MC, McConnell JP, Rouault TA. Micro-
cytic anemia, erythropoietic protoporphyria, and neurodegeneration in mice with targeted deletion
of iron-regulatory protein 2. Blood. 2005;106(3):1084-91. hitps://doi.org/10.1182/blood-2004-12-4703
PMID: 15831703

Kennedy MC, Emptage MH, Dreyer JL, Beinert H. The role of iron in the activation-inactivation
of aconitase. Journal of Biological Chemistry. 1983;258(18):11098—105. https://doi.org/10.1016/
s0021-9258(17)44390-0

Khan MA, Walden WE, Goss DJ, Theil EC. Direct Fe2+ sensing by iron-responsive messenger
RNA:repressor complexes weakens binding. J Biol Chem. 2009;284(44):30122—-8. https://doi.
org/10.1074/jbc.M109.041061 PMID: 19720833

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 28/29



https://doi.org/10.1186/s12918-017-0431-3
https://doi.org/10.1186/s12918-017-0431-3
http://www.ncbi.nlm.nih.gov/pubmed/28521769
https://doi.org/10.1371/journal.pcbi.1006680
http://www.ncbi.nlm.nih.gov/pubmed/30608934
https://doi.org/10.1152/ajpgi.2000.278.6.G930
http://www.ncbi.nlm.nih.gov/pubmed/10859223
https://doi.org/10.1152/ajpgi.00363.2005
http://www.ncbi.nlm.nih.gov/pubmed/16286504
https://doi.org/10.1016/j.cmet.2008.12.012
https://doi.org/10.1016/j.cmet.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19147412
https://doi.org/10.3324/haematol.2011.056119
https://doi.org/10.3324/haematol.2011.056119
http://www.ncbi.nlm.nih.gov/pubmed/22207682
https://doi.org/10.1073/pnas.192423399
http://www.ncbi.nlm.nih.gov/pubmed/12209011
https://doi.org/10.1016/j.febslet.2005.02.035
http://www.ncbi.nlm.nih.gov/pubmed/15792797
https://doi.org/10.1053/gast.2001.24033
http://www.ncbi.nlm.nih.gov/pubmed/11313311
https://doi.org/10.1016/j.cmet.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19416716
http://www.ncbi.nlm.nih.gov/pubmed/7585245
https://doi.org/10.3389/fphar.2014.00124
http://www.ncbi.nlm.nih.gov/pubmed/24982634
https://doi.org/10.1074/jbc.M703167200
http://www.ncbi.nlm.nih.gov/pubmed/17604281
https://doi.org/10.1038/sj.emboj.7600041
http://www.ncbi.nlm.nih.gov/pubmed/14726953
https://doi.org/10.1182/blood-2005-04-1365
http://www.ncbi.nlm.nih.gov/pubmed/15956281
https://doi.org/10.1038/84859
http://www.ncbi.nlm.nih.gov/pubmed/11175792
https://doi.org/10.1182/blood-2004-12-4703
http://www.ncbi.nlm.nih.gov/pubmed/15831703
https://doi.org/10.1016/s0021-9258(17)44390-0
https://doi.org/10.1016/s0021-9258(17)44390-0
https://doi.org/10.1074/jbc.M109.041061
https://doi.org/10.1074/jbc.M109.041061
http://www.ncbi.nlm.nih.gov/pubmed/19720833

PLOS COMPUTATIONAL BIOLOGY Mathematical model of enterocyte iron absorption block

94. Phillips JD, Guo B, Yu'Y, Brown FM, Leibold EA. Expression and biochemical characterization of
iron regulatory proteins 1 and 2 in Saccharomyces cerevisiae. Biochemistry. 1996;35(49):15704—14.
https://doi.org/10.1021/bi960653| PMID: 8961933

95. Narahari J, Ma R, Wang M, Walden WE. The aconitase function of iron regulatory protein
1. Genetic studies in yeast implicate its role in iron-mediated redox regulation. J Biol Chem.
2000;275(21):16227-34. https://doi.org/10.1074/jbc.M910450199 PMID: 10748225

96. Goforth JB, Anderson SA, Nizzi CP, Eisenstein RS. Multiple determinants within iron-responsive
elements dictate iron regulatory protein binding and regulatory hierarchy. RNA. 2010;16(1):154—69.
https://doi.org/10.1261/rna.1857210 PMID: 19939970

97. Barton HA, Eisenstein RS, Bomford A, Munro HN. Determinants of the interaction between the
iron-responsive element-binding protein and its binding site in rat L-ferritin mRNA. Journal of Biologi-
cal Chemistry. 1990;265(12):7000-8. https://doi.org/10.1016/s0021-9258(19)39250-6

98. Bergmann FT. BASICO: A simplified Python interface to COPASI. JOSS. 2023;8(90):5553. https://
doi.org/10.21105/joss.05553

99. Funahashi A, Morohashi M, Kitano H, Tanimura N. CellDesigner: a process diagram editor for
gene-regulatory and biochemical networks. BIOSILICO. 2003;1(5):159-62. hitps://doi.org/10.1016/
s$1478-5382(03)02370-9

100. Novére NL, Hucka M, Mi H, Moodie S, Schreiber F, Sorokin A, et al. The Systems Biology Graphical
Notation. Nat Biotechnol. 2009;27(8):735—41. https://doi.org/10.1038/nbt. 1558

101. Rougny A, Touré V, Moodie S, Balaur |, Czauderna T, Borlinghaus H, et al. Systems Biology
Graphical Notation: Process Description language Level 1 Version 2.0. J Integr Bioinform.
2019;16(2):20190022. https://doi.org/10.1515/jib-2019-0022 PMID: 31199769

102. Vulpe CD, Kuo YM, Murphy TL, Cowley L, Askwith C, Libina N, et al. Hephaestin, a ceruloplas-
min homologue implicated in intestinal iron transport, is defective in the sla mouse. Nat Genet.
1999;21(2):195-9. https://doi.org/10.1038/5979 PMID: 9988272

103. Chen H, Su T, Attieh ZK, Fox TC, McKie AT, Anderson GJ, et al. Systemic regulation of Hephaestin
and Ireg1 revealed in studies of genetic and nutritional iron deficiency. Blood. 2003;102(5):1893-9.
https://doi.org/10.1182/blood-2003-02-0347 PMID: 12730111

104. Smith MW, Debnam ES, Dashwood MR, Srai SK. Structural and cellular adaptation of duodenal iron
uptake in rats maintained on an iron-deficient diet. Pflugers Arch. 2000;439(4):449-54. https://doi.
org/10.1007/s004249900193 PMID: 10678741

105. Salgado JC, Olivera-Nappa A, Gerdtzen ZP, Tapia V, Theil EC, Conca C, et al. Mathematical model-

ing of the dynamic storage of iron in ferritin. BMC Syst Biol. 2010;4:147. https://doi.org/10.1186/1752-
0509-4-147 PMID: 21047430

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012374 March 7, 2025 29/29



https://doi.org/10.1021/bi960653l
http://www.ncbi.nlm.nih.gov/pubmed/8961933
https://doi.org/10.1074/jbc.M910450199
http://www.ncbi.nlm.nih.gov/pubmed/10748225
https://doi.org/10.1261/rna.1857210
http://www.ncbi.nlm.nih.gov/pubmed/19939970
https://doi.org/10.1016/s0021-9258(19)39250-6
https://doi.org/10.21105/joss.05553
https://doi.org/10.21105/joss.05553
https://doi.org/10.1016/s1478-5382(03)02370-9
https://doi.org/10.1016/s1478-5382(03)02370-9
https://doi.org/10.1038/nbt.1558
https://doi.org/10.1515/jib-2019-0022
http://www.ncbi.nlm.nih.gov/pubmed/31199769
https://doi.org/10.1038/5979
http://www.ncbi.nlm.nih.gov/pubmed/9988272
https://doi.org/10.1182/blood-2003-02-0347
http://www.ncbi.nlm.nih.gov/pubmed/12730111
https://doi.org/10.1007/s004249900193
https://doi.org/10.1007/s004249900193
http://www.ncbi.nlm.nih.gov/pubmed/10678741
https://doi.org/10.1186/1752-0509-4-147
https://doi.org/10.1186/1752-0509-4-147
http://www.ncbi.nlm.nih.gov/pubmed/21047430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

