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Deficiencies of the transmembrane iron-transporting protein ferroportin (FPN1) cause
the iron misdistribution that underlies ferroportin disease, anemia of inflammation,
and several other human diseases and conditions. A small molecule natural product,
hinokitiol, was recently shown to serve as a surrogate transmembrane iron transporter
that can restore hemoglobinization in zebrafish deficient in other iron transporting pro-
teins and can increase gut iron absorption in FPN1-deficient flatiron mice. However,
whether hinokitiol can restore normal iron physiology in FPN1-deficient animals or
primary cells from patients and the mechanisms underlying such targeted activities
remain unknown. Here, we show that hinokitiol redistributes iron from the liver to red
blood cells in flatiron mice, thereby increasing hemoglobin and hematocrit. Mechanistic
studies confirm that hinokitiol functions as a surrogate transmembrane iron transporter
to release iron trapped within liver macrophages, that hinokitiol-Fe complexes transfer
iron to transferrin, and that the resulting transferrin-Fe complexes drive red blood
cell maturation in a transferrin-receptor–dependent manner. We also show in FPN1-
deficient primary macrophages derived from patients with ferroportin disease that hino-
kitiol moves labile iron from inside to outside cells and decreases intracellular ferritin
levels. The mobilization of nonlabile iron is accompanied by reductions in intracellular
ferritin, consistent with the activation of regulated ferritin proteolysis. These findings
collectively provide foundational support for the translation of small molecule iron
transporters into therapies for human diseases caused by iron misdistribution.

hinokitiol j iron misdistribution j ferroportin disease j iron redistribution j hemoglobinization

FPN1 is a 12-transmembrane helix protein present in the plasma membrane and is the
only known cellular iron exporter identified in mammals (1–3). It plays a key role in
iron recycling by releasing iron from the reticuloendothelial system including liver and
spleen macrophages following erythrophagocytosis. FPN1 is regulated posttranslation-
ally by hepcidin, a peptide hormone that induces the internalization and degradation
of FPN1 (4). Loss of FPN1 function due to genetic deficiency or dysregulation of hep-
cidin thus causes systemic iron misdistribution marked by iron accumulation in the
liver and iron deficiency in bone marrow leading to anemia (5, 6) (Fig. 1A). This path-
ophysiology is commonly found in a range of human diseases that are driven by FPN1
dysfunction (7–10). Loss-of-function mutations in the FPN1 gene cause ferroportin
disease (FD) (11), which is characterized by mild anemia with liver iron overload (12).
Induced FPN1 deficiencies caused by hepcidin dysregulation underlie the genetic dis-
ease iron refractory iron deficiency anemia (13) as well as anemia of inflammation, a
condition found in millions of patients worldwide, including those with chronic kidney
disease (14), rheumatoid arthritis (15), lupus (16), inflammatory bowel disease (17),
diabetes (18), cardiovascular disease (19), cystic fibrosis (20), cancer (21), and aging
(22). As with many human diseases caused by loss of protein function, these conditions
are still treated primarily with suboptimal therapies that fail to address the underlying
functional defect, including regular venesection (23) and/or iron chelators (24, 25). In
the present study, we envisioned an alternative approach in which a small molecule sur-
rogate for FPN1 would redistribute iron from liver macrophages to bone marrow to
reestablish iron homeostasis (Fig. 1A). We specifically hypothesized that this could be
achieved via a three-step mechanism involving 1) small-molecule-mediated release of
iron from where it is trapped within FPN1-deficient macrophages in the liver, 2) trans-
fer of iron atoms from the small molecule to transferrin (Tf), and 3) holo-Tf-mediated
hemoglobinization (Fig. 1B).
Previously, we reported that a small molecule natural product, hinokitiol, can per-

form protein transporter-like iron mobilization in a site- and direction-selective manner
by harnessing the transmembrane iron gradients that build up where protein iron trans-
porters are missing (26). We demonstrated that hinokitiol increases gut iron absorption
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in divalent metal transporter 1 (DMT1)-deficient Belgrade rats
and FPN1-deficient flatiron (ffe/+) mice, as well as induces
hemoglobinization in mitoferrin (MFRN1)-deficient zebrafish.
However, whether hinokitiol can redistribute iron and thereby
restore normal iron physiology in FPN1-deficient animals or
primary cells from patients, and the mechanisms underlying
such targeted activities, remain unresolved.
In the present study, we demonstrate that hinokitiol can

redistribute iron from the liver to red blood cells (RBCs) in
FPN1-deficient ffe/+ mice, thereby promoting hemoglobiniza-
tion. We also characterize the mechanism of this process,
including a key step in which iron atoms are readily transferred
from hinokitiol to Tf, thereby permitting RBC maturation via
a Tf-dependent pathway. Finally, we demonstrate that hinoki-
tiol can mobilize iron and promote ferritin degradation in
primary macrophages obtained from patients with FD. Collec-
tively, these studies provide strong foundational support for the
use of small molecule iron mobilizers to better understand iron
misdistribution and possibly to better treat human diseases
caused by the loss of FPN1 function.

Results

Hinokitiol Restores Hemoglobinization in Flatiron Mice by
Redistributing Iron from the Liver to RBCs. In this study, we
utilized ffe/+ mice, which harbor an H32R loss-of-function
mutation in FPN1 (27). As the leading animal model of FD,
ffe/+ mice display some important features similar to the clini-
cal manifestations in humans, such as iron buildup in the liver,
reduced levels of Tf saturation, and mild anemia (23, 28, 29).
As a point of reference, loss-of-function mutations in FD simi-
larly result in mild anemia in patients (11).
Consistent with previous reports (30), ffe/+ mice showed

higher nonheme iron levels in the liver (Fig. 2A), spleen (SI
Appendix, Fig. S1A), and duodenum (SI Appendix, Fig. S1C)
compared with wildtype controls. Four hours after intraperito-
neal (IP) administration of various doses of hinokitiol (acute
treatment), we observed a significant reduction of liver non-
heme iron of ffe/+ mice in a dose-dependent manner (Fig. 2A).
We also quantified total liver iron and observed a similar and
even larger reduction upon treatment with increasing doses of
hinokitiol (Fig. 2B). These data suggested the potential capacity
for hinokitiol to reduce nonlabile iron in the tissue, possibly by
mobilizing the labile iron pool. Notably, at the highest dose
tested, liver iron levels were reduced to wildtype-like levels, but
not lower (Fig. 2 A and B). On a percentage basis, the splenic
nonheme and total iron were not reduced upon hinokitiol

administration (SI Appendix, Fig. S1 A and B). Additionally,
nonheme and total iron concentrations in the duodenum were
also unchanged by hinokitiol (SI Appendix, Fig. S1 C and D).
Furthermore, hinokitiol did not perturb the homeostasis of
other metals in the same mice (SI Appendix, Fig. S2 A–I).
These data suggest that hinokitiol primarily promotes the
release of iron retained in the livers of flatiron mice.

Next, we investigated the physiological consequences of iron
mobilization by chronic administration of hinokitiol at 10 mg/kg
daily for 1 wk. This low dose treatment again reduced liver
nonheme iron levels (Fig. 2C) but showed no statistically sig-
nificant effect on nonheme iron levels in the spleen and duo-
denum (SI Appendix, Fig. S1 E and F). Additionally, we
observed increased serum iron (Fig. 2D) and Tf saturation
(Fig. 2E) in hinokitiol-treated ffe/+ mice, suggesting that iron
is released from the liver into the systemic circulation, followed
by transfer from the small molecule to Tf (see below). The
serum ferritin level was unchanged (SI Appendix, Fig. S1G),
but the increased Tf saturation was sufficiently increased to
induce hemoglobinization in ffe/+ mice, as indicated by the
statistically significant improvement in hematocrit (Fig. 2F)
and hemoglobin (Fig. 2G) levels. Specifically, we observed a statis-
tically significant change (P < 0.05) in the hematocrit levels from
49.4 ± 0.8% in nontreated ffe/+ mice to 52.6 ± 0.8% in the
hinokitiol-treated group, which is similar to the wildtype level of
52.4 ± 0.8% (Fig. 2F). Consistently, hemoglobin levels also sig-
nificantly increased from 16.9 ± 0.2 g/dL in nontreated ffe/+
mice to 19 ± 0.3 g/dL (P < 0.001) in the hinokitiol-treated
group, which is similar to the hemoglobin level of 18.7 ± 0.4
g/dL found in the wildtype mice (Fig. 2G).

Notably, the partial recovery of serum iron and Tf saturation
was associated with complete recovery of hemoglobin and
hematocrit. Prior studies show that mice can regenerate ∼15 to
20% of their RBCs/hemoglobin every 7 d (31). Thus, our find-
ings are consistent with the conclusion that erythropoietic cells
can use the mobilized iron from macrophages to produce more
hemoglobin. It is also notable that hinokitiol treatment restored
Tf saturation, hematocrit, and hemoglobin levels to wildtype-
like values but not higher. These data suggest that hinokitiol
reestablishes homeostasis impaired by FPN1 deficiencies.

Hinokitiol Mobilizes Iron out of FPN1-Deficient Macrophages
In Vitro. Having established the hinokitiol-mediated reduction
of liver iron levels and restoration of hemoglobinization in vivo
(Fig. 2 A and B), we next aimed to elucidate the mechanistic
underpinnings of this process. Although we did not exclude
the possibility that hinokitiol mobilized iron from hepatocytes

Fig. 1. Hypothesis for hinokitiol-mediated iron redistribution and hemoglobinization. (A) A small molecule is hypothesized to redistribute iron from the liver
to RBCs and restore hemoglobinization. (B) Potential stepwise mechanism for hinokitiol-mediated hemoglobinization via a transferrin-dependent pathway.
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(Fig. 2 A and B), we hypothesized that the first step in iron
redistribution involves iron release from liver macrophages
(Kupffer cells). This is due to the fact that the associated liver
disease in FD patients is not as severe as in hemochromatosis
patients (32). Moreover, anemia associated with FD is due to
iron retention in FPN1-deficient macrophages that perturbs
effective erythropoiesis (4, 33, 34).
We used a RAW264.7 macrophage cell line that has been

widely used for CRISPR-Cas9 gene editing (35, 36) to generate
FPN1-knockout (KO) macrophages (ΔFPN1 cells). We
observed complete abrogation of FPN1 protein levels (Fig. 3A)
due to the corresponding deletions (SI Appendix, Fig. S3). We
acknowledge that levels of the GAPDH protein, which we used
as a control, can be somewhat regulated by iron levels (37), but
we saw very little change in the intensity of this band. This cell
line also displayed intracellular accumulation of labile iron as
detected by the turn-off iron probe calcein (Fig. 3B). Following
hinokitiol treatment, iron release was assayed using radioactive
iron, whereas intracellular labile iron was probed using calcein.
Hinokitiol treatment induced a robust 55Fe release (Fig. 3C),
along with an up to 1.5-fold reduction in intracellular labile iron
levels in a concentration-dependent manner (Fig. 3D). The high-
est hinokitiol concentration used in the calcein assay similarly
induced 55Fe release (SI Appendix, Fig. S4 A–C), indicating that
both methods can be used to measure iron mobilization.
We also isolated primary Kupffer cells from ffe/+ mice and

their wildtype littermates. The purity of the preparations was
assessed by specific markers, as follows: Albumin for hepato-
cytes, Cd45 for Kupffer cells, and Cd146 for endothelial cells.
High levels of Cd45 were expressed in Kupffer cells isolated
from ffe/+ mice and their wildtype littermates (Fig. 3E). Hino-
kitiol treatment restored iron transport in ffe/+-derived Kupffer
cells (Fig. 3F) and reduced intracellular iron accumulation (Fig.
3G). Collectively, these in vitro data demonstrate that hinoki-
tiol mobilizes intracellularly-accumulated iron from FPN1-
deficient macrophages into the extracellular space (Fig. 1B).

Transfer of Hinokitiol-Bound Iron to apo-Tf Induces
Hemoglobinization. We next probed the second step of our
mechanistic hypothesis in which the small molecule hinokitiol
transfers its bound iron to apo-Tf (Fig. 1B). Three molecules of
hinokitiol bind to one iron atom to form an Fe(Hino)3 complex
(26). When we mixed increasing equivalents of preformed
Fe(Hino)3 complex with apo-Tf, we observed increased levels of
iron transferred from the small molecule to the protein (Fig. 4A).

Tf contains two similar but nonhomologous binding sites,
termed the C-terminal and N-terminal sites. Iron binding to Tf
is sequential; iron binds to either the C-terminal or N-terminal
site to form monoferric Tf first before holo-Tf formation is
possible (38). Accordingly, we calculated the relative iron-
binding constants Keq of each Tf terminal site following iron
transfer from the Fe(Hino)3 complex (SI Appendix, Table S2)
(39). Due to the differences in their chemical properties, four Tf
species can be separated using urea gel electrophoresis to quantify
their molar fractions (Fig. 4A). We calculated the percentage of
Tf iron saturation resulting from apo-Tf incubation with various
concentrations of Fe(Hino)3 according to the equation shown in
SI Appendix, Appendix S1 (SI Appendix, Fig. S5A). The average
ratios of the site binding constants derived from the mole frac-
tions of four Tf species at 4 to 70% iron saturation were calcu-
lated as K1C:K1N:K2C:K2N = 1: 0.86 ± 0.1: 2.33 ± 0.97:
2.03 ± 1.02 (SI Appendix, Table S2). The theoretical equilib-
rium distributions of the Tf species were generated from the
equations in SI Appendix, Appendix S1 by using the relative
equilibrium constants above and were represented as a continu-
ous line (Fig. 4B). The excellent fit of the experimental and
theoretical data suggests that the system reached equilibrium.
Collectively, these results are consistent with the conclusion that
equilibrium favors hinokitiol-mediated iron donation to both Tf
binding sites to form monoferric Tf species. Furthermore, holo-
Tf formed by additional iron atom transfer to either FeCTf and
FeNTf has equivalent stability, as observed in the 1:1 ratio
between K2N and K2C.

Fig. 2. Hinokitiol restores iron physiology in flatiron mice by mobilizing iron from sites of accumulation. (A) Liver nonheme iron and (B) total iron measured
4 h after acute hinokitiol (Hino) administration. (C–G) Flatiron mice treated for 7 d IP with 10 mg/kg Hino show (C) a decrease in liver nonheme iron and
increases in (D) serum iron and (E) transferrin saturation. These changes are accompanied by restored (F) hematocrit and (G) hemoglobin. (F) Hematocrit:
52.4 ± 0.8% for +/+, 49.4 ± 0.8% for nontreated ffe/+, and 52.6 ± 0.8% for hinokitiol-treated ffe/+ mice. Hematocrit increase in ffe/+ mice treated with hinoki-
tiol was statistically significant (P < 0.05). (G) Hemoglobin: 18.7 ± 0.4 g/dL for +/+, 16.9 ± 0.2 g/dL for nontreated ffe/+, and 19 ± 0.3 g/dL for hinokitiol-
treated ffe/+ mice. Hemoglobin increase in ffe/+ mice treated with hinokitiol was statistically significant (P < 0.001). Results are means ± SEM (n = 5 to
8 mice/group). Three independent experiments were performed yielding similar results. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-
way ANOVA with Tukey’s multiple comparison test.
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Ferrokinetic studies in adult male humans showed that
serum iron trafficking to the bone marrow occurs within 10
min and peaks after 4 h, before falling rapidly by day 4
(40, 41). If the hemoglobinization observed in ffe/+ mice
occurred in a Tf-dependent manner, hinokitiol should transfer
its bound iron to Tf faster than the serum iron clearance rate.
We thus sought to study the kinetic properties of iron transfer
from Fe(Hino)3 to Tf (42–44). With excess apo-Tf, we mea-
sured the time-dependent absorbance of Fe(Hino)3 at 420 nm
using ultraviolet-visible spectroscopy. We then derived the
pseudo first-order rate constants (kobs) using the equations in SI
Appendix, Appendix S2 (SI Appendix, Table S3). Curve fitting
of these kobs at various excess apo-Tf concentrations (Fig. 4C)
revealed the second-order rate constant (k’) and the rate cons-
tant at saturating apo-Tf concentration (kmax) (SI Appendix,
Table S4). We used a 5:1 concentration of apo-Tf: Fe(Hino)3
as our lowest ratio in order to maintain the condition of a
pseudo first-order reaction (Fig. 4C). These data collectively
suggest that iron transfer from hinokitiol to Tf occurs within
75 s. This rapid transfer of hinokitiol-bound iron to Tf is con-
sistent with hinokitiol-mediated hemoglobinization occurring
in a Tf-dependent pathway. Moreover, these in vitro results are
in line with the increased Tf saturation observed in ffe/+ mice
following hinokitiol treatment (Fig. 2E).
We further asked whether the presence of free hinokitiol,

which binds iron at high affinity (26), can interfere with
Tf-dependent hemoglobinization. First, we conducted a com-
petition assay between holo-Tf and various concentrations of
hinokitiol. The holo-Tf level in the serum ranges between 4.38
and 19.79 μM (45, 46). Hinokitiol started to remove iron
from 12.5 μM holo-Tf with a half-maximal inhibitory concen-
tration (IC50) of 165 μM (Fig. 4D). To determine circulating

levels of hinokitiol upon administration, we conducted phar-
macokinetic studies using an IP injection of 30 mg/kg and
100 mg/kg hinokitiol to C57BL/6J mice (Fig. 4E). We found
that 30 mg/kg was the lowest dose that allowed high-performance
liquid chromatography detection of hinokitiol and accurate char-
acterization of hinokitiol pharmacokinetics. The half-lives of hino-
kitiol were ∼0.5 h (30 mg/kg) and 1 h (100 mg/kg), indicating
rapid elimination from circulation. This rapid elimination was
supported by the short mean residence time of hinokitiol. We also
noted hinokitiol concentrations of ∼150 μM and 500 μM in the
plasma at 15 min after IP injection of 30 mg/kg and 100 mg/kg,
respectively. Extrapolation from these data suggested that the use
of a 10-mg/kg dose for chronic treatment of ffe/+ mice could gen-
erate serum hinokitiol concentrations below 50 μM at 15 min
postadministration. Collectively, these results suggest that hinoki-
tiol will not remove iron from Tf at the doses administered in the
in vivo experiments.

Next, we tested whether holo-Tf-dependent iron uptake into
RBC progenitors could proceed in the presence of physiologi-
cally relevant concentrations of hinokitiol. We observed that free
hinokitiol did not interfere with Fe2Tf uptake into murine
erythroleukemia (MEL) cells (Fig. 4F). Furthermore, to probe
Tf-dependent hemoglobinization, we used anti-TfR1 R17 217
that has been reported to deplete cell surface TfR1 levels (47) in
order to block holo-Tf internalization into the cells. This inhibi-
tion was evaluated by measuring 55Fe2Tf internalization into
MEL cells (Fig. 5B and SI Appendix, Fig. S6 A–D). Consistent
with Fig. 4F, free hinokitiol did not affect hemoglobinization in
both IgG control and anti-TfR1 groups (Fig. 4G), suggesting
that free hinokitiol does not interfere with Tf biology.

We further investigated the effect of hinokitiol-mediated
iron transfer on hemoglobinization by differentiation of MEL

Fig. 3. Hinokitiol transports iron out of FPN1-deficient murine macrophages. (A and B) Molecular characterizations of FPN1-KO RAW264.7 cells. (A) Repre-
sentative Western blot of FPN1 levels in the total cell lysates isolated from wildtype (WT) and ΔFPN1 cells. (B) Representative images of FPN1-KO RAW264.7
cells treated with calcein. Intracellular labile iron detection in FPN1-KO RAW264.7 cells after iron loading. (Scale bar: 1 mm.) (C and D) Iron transport out of
FPN1-KO RAW264.7 cells. (C) Radioactive iron assay revealed iron release upon treatment with 5 μM hinokitiol. Results are means ± SEM (n = 8 samples/
group). Three independent experiments were performed yielding similar results. All data were compared with ΔFPN1 at each time point. **P < 0.01, ***P <
0.001, and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test. (D) Representative calcein fluorescence measurement from three inde-
pendent experiments performed in triplicate. Intracellular levels of labile iron were decreased in a concentration-dependent manner as measured using cal-
cein. Fluorescence data were normalized to DMSO t = 0. (E) Mitochondrial RNA quantification of markers of hepatocytes (albumin), Kupffer cells (CD45), and
endothelial cells (CD146) in isolated primary Kupffer cells. (F and G) Iron transport from primary Kupffer cells derived from ffe/+ mice. Results are means ±
SEM (n = 4 samples/group). Three independent experiments were performed yielding similar results. (F) Time course measurement of 59Fe efflux into the
extracellular media. Results are means ± SEM (n = 3 samples/group). Three independent experiments were performed yielding similar results. All data were
compared with ffe/+ at each time point. ***P < 0.001 and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test. (G) Measurement of
intracellular 59Fe levels after 60 min following treatment with 5 μM hinokitiol. Results are means ± SEM (n = 3 samples/group). Three independent experi-
ments were performed yielding similar results. All data were compared with ffe/+ at each time point. *P < 0.05 by one-way ANOVA with Tukey’s multiple
comparison test.

4 of 9 https://doi.org/10.1073/pnas.2121400119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
 S

T
U

D
I 

M
O

D
E

N
A

 o
n 

Ju
ly

 2
7,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
15

5.
18

5.
22

2.
11

9.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental


cells using holo-Tf preformed by mixing Fe(Hino)3 and apo-
Tf, designated as holo-TfH (SI Appendix, Fig. S5B). Due to the
multiple steps of purification, purified holo-TfH lost some of its
bound iron, resulting in a reduced holo-Tf level compared with
holo-TfS. As a result, holo-TfH yielded an ∼25% reduced hemo-
globin level in the IgG control group compared with the group
treated with commercially available holo-Tf (holo-TfS) (Figs. 4G
and 5A). Regardless, holo-TfH-mediated hemoglobinization was
similarly reduced in the anti-TfR1 treatment group, suggesting
that the phenomenon was dependent on the Tf/TfR1 pathway
(Fig. 5A). Consistent with the results described above, the addi-
tion of free hinokitiol did not affect MEL differentiation medi-
ated by holo-Tf. Overall, Fig. 5A highlights the last step in the
mechanism of hinokitiol-induced hemoglobinization (Fig. 1B),
in which the iron transfer from hinokitiol to apo-Tf (Fig. 4 A
and B) to form holo-TfH (SI Appendix, Fig. S5B) is used by the
differentiating MEL cells to produce hemoglobin.
We then asked whether Fe(Hino)3 could independently

induce MEL differentiation into RBCs. We hypothesized that

since hinokitiol can mobilize iron across the membrane,
Fe(Hino)3-treated cells should have sufficient iron to overcome
TfR1 inhibition for hemoglobin production. First, we probed
whether hinokitiol could independently deliver iron to TfR1-
inhibited MEL cells during MEL cell differentiation by measur-
ing the internalization of 55Fe exogenously delivered as a
preformed 55Fe(Hino)3 complex. At day 0 to 1, 55Fe(Hino)3
caused some degree of internalization of 55Fe, and similar
intracellular iron levels were observed without and with TfR1
inhibition (Fig. 5C). Further studies showed that this capacity
for Fe(Hino)3 to independently mobilize iron into the cells was
concentration dependent (SI Appendix, Fig. S6 A and B). How-
ever, the levels of internalization of 55Fe remained relatively
modest in these experiments (maxing out at 1 to 2 nM iron/μg
protein). In contrast, under these same conditions of MEL cell
differentiation, Tf-dependent iron uptake was faster and greater
and continued to increase (SI Appendix, Fig. S6 A and B).
At day 1 to 2 of MEL cells differentiation, the amount of 55Fe
that was internalized was 2 to 3 times greater when delivered in

Fig. 4. Iron is transferred from hinokitiol to apotransferrin. (A and B) A total of 4 μM apo-Tf was incubated overnight with various concentrations of Fe(Hino)3 to
study the thermodynamics of iron transfer. [Apo-Tf]:[Fe-Hino] = 1: 0, 0.125, 0.25, 0.4, 0.5, 0.6, 0.8, 1, 1.25, 1.5, 2, 3, 4. (A) The first lane is a marker to denote vari-
ous Tf species. Different Tf species were separated on a 10% tris-borate-ethylenediamine tetraacetic acid urea gel. (B) Mole fractions of the corresponding Tf-Fe
complexes formed at each apo-Tf: Fe(Hino)3 ratio were graphed according to SI Appendix, Appendix S1. Results are means ± SEM (n = 3 to 4 samples/group)
from two independent experiments. (C) Pseudo first kinetic rate constants (kobs) at various apo-Tf concentrations were graphed according to SI Appendix,
Appendix S2. Results are means ± SEM from 5 to 6 independent experiments. (D) Titration of 12.5 μM holo-Tf with various concentrations of hinokitiol was mea-
sured using urea gel. Results are means ± SEM (n = 3 samples/group). Two independent experiments were performed yielding similar results. (E) Pharmacoki-
netics of hinokitiol in mice following IP injection of 30 mg/kg or 100 mg/kg hinokitiol and its pharmacokinetic parameters. Abbreviations: ke, elimination rate
constant; HL, half-life; Cmax, maximum concentrations; AUC, area under the plasma concentration-time curve; AUMC, area under the first moment curve; MRT,
mean residence time; CL/F, apparent clearance after extravascular administration; Vss/F, volume of distribution after extravascular administration. Results are
means ± SEM (n = 3 samples/group). At least two independent experiments were performed yielding similar results. (F) Intracellular 55Fe levels in MEL cells
pulsed with 0.165 μM 55Fe2Tf and treated with various biologically-relevant ratios of [hinokitiol]:[Fe2Tf]. Results are means ± SEM (n = 8 samples/group). Three
independent experiments were performed yielding similar results. (G) Hemoglobin level measured in MEL cells differentiated with 5 μM holo-TfS in the presence
of 1 μM hinokitiol (+) behaved similarly to no-hinokitiol-treated (�) group. Results are means ± SEM (n = 3 samples/group) from at least three independent
experiments performed in triplicate. *P < 0.05, **P < 0.01, and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test.

PNAS 2022 Vol. 119 No. 26 e2121400119 https://doi.org/10.1073/pnas.2121400119 5 of 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
 S

T
U

D
I 

M
O

D
E

N
A

 o
n 

Ju
ly

 2
7,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
15

5.
18

5.
22

2.
11

9.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental


the form of 55Fe2Tf (Fig. 5 B and C and SI Appendix, Fig. S6
B and C). Of note, from day 2 onward, internalization of 55Fe
that was originally administered in the form of 55Fe(Hino)3
became sensitive to the inhibition of the TfR1 (Fig. 5C and SI
Appendix, Fig. S6C), suggesting that the 55Fe had largely been
transferred from Hino to unsaturated Tf in the growth media
and Tf-dependent cellular iron uptake was predominant. More-
over, when we administered the highest concentration of
Fe(Hino)3 possible without causing Hino-mediated toxicity
to MEL cells (0.33 μM Fe, 1 μM Hino), differentiation of
MEL cells (Fig. 5D) and hemoglobinization (Fig. 5E and SI
Appendix, Fig. S6E) remained sensitive to TfR1 inhibition.
These findings showed that differentiating reticulocytes require
Fe2Tf as iron source, thus further supporting the conclusion
that the restoration of hemoglobinization by hinokitiol in ffe/+
mice is Tf/TfR1 dependent. Overall, these data collectively sup-
port a mechanism in which a direct hand-off between
Fe(Hino)3 and Tf precedes Fe2Tf/TfR1-mediated hemoglobini-
zation in ffe/+ mice (Fig. 1B).

Hinokitiol Reduces Labile Iron and Ferritin in Primary
Macrophages Derived from Human Patients with FD. Next,
we tested hinokitiol-mediated iron redistribution in a more
clinically-relevant system. We isolated monocytes from three
FD patients harboring a G80S, N174I, or A77D FPN1 muta-
tion, which cause mild, medium, and severe FD, respectively
(23, 48) (Fig. 6A). The isolated monocytes were differentiated
into primary macrophages as previously described (49). In these
macrophages, FD severity was correlated to the scale of cellular
labile iron retention (Fig. 6B). In line with the murine macro-
phage data, we observed a dose-dependent reduction in intra-
cellular labile iron in macrophages derived from all three
patients following hinokitiol treatment (Fig. 6 C–E). Notably,
the extent of intracellular iron reductions increased in parallel
with the initial amount of iron retained, providing evidence

that the restoration of iron homeostasis by hinokitiol is driven
by the gradients that build up due to the FPN1 deficiencies. In
addition to labile iron retention, the primary macrophages also
displayed enhanced levels of ferritin following hemoglobin sup-
plementation (Fig. 6F). Hinokitiol treatment caused a ferritin
reduction in primary macrophages (Fig. 6G), suggesting that
hinokitiol also affects nonlabile iron and restores iron homeo-
stasis in the FPN1-deficient system.

Discussion

We showed that hinokitiol could redistribute iron from the
liver to erythrocytes and restore hemoglobinization in FPN1-
deficient ffe/+ mice through a Tf-dependent mechanism. These
observations suggest that hinokitiol, or an optimized derivative,
has potential as a treatment for induced or genetic iron misdis-
tribution disorders that share in common a deficiency of FPN1
function. Such a treatment might benefit individuals with cer-
tain genetic deficiencies and/or millions of people suffering
from anemia of inflammation associated with various diseases
(14, 15, 17–19).

One key finding of our study is the detailed characterization
of the mechanism by which this small molecule redistributes
iron in Fpn1-deficient ffe/+ mice. Hinokitiol at a relatively low
dose (10 mg/kg) reduced iron stores from the liver, especially
from Kupffer cells, to levels that nearly matched, but did not
fall below, those of wildtype littermates. These data suggest the
presence of an interface between the small molecule mobilizer
and the biological mechanisms that drive iron homeostasis. In
addition, we observed that despite the partial recovery of serum
iron, ffe/+ mice displayed a full recovery of hemoglobin and
hematocrit values, suggesting that even an imperfect recovery of
iron mobilizing activity was sufficient to induce hemoglobiniza-
tion. This phenomenon is consistent with the concept of
robustness (50). Specifically, we posit that due to the inherent

Fig. 5. Hinokitiol induces hemoglobinization via a Tf-dependent pathway. (A) Hemoglobin (Hb) measurement of MEL cells differentiated using 5 μM holo-TfH
with and without the presence of 1 μM hinokitiol (Hino). Results are means ± SEM (n = 3 samples/group) from three independent experiments. *P < 0.05
and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparison test. (B and C) Time course measurement of intracellular 55Fe levels in differentiat-
ing MEL cells pulsed with 0.33 μM of precomplexed (B) 55Fe2Tf and (C) 55Fe(Hino)3. Day 0 denotes 30 min after 55Fe pulsing. Results are means ± SEM (n = 3
samples/group) from three independent experiments. **P < 0.01 and ***P < 0.001 by multiple Student’s t test with Bonferroni’s correction. (D) Quantifica-
tion of MEL cells stained with o-dianisidine relative to total cells. Cells were treated with and without 0.33 μM Fe(Hino)3. Results are means ± SEM (n = 3 to 4
samples/group) from three independent experiments. ****P < 0.0001 by one-way ANOVA with Tukey’s multiple comparison test. (E) Hb measurement of
MEL cells differentiated using either 5 μM holo-TfS or 0.33 μM Fe(Hino)3 complex as the iron source. Results are mean ± SEM (n = 3 samples/group) from
three independent experiments. *P < 0.05, ***P < 0.001, and ****P < 0.0001 by two-way ANOVA with Tukey’s multiple comparisons test.

6 of 9 https://doi.org/10.1073/pnas.2121400119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
 S

T
U

D
I 

M
O

D
E

N
A

 o
n 

Ju
ly

 2
7,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
15

5.
18

5.
22

2.
11

9.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121400119/-/DCSupplemental


robustness of hemoglobinization biology, even a small restora-
tion of missing transmembrane iron transport function can
drive the restoration of physiology.
FPN1 may also play a role in exporting iron out of erythro-

cytes to maintain systemic iron homeostasis and prevent RBCs
from oxidative damage-mediated cell death (51). We thus note
that hinokitiol-mediated transmembrane iron mobilization
might also protect FPN1-deficient erythrocytes in ffe/+ mice
from iron-induced oxidative damage. We cannot rule out the
possibility that such an effect may contribute to the observed
hinokitiol-mediated increases in hematocrit and hemoglobin
levels in ffe/+ mice.
We demonstrated that a hand-off of iron atoms from hinoki-

tiol to apo-Tf leads to stable formation of both monoferric and
holo-Tf. Our kinetic studies further revealed that the iron
transfer to apo-Tf was far faster than the reported time needed
for Fe-Tf to reach the bone marrow. In all, both thermody-
namic and kinetic studies support the hypothesis that the
hemoglobinization relied on iron hand-off to Tf. In addition,
hinokitiol-donated iron was shown to bind to both C- and
N-terminal sites at the same level of affinity, both of which

could form holo-Tf with additional iron. As each monoferric
Tf species has specific roles in iron homeostasis and erythropoi-
esis (52), this suggests that the hinokitiol-mediated formation
of both FeCTf and FeNTf restores physiology without poten-
tially disrupting the biological processes that utilize distinct
monoferric Tf species.

Previously, we have shown that hinokitiol-mediated iron
release from DMT1-deficient endosomes leads to hemoglobini-
zation (26), suggesting that hinokitiol might be capable of
restoring hemoglobinization in a Tf-independent manner. In
order to probe this hypothesis, we used anti-TfR1 R17 217 to
block the Tf/TfR1 pathway, which resulted in an ∼50 to 60%
reduction of hemoglobin levels in differentiated MEL cells.
This variability in inhibition may be due to a difference in the
cell viability used for the experiments since we have previously
observed reduced hemoglobinization in the cells with viability
lower than 90%. Iron uptake into differentiating MEL cells
was shown to be substantially faster and more efficient when
iron was delivered as Fe2Tf vs. Fe(Hino)3. We also observed
that iron originally administered as Fe(Hino)3 was eventually
internalized into differentiating MEL cells in a manner that

Fig. 6. Hinokitiol reduces levels of labile iron and ferritin (Ft) in primary macrophages derived from patients with FD. (A) Schematic representation of the
experimental procedures for calcein and Ft experiments (SI Appendix, SI Methods and Materials for details). Abbreviations: GM-CSF, granulocyte-macrophage
colony-stimulating factor; hPBMC, human peripheral blood mononuclear cells. (B) Retention of intracellular labile iron by primary macrophage cells from
healthy donors or patients with FD harboring different mutations in FPN1 (pG80S, pN174I, or pA77D) was measured by changes in calcein fluorescence
intensity upon addition of FeSO4. Results are means ± SEM (n = 3 samples/group) from three independent experiments. ***P < 0.001 and ****P < 0.0001
by multiple Student’s t test with Bonferroni’s correction. R.U, relative units. (C–E) Representative calcein fluorescence measurement from three independent
experiments performed in triplicate. Intracellular labile iron was decreased in FeSO4-treated pG80S (C), pN174I (D), pA77D (E) macrophages after hinokitiol
addition at the indicated concentration. The values are expressed as fold change over the reference cell value set to 1 (Ctrl [control] in B; FeSO4 in C–E).
(F and G) A representative Western blot of three independent experiments performed in duplicate. Analysis of Ft expression in the whole-cell lysate of
primary human macrophages obtained from healthy donors and patients with FD harboring pG80S or pA77D mutations following treatment with Hb (F) or
Hb and hinokitiol (G) at the indicated concentrations.
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was sensitive to TfR1 inhibition. These data are consistent with
the conclusion that a direct hand-off between Fe(Hino)3 and
Tf in 10% fetal bovine serum-containing cell growth media
(53) precedes Fe2Tf/TfR1-mediated hemoglobinization and
that the latter is an especially efficient mechanism for iron
internalization to promote hemoglobinization. An experimen-
tally-supported potential explanation for such efficiency is a
direct interaction between Tf/TfR1 and mitochondria or to fer-
ritin (kiss-and-run hypothesis) (54). Moreover, consistent with
previous reports (55, 56), our data suggest that reticulocytes
require Fe2Tf as the iron source for differentiation into RBCs
as these cells up-regulate TfR1 to fulfill their elevated iron
needs (57). Furthermore, we showed that the highest concen-
tration of Fe(Hino)3 tolerable by MEL cells (0.33 μM Fe,
1 μM Hino) failed to overcome TfR1 inhibition to produce
hemoglobin. This is another line of evidence that supports a
hand-off of Fe from hinokitiol to Tf and that hemoglobiniza-
tion is ultimately driven by the Tf/TfR1 pathway.
The lack of hinokitiol-mediated release of iron from the spleen

may be due to a paucity of mobile iron in this tissue. Specifically,
there is twofold more L-ferritin (per gram tissue) in the spleen
than in the liver in wildtype mice (58). Based on this informa-
tion, we hypothesize that more of the iron in splenic macro-
phages is ferritin bound/nonlabile and that this may explain why
hinokitiol is less able to mobilize the iron retained in the spleen
(26).
The ffe/+ mouse model recapitulates human FD, but it has

certain limitations. We thus also tested hinokitiol’s capacity in
restoring iron homeostasis in primary macrophages derived from
patients with FD. We found that in all of the patient-derived
primary macrophages tested, hinokitiol caused the release of
intracellular iron. Interestingly, hinokitiol treatment also caused
a reduction in ferritin levels in these human macrophages.
Although the mechanism by which hinokitiol reduces intracellu-
lar ferritin levels requires further studies, we hypothesize that fer-
ritin was degraded as a cellular response to a hinokitiol-mediated
decreased concentration of labile iron (59, 60).
Prior studies of small-molecule-mediated iron mobilization

have previously been done with compounds salicylaldehyde isoni-
cotinoyl hydrazone (SIH) and pyridoxal isonicotinoyl hydrazone
(PIH) (61, 62). However, SIH and PIH failed to induce iron
uptake and transport in a Caco-2 cell line deficient in DMT1
and FPN1, respectively (26), suggesting a distinct capacity for
hinokitiol-mediated iron mobilization. Here, we show that a
small molecule redistributes iron from sites of accumulation to
sites of deficiency in vivo and that a small molecule can collabo-
rate with iron-binding proteins to restore normal iron physiology.

The findings presented here provide a foundational platform for
using hinokitiol or its variants to better understand the patho-
physiology of the loss of function of iron transport proteins and
the physiological consequences of iron redistribution. Our find-
ings may also provide a foundation for the use of small molecule
iron transporters as therapeutics for human diseases caused by
iron misdistribution.

Materials and Methods

Materials. Hinokitiol was purchased from Sigma (catalog no. 469521).
Fe(Hino)3 was synthesized according to the protocol described previously (26),
and the purity was verified by carbon/hydrogen/nitrogen analysis (SI Appendix,
Table S5) and inductively coupled plasma mass spectrometry measurement of
iron (SI Appendix, Table S6). Purified human apo-Tf (catalog no. T1147), holo-Tf
(catalog no. T4132), and 3,30,5,50-tetramethylbenzidine (catalog no. 860336)
were purchased from Sigma.

Statistical Analysis. All experiments were performed in triplicate unless other-
wise noted specifically, and all results are presented as the means ± SD or
means ± SEM. Student’s t test with Bonferroni’s correction was used for multiple
two-group comparisons, one-way analysis of variance (ANOVA) with Tukey’s correc-
tion for multiple comparisons was used to compare more than two groups with
one independent variable, and two-way ANOVA with Tukey’s correction for multi-
ple comparisons was used to compare more than two groups with two indepen-
dent variables. All statistical analyses were carried out using GraphPad Prism
9 software, and statistical significance is indicated as *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001. n.s. indicates no significant difference.

Data Availability. All study data are included in the article and/or SI Appendix.
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