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Genetic iron-overload disorders, mainly hereditary hemochromatosis
and untransfused β-thalassemia, affect a large population world-
wide. The primary etiology of iron overload in these diseases is

insufficient production of hepcidin by the liver, leading to excessive intes-
tinal iron absorption and iron efflux from macrophages. Hepcidin agonists
would therefore be expected to ameliorate iron overload in hereditary
hemochromatosis and β-thalassemia. In the current study, we screened our
synthetic library of 210 thiazolidinone compounds and identified three thi-
azolidinone compounds, 93, 156 and 165, which stimulated hepatic hep-
cidin production. In a hemochromatosis mouse model with hemochro-
matosis deficiency, the three compounds prevented the development of
iron overload and elicited iron redistribution from the liver to the spleen.
Moreover, these compounds also greatly ameliorated iron overload and
mitigated ineffective erythropoiesis in β-thalassemic mice. Compounds 93,
156 and 165 acted by promoting SMAD1/5/8 signaling through differential-
ly repressing ERK1/2 phosphorylation and decreasing transmembrane pro-
tease serine 6 activity. Additionally, compounds 93, 156 and 165 targeted
erythroid regulators to strengthen hepcidin expression. Therefore, our hep-
cidin agonists induced hepcidin expression synergistically through a direct
action on hepatocytes via SMAD1/5/8 signaling and an indirect action via
eythroid cells. By increasing hepcidin production, thiazolidinone com-
pounds may provide a useful alternative for the treatment of iron-overload
disorders.  
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ABSTRACT

Introduction

Hepcidin, produced by hepatocytes, is a 25-amino acid peptide hormone that
plays a central role in systemic iron homeostasis. Hepcidin binds to its receptor, fer-
roportin, to induce ferroportin degradation, thereby decreasing iron efflux from
macrophages and hepatocytes as well as intestinal iron absorption. Hepcidin con-
centration changes within a physiological range to orchestrate iron absorption,
recycling and tissue distribution. However, pathological dysregulation of hepcidin
causes diverse iron disorders. In particular, hepcidin deficiency results in iron-load-
ing syndromes such as hereditary hemochromatosis (HH),1 β-thalassemia interme-
dia2 and other iron-loading anemias.3,4 Thus, enhancing hepcidin production with
suitable agonists represents a promising strategy to prevent iron accumulation in
HH, β-thalassemia and other iron-loading conditions.5,6

Type 1 HH, caused by mutations of the hemochromatosis (HFE) gene, is the most
common form of HH in populations of northern European origin.7 β-thalassemia,



common worldwide in regions where malaria was histori-
cally endemic, is a genetic erythrocyte disorder character-
ized by ineffective erythropoiesis, anemia, and progressive
iron overload.8 For both HH and β-thalassemia patients,
long-term iron overload causes liver cirrhosis, cardiomy-
opathy, and endocrinopathies.7 Iron excess is currently
managed by phlebotomy in HH and chelation in iron-load-
ing anemias,9 but both treatments have serious limitations,
including suboptimal compliance and secondary suppres-
sion of hepcidin, which results in a further increase of
dietary iron uptake.7,10 Iron-chelating drugs can adversely
affect ocular, auditory and renal functions11-13 and their
administration can be burdensome, e.g., because of the
short half-life of desferrioxamine.14,15 Other approaches,
such as mini-hepcidin peptides, are still at the experimental
stage.16,17 We therefore searched for hepcidin agonists with
favorable characteristics for clinical applications. 

The thiazolidinone scaffold can be engineered to target
diverse pathologies, with derivatives that inhibit tumor
growth, repress viral replication and diminish inflammato-
ry responses.18,19 A thiazolidinone derivative [(Z)-5-(4-
methoxybenzylidene) thiazolidine-2,4-dione] ameliorated
liver injury and fibrogenesis,20 suggesting that this class of
compounds could target hepatocytes. In the current study,
we established a library of thiazolidinone derivatives to
look for lead compounds that could increase hepcidin con-
centration. We report here the identification of three novel
compounds that ameliorated iron overload in HH and β-
thalassemia mice by stimulating the hepatic production of
hepcidin. 

Methods

Synthesis and characterization of thiazolidinone 
compounds

Thiazolidinone compounds were synthesized using the combi-
natorial library synthesis approach, and a previously described
overall synthesis route.21 Briefly, primary thioureas (b) were con-
structed by reacting aniline (a) with ammonium thiocyanate, in
the presence of acid (Figure 1A). Thioureas (b) reacted with ethyl
2-chloroacetate to generate thiazolidinones (c) as a precipitate,
which was filtered and washed with absolute ethanol to obtain
the product. The final step of the reaction was carried out in
piperidine and absolute ethanol at 60°C. Finally, approximately
95% of the product (d) was formed as a precipitate (Online
Supplementary Figure S1).

Statistical analysis
The differences between individual treated groups relative to

the untreated control were assessed using independent t-tests. The
significance of mean differences for two or more treatment groups
relative to the untreated control was determined by one-way
analysis of variance. Data are shown as the mean ± standard devi-
ation (SD). Statistical significance was accepted when P<0.05.

Other experimental details are provided in the Online
Supplementary Data.

Results

Synthesis and characterization of the combinatorial
thiazolidinone library

To search for hepcidin agonists, we designed a thiazo-
lidinone compound library by incorporating diverse R1

and R2 groups on the thiazolidinone core.18 Following the
procedure illustrated in Figure 1A, a combinatorial library
of thiazolidinone compounds containing 210 members
was synthesized (Online Supplementary Figure S1 and
Online Supplementary Table S2), using protocols that we
have previously reported.21 All compounds used for the
animal experiments were then purified either by recrystal-
lization or column chromatography to reach a purity
≥98% as measured by liquid chromatography with ultra-
violet detection at 214 nm (LC/UV214), and their structures
were characterized by 1H-nuclear magnetic resonance and
high-resolution mass spectrometry (Online Supplementary
Table S3).

Screening of thiazolidinone derivatives for 
hepcidin-stimulatory activity

We performed high-throughput screening of the thiazo-
lidinone library using a dual luciferase reporter system
developed in the laboratory.22 As shown in Online
Supplementary Figure S2, no significant cytotoxicity was
detected at 10 μM or 50 μM for these thiazolidinone com-
pounds in SMMC-7721 cells, a hepatocyte cell line used
for hepcidin screening. Hence, 10 μM was chosen as the
test concentration. Following treatment with thiazolidi-
none derivatives for 24 h, hepcidin-luciferase activity was
measured. As shown in Figure 1B, of the 210 compounds
tested, 42 compounds were identified to increase
luciferase activity by >1.3 fold relative to the untreated
control. Of these, 30 compounds increased luciferase
activity by more than 1.5 fold: 12 (compounds 2, 15, 49,
53, 68, 93, 96, 139, 163, 165, 189 and 194) by approximate-
ly 2 fold, two (compounds 22 and 23) by 2.5 fold, and one
(compound 3) by 3.5 fold, relative to untreated cells
(Figure 1B). The 30 compounds that were found to
increase luciferase activity by more than 1.5 fold were
subsequently rescreened by quantitative reverse transcrip-
tase polymerase chain reaction (qRT-PCR) for stimulation
of endogenous hepcidin expression in SMMC-7721 cells. 

As the qRT-PCR results revealed (Figure 1C), ten of the
30 compounds increased hepcidin mRNA expression by
more than 1.5 fold, compared to untreated cells, consistent
with the luciferase reporter results (Figure 1B). Hepcidin
mRNA expression was increased by nearly 6 fold after
treatment with compounds 48 and 165 for 24 h, and com-
pound 69 enhanced hepcidin expression by more than 3
fold, compared to untreated cells (P<0.001) (Figure 1C).
Compound 93 stimulated hepcidin expression by approx-
imately 2.5 fold (P<0.05) (Figure 1C) and compounds 49,
53, 139, 140, 142 and 156 increased hepcidin expression
by approximately 2 fold (P<0.05) (Figure 1C), compared to
untreated cells. By contrast, 13 compounds were not
found to alter endogenous hepcidin expression, while
compounds 2, 5, 11, 23 and 112 elicited inhibition of
endogenous hepcidin transcription (P<0.05) (Figure 1C).
Accordingly, compounds 48, 49, 53, 69, 93, 139, 140, 142,
156 and 165 were selected for further assessment. 

To examine the hepcidin-stimulating activity of the ten
potential agonists in vivo, we administered them by
intraperitoneal injection to wildtype (Wt) Balb/C mice at a
dose of 30 mg/kg body weight. As shown in Online
Supplementary Figure S3A, compounds 93 and 156 signifi-
cantly increased hepatic hepcidin mRNA expression by
1.8 fold, respectively, and 1.5 fold at 6 h following admin-
istration of the compound, with a concomitant reduction
of serum iron levels (P<0.05) (Online Supplementary Figure
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S3B) compared to untreated mice. Compounds 93 and 156
also consistently enhanced hepatic hepcidin levels
(P<0.05) (Online Supplementary Figure S3A) and diminished
serum iron concentrations in mice 24 h after administra-
tion (P<0.05) (Online Supplementary Figure S3B).
Additionally, compounds 49, 93, 140, 156 and 165
increased hepcidin mRNA expression by more than 1.5
fold 24 h after administration, compared to the expression
in untreated mice (P<0.05) (Online Supplementary Figure
S3A). Serum hepcidin was significantly increased by
approximately 1.5 fold, relative to that in untreated mice,
at 6 h following administration of compounds 69, 93, 139,
156 and 165 (P<0.05) (Online Supplementary Figure S3B),

and remained higher than that in control mice at 24 h after
treatment with compounds 93, 156 and 165, but not with
compounds 69 and 139 (P<0.05) (Online Supplementary
Figure S3B). However, only mice treated with compounds
93, 156 and 165 consistently showed concurrent reduc-
tions in serum iron (P<0.05) (Online Supplementary Figure
S3B), while mice treated with compounds 49 and 140 did
not display such a consistent effect (Online Supplementary
Figure S3B). Moreover, compounds 93, 156 and 165 were
found to increase hepatic hepcidin expression in mice
overall in a dose-dependent manner, from 2, to 10 and 30
mg/kg body weight (P<0.05) (Online Supplementary Figure
S4). Considering these results together, compounds 93,
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Figure 1. Screening of the thiazolidinone
library for compounds stimulating hep-
cidin expression. (A) Synthesis of the thia-
zolidinone library. A total of 18 anilines
and 20 aromatic aldehydes were used as
reactants, and 210 thiazolidinone com-
pounds were obtained with a purity
greater than 95%, as determined by liquid
chromatography/mass spectrometry.
Reagents and conditions: (i) R1-NH2,
NH2SCN, H+, H2O, 80°C; (ii) ethyl chloroac-
etate, NaOAC, EtOH, 60°C; (iii) aldehydes,
piperdine, EtOH, 60°C. The bold letters (a-
d) delineate the synthesis procedure, as
described in the Methods section: primary
thioureas (b) were constructed by reacting
aniline (a) with ammonium thiocyanate, in
the presence of acid; thioureas (b) react-
ed with ethyl 2-chloroacetate to generate
thiazolidinones (c) as a precipitate, which
was filtered and washed with absolute
ethanol to obtain the product; the final
step of the reaction was carried out in
piperidine and absolute ethanol at 60°C,
and approximately 95% of the product (d)
was formed as precipitate. (B) A heatmap
diagram showing the average fold
changes of hepcidin-promoter luciferase
activity relative to that of untreated cells
(n=4). (C) Endogenous hepcidin mRNA
expression in SMMC-7721 cells upon
administration of compounds at a concen-
tration of 10 μM for 24 h (n=4). *P<0.05,
#P<0.001, compared to untreated control
(Ctrl).
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156 and 165 were selected for further investigation in the
subsequent experiments. 

Compounds 93, 156 and 165 altered iron distribution
in wildtype mice

As delineated above, after screening, three compounds,
93, 156 and 165, were selected for detailed examination.
To determine whether these compounds altered iron dis-

tribution in vivo, we measured the time course of hepatic
hepcidin and concomitant changes of iron levels in mice
challenged by compounds 93, 156 and 165. The experi-
mental design for the experiments with Wt mice is depict-
ed in Figure 2A. For a short-term study, mice received a
single intraperitoneal injection of each compound at a
dose of 30 mg/kg body weight, and were then sacrificed
at 6, 24, 48, 72 and 96 h. Compounds 93, 156 and 165 rap-
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Figure 2. Testing thiazolidinone derivatives for their effects on hepatic hepcidin in wildtype mice. (A) Diagram of the experimental design. (B) Hepatic hepcidin mRNA,
(C) serum hepcidin, (D) serum iron and (E) splenic iron in 8-week old Balb/C wildtype (Wt) mice treated with compounds 93, 156 and 165 at a dose of 30 mg/kg body
weight at various time points (n=4-6). (F) Splenic iron shown by Perls Prussian blue staining (blue areas evidenced by arrows) of mice treated with compounds 93, 156
and 165 at a dose of 30 mg/kg body weight for 24 h and 12 days. Original magnification, ×200. *P<0.05; #P<0.001, compared to untreated control (Ctrl).
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idly increased hepatic hepcidin mRNA at 6 h, and the peak
was observed at 24 h for compound 93 and at 48 h for
compounds 156 and 165 with >2-fold increases (P<0.05)
(Figure 2B). Thereafter, hepcidin declined and returned to
the baseline level at 96 h, suggesting that these com-
pounds could be dosed every 3-4 days for long-term
administration. Accordingly, serum hepcidin was
increased at 6 h after administration of compounds 93,
156 and 165, and the peak was detected at 24 h for com-
pounds 93 and 165 and at 48 h for compound 156 (P<0.05)
(Figure 2C). In another experiment, mice were treated
with the compounds at a dose of 30 mg/kg body weight
every 3 days for a total of 8 or 12 days. In agreement with
the previous observations, treatment with compounds 93,
156 and 165 led to persistent stimulation of hepcidin
expression over the 12-day period, especially for com-
pounds  93 and 165 with more than 3-fold induction of
hepatic hepcidin mRNA 12 days after administration
(P<0.05) (Figure 2B). In parallel to the mRNA changes,
similar increases of serum hepcidin relative to the levels in
untreated mice were demonstrated (P<0.05) (Figure 2C).
Hepcidin induction resulted in reduced serum iron and
increased splenic iron content (P<0.05) (Figure 2D, E). Iron
staining of spleen sections confirmed the increase of
splenic iron content, particularly in macrophages (in blue,
indicated by arrows), compared to the content in untreat-
ed mice (Figure 2F). In addition, these compounds were
evaluated in mice at a lower dose, 10 mg/kg body weight.
As shown in Online Supplementary Figure S5, similar results
were observed for these three compounds in modulating
hepcidin expression and body iron redistribution. With
respect to time of peak and duration of effect. these com-
pounds were still active at the lower doses, but less potent
than at the higher doses. 

To screen for potential toxicities of these compounds,
liver, spleen, kidney, lung, heart and bone marrow speci-
mens were subjected to histological analysis. No toxic
changes were observed after 24 h and 12 days in any of
these organs from mice challenged by compounds 93, 156
and 165 at a dose of 30 mg/kg body weight (Online
Supplementary Figure S6). No impairment of spontaneous
activities (e.g., feeding or movement) was observed.
Moreover, no significant changes were found in serum
aspartate aminotransferase, alanine aminotransferase or
lactate dehydrogenase (Online Supplementary Figure S7A-C). 

Inflammation increases hepcidin expression,23 in large
part through interleukin-6, so we explored the possibility
that our compounds acted by increasing inflammatory
mediators. As shown in Online Supplementary Figure S7D,
serum interleukin-6 was not detectable in serum before or
after compound administration for 24 h and 12 days.
Bacterial lipopolysaccharide, at a dose of 5 mg/kg body
weight, was used as a positive control stimulant of inter-
leukin-6. Furthermore, hepatic inflammation was deter-
mined by measuring serum amyloid A1 (SAA1), a down-
stream target of interleukin-6, and a very sensitive marker
of inflammation. Consistently, Saa1 mRNA levels were
not significantly altered in livers from mice treated with
these compounds (Online Supplementary Figure S7E), and
neither was another inflammatory marker, serum tumor
necrosis factor-a (Online Supplementary Figure S7F). In an
analysis of the complete blood count, no increase of white
blood cells was observed in peripheral blood 24 h follow-
ing administration of a single dose or multiple doses for 12
days (Online Supplementary Figure S8). Collectively, our

findings ruled out that compounds 93, 156 and 165 affect
hepcidin through inflammatory mechanisms.

Compounds 93, 156 and 165 target SMAD1/5/8 
signaling to promote hepcidin expression

Iron/BMP6–SMAD1/5/8 signaling controls hepcidin
expression depending on iron status24,25 and we therefore
examined whether our compounds modulated this key
pathway. As shown in Figure 3A, the level of phosphory-
lated SMAD1/5/8 (P-SMAD1/5/8) was increased in livers
of mice treated with the three compounds, with com-
pound 156 causing the greatest increase in P-SMAD1/5/8.
To interpret this finding, the upstream regulator of P-
SMAD1/5/8, transmembrane protease serine 6
(TMPRSS6), and its downstream target genes, inhibitor of
DNA binding 1 (ID1) and SMAD family member 7
(SMAD7), were examined by qRT-PCR. The mRNA levels
of Tmprss6 were suppressed by more than 50% in liver
specimens from mice treated with the three compounds,
relative to the levels in untreated mice (P<0.05) (Figure
3B). In contrast, Id1 and Smad7 were induced by approxi-
mately 1.5 to 2.5 fold in livers from treated mice, relative
to the levels in the untreated controls (P<0.05) (Figure 3B).
Transferrin receptor 2 (TFR2), HFE, hemojuvelin,
TMPRSS6 and bone morphogenetic protein (BMP) recep-
tors interact to activate hepcidin expression by upregulat-
ing SMAD1/5/8 signaling. The BMP/BMP receptor inter-
action enhances SAMD1/5/8 phosphorylation and
TMPRSS6 downregulates hepcidin expression by cleaving
hemojuvelin and other proteins in the complex.26,27

Consistent with the mRNA changes, the protein levels of
TMPRSS6 were reduced in treated mice relative to those
in untreated controls (Figure 3A). Additionally, phospho-
rylated ERK1/2 (P-ERK1/2) was recently found to repress
hepcidin expression by suppressing SMAD1/5/8 phospho-
rylation.28 Here, the protein value of P-ERK1/2 was also
diminished upon treatment with the compounds (Figure
3A). These results collectively suggest that compounds 93,
156 and 165 increased hepcidin expression by suppressing
TMPRSS6 and ERK1/2 and thereby decreasing their
inhibitory effects on SMAD1/5/8 phosphorylation. 

We next investigated these effects using hepatocytic cell
lines, murine Hepa 1-6. Consistent with the in vivo results,
compounds 93, 156 and 165 greatly induced hepcidin
expression in Hepa 1-6 cells (P<0.05) (Figure 3C) and
increased the expression levels of its downstream targets,
Id1 and Smad7 (P<0.05) (Figure 3D). Mechanistically, the
compounds suppressed ERK1/2 phosphorylation and
decreased TMPRSS6 concentration (Figure 3E). Of note,
these three compounds differentially suppressed P-
ERK1/2 versus TMPRSS6 protein concentrations, suggest-
ing that they may differ in their mechanisms of effect on
SMAD1/5/8 signaling (Figure 3E).

Compounds 93, 156 and 165 target erythroid 
regulators to strengthen hepcidin 

Given that erythropoietin and erythropoiesis factors,
growth differentiation factor 15 (GDF15), twisted gastru-
lation BMP signaling modulator 1 (TWSG1) and erythro-
ferrone (ERFE), are also involved in regulating hepcidin
expression,29-32 we examined these regulators. As shown in
Online Supplementary Figure S9, serum erythropoietin level
was unchanged in mice after treatment with the com-
pounds for 24 h and 48 h. However, the expression levels
of Erfe, Gdf15 and Twsg1 were significantly repressed in
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bone marrow cells from Wt Balb/C mice after the admin-
istration of the compounds (P<0.05) (Figure 4A). These
results suggest that the investigated compounds might
also target Erfe, Gdf15 and Twsg1 in bone marrow ery-
throid cells to promote hepatic hepcidin expression, and
also imply that erythropoietin may not be the only regu-
lator of Erfe, Gdf15 and Twsg1. Subsequently, we analyzed
the levels of Gdf15, Twsg1 and Erfe mRNA expression in
bone marrow cells from Hbbth3/+ mice through qRT-PCR.
As shown in Figure 4B, Gdf15, Twsg1 and Erfe mRNA lev-

els were significantly diminished (P<0.05), in line with the
results observed in Wt Balb/C mice (Figure 4A). These
results demonstrated that the agonists also targeted ery-
throid regulators to elevate hepcidin expression, even
though the precise molecular mechanisms warrant further
detailed investigation.

Hepcidin deficient (Hamp1-/-) mice were resistant to
iron changes induced by compounds 93, 156 and 165

To verify that hepatic hepcidin is the iron-relevant target
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Figure 3. Compounds 93, 156 and 165 targeted SMAD1/5/8 signaling. (A) P-
SMAD1/5/8, P-ERK1/2 and TMPRSS6 levels determined by western blot analy-
sis of liver specimens from 8-week old Balb/C mice 24 h after administration of
compounds 93, 156 and 165 at a dose of 30 mg/kg body weight. (B) Changes
of TMPRSS6 and downstream target genes of P-SMAD1/5/8 signaling: Id1 and
Smad7 determined by quantitative reverse transcriptase polymerase chain
reaction analysis (qRT-PCR) (n=4-6) in liver specimens of these mice. (C)
Changes of hepcidin mRNA in Hepa 1-6 cells at the indicated times after treat-
ment with compounds 93, 156 and 165 at a concentration of 10 μM (n=4-6).
(D) Changes of Id1 and Samd7 were determined by qRT-PCR analysis (n=4) of
Hepa 1-6 cells 24 h after treatment with compounds 93, 156 and 165 (10 μM).
(E) Variations of P-SAMD1/5/8, SMAD1, P-ERK1/2, ERK1/2 and TMPRSS6 lev-
els analyzed by western blot in Hepa 1-6 cells 24 h after treatment with com-
pounds 93, 156 and 165 at a concentration of 10 μM. *P<0.05; #P<0.001, rel-
ative to untreated control (Ctrl).

A B

C D

E



of the investigated compounds, we examined the changes
of iron indices in a hepcidin-deficient mouse model,
Hamp1-/- mice, as previously described.33 Hamp1-/- mice do
not produce functional hepcidin, and develop severe iron
overload after weaning.34 We iron-depleted these mice on a
low-iron diet (4 ppm) for 4 weeks according to an estab-
lished protocol,35 so as to increase the sensitivity of Hamp1-

/- mice to any hepcidin-independent serum iron-lowering
effects of the compounds (time line in Online Supplementary
Figure S10A). As shown in Online Supplementary Figure
S10B-D, serum iron, hepatic and splenic iron levels were
not significantly altered in Hamp1-/- mice, 6 or 24h follow-
ing the administration of compounds 93, 156 and 165 at a
dose of 30 mg/kg body weight, relative to the levels in
untreated Hamp1-/- mice (P>0.05). These data indicate that

compounds 93, 156 and 165 predominantly target liver
hepcidin in their modulation of iron homeostasis.

Compounds 93, 156 and 165 prevented iron overload
in HFE-deficient (Hfe-/-) mice

The potential therapeutic effect of compounds 93, 156
and 165 was tested in iron overloaded Hfe-/- mice on a nor-
mal diet. Consistent with previous reports, serum hep-
cidin concentration in Hfe-/- mice progressively increased
from 6 to 8 weeks (P<0.05) (Figure 5A), as the mice
became iron-overloaded,36,37 so that the hepcidin level in
Hfe-/- mice at the age of 10 weeks was comparable to that
of Wt mice (P<0.05) (Figure 5A). Other iron parameters in
Hfe-/- mice indicated that by week 10 rising hepatic iron
caused hepcidin upregulation and accelerated iron accu-
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Figure 4. Compounds 93, 156 and 165 regu-
lated Gdf15, Twsg1 and Erfe in bone marrow
cells. (A) Changes of Gdf15, Twsg1 and Erfe
mRNA expression in bone marrow cells from
wildtype (Wt) Balb/C mice upon administra-
tion of the various compounds at a dose of 30
mg/kg for 24 h. (B) The variations of Gdf15,
Twsg1 and Erfe mRNA expression in bone
marrow cells from Hbbth3/+ mice treated with
the various compounds at a dose of 30
mg/kg body weight for 24 h. *P<0.05;
#P<0.001, relative to untreated control (Ctrl). 
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mulation in spleens compared to these processes in nor-
mal mice (P<0.05) (Online Supplementary Figure S11).

Hfe-/- mice (5 weeks old) on a normal diet were treated
with compounds 93, 156 and 165 at a dose of 10 mg/kg
body weight every other day, and were sacrificed 2 weeks
later (Figure 5B). Serum hepcidin was increased 2 fold after

administration of compound 93 and 2.3 fold after admin-
istration of compounds 156 and 165, relative to the levels
in untreated Hfe-/- mice (P<0.05) (Figure 5C). As an expect-
ed consequence of increased hepcidin, serum iron and
hepatic iron were reduced (P<0.05) (Figure 5D, E), with a
concomitant increase of splenic iron (P<0.05) (Online
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Figure 5. Treatment with compounds 93, 156 and 165 redistributed iron in Hfe-/- mice. (A) Serum hepcidin in wildtype (Wt) 129S and Hfe-/- mice at different ages.
(B) The experimental scheme. Changes of (C) serum hepcidin, (D) serum iron and (E) hepatic iron in Hfe-/- mice after treatment with compounds 93, 156 and 165 at
a dose of 10 mg/kg body weight for 2 weeks (n=4-6). (F) Perls Prussian blue staining of liver and spleen (in blue, indicated by arrows) and 3'-diaminobenzidine-
enhanced Perls Prussion staining of duodenum (in brown) of 5-week-old Hfe-/- mice treated with compounds 93, 156 and 165 at a dose of 10 mg/kg body weight
every other day for 2 weeks. Original magnification, ×200 for spleen sections; ×400 for liver and duodenum sections. *P<0.05; #P<0.001, compared to the untreated,
control (Ctrl) Hfe-/- mice.
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Supplementary Figure S12A). These results were supported
by liver and spleen iron staining (Figure 5F). Moreover,
iron staining demonstrated increased iron accumulation in
the duodenum of mice treated with the compounds
(Figure 5F), suggesting inhibition of iron transfer from the
intestine to plasma due to increased hepcidin driven by

these compounds. As further evidence of iron redistribu-
tion, transferrin saturation and serum ferritin were
reduced in mice treated with the compounds (P<0.05)
(Online Supplementary Figure S12B,C), and serum transfer-
rin was elevated (P<0.05) (Online Supplementary Figure
S12D). Serum interleukin-6, aspartate aminotransferase,
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Figure 6. Compound administration to iron-depleted Hfe-/- mice. (A) The experimental design of treatment of iron-depleted Hfe-/- mice with compounds 93, 156 and
165. Changes in (B) serum hepcidin, (C) serum iron, (D) splenic iron and (E) hepatic iron of 9-week old Hfe-/- mice with iron depletion for 3 weeks prior to the admin-
istration of compounds 93, 156 and 165 at a dose of 30 mg/kg body weight for another 2 weeks (n=4-6). (F) Tissue iron staining of liver and spleen sections with
Perls Prussian blue (in blue, indicated by arrows) and duodenal sections with 3'-diaminobenzidine-enhanced Perls stain (in brown). Original magnification, ×200 for
spleen, and ×400 for liver and duodenum. *P<0.05; #P<0.001, relative to untreated control (Ctrl) mice.
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alanine aminotransferase and lactate dehydrogenase did
not exhibit significant changes (P>0.05) (Online
Supplementary Figure S13).

We then extended the animal studies for a longer time
period, 4 weeks. As shown in Online Supplementary Figure
S14A, serum hepcidin concentration was significantly
increased by 2.5 fold in Hfe-/- mice after administration of
compound 93 at a dose of 10 mg/kg body weight for 4
weeks, compared to the level in untreated Hfe-/- mice
(P<0.05). In response to the change in serum hepcidin con-
centration, serum iron and hepatic iron were reduced by
~20% and ~30%, respectively (P<0.05) (Online
Supplementary Figure S14B,C). As a consequence, splenic
iron content was increased by ~40% in Hfe-/- mice after
treatment with compound 93 relative to the iron content
in untreated controls (P<0.05) (Online Supplementary Figure
S14D). Tissue iron staining further supported the results of
the liver and splenic iron measurements (Online
Supplementary Figure S14E). Additionally, no significant
increases of serum interleukin-6, aspartate aminotrans-
ferase, or alanine aminotransferase levels were found in
mice after 4 weeks of treatment with compound 93, ruling
out the occurrence of inflammation and hepatic injury
(Online Supplementary Figure S15).

To model the condition of patients undergoing iron
removal, we fed 9-week old male Hfe-/- mice with a low
iron diet (4 ppm) for 3 weeks. Immediately after this pre-
treatment, these Hfe-/- mice on a normal diet were treated
with compounds 93, 156 and 165 at a dose of 30 mg/kg
body weight every 3 days for 2 weeks (experimental
scheme in Figure 6A). After treatment with compounds
93, 156 and 165, the serum hepcidin concentration was
increased by approximately 2 fold, relative to that of
untreated Hfe-/- mice (P<0.05) (Figure 6B). Consequently,
serum iron and transferrin saturation were significantly
reduced (P<0.05) (Figure 6C and Online Supplementary
Figure S16A), and serum transferrin and splenic iron were
increased (P<0.05) (Online Supplementary Figure S16B and
Figure 6D), associated with decreased hepatic iron con-
tent (P<0.05) (Figure 6E). The tissue iron changes were
further confirmed by iron staining, and we also noted
increased iron concentration in the duodenum, indicative
of inhibition of the transfer of absorbed iron into plasma
(Figure 6F). Serum interleukin-6, aspartate aminotrans-
ferase and alanine aminotransferase were not significant-
ly altered in Hfe-/- mice by the treatments (Online
Supplementary Figure S17).

Compounds 93, 156 and 165 ameliorated iron 
overload and mitigated ineffective erythropoiesis 
in Hbbth3/+ mice

Even untransfused patients with β-thalassemia suffer
from iron overload and associated organ damage due to
inappropriately low production of hepcidin. We therefore
tested our compounds in a mouse model of thalassemia
intermedia, Hbbth3/+ mice,38 given a 2-week course of treat-
ment. Serum hepcidin was significantly increased by
~45% in Hbbth3/+ mice treated with compounds 93, 156
and 165, relative to the levels in untreated mice (P<0.05)
(Figure 7A). As a consequence, the serum iron concentra-
tion dropped by ~30% (P<0.05) (Figure 7B). Similarly to
what occurred in Hfe-/- mice, the serum ferritin concentra-
tion dropped ~28% (P<0.05) (Figure 7C), indicating that
treatment with these agonists greatly diminished hyper-
ferritinemia in Hfe-/- and Hbbth3/+ mice, and the iron content

in the liver and spleen was reduced by >30% and 35%-
~50%, respectively (P<0.05) (Figure 7D,E), indicating an
effective relief of iron overload in Hbbth3/+ mice by these
compounds. Spleen and liver iron staining supported
these results (Figure 7F).

In β-thalassemia, deficiency of β-globin causes an
imbalance between a- and β-globin, so that excess a-glo-
bin tetramers aggregate in erythroblasts, leading to apop-
tosis of orthochromatic erythroblasts and reactive
increases in earlier erythroblast forms. Thus, β-tha-
lassemia syndromes often manifest with severe anemia
with ineffective erythropoiesis. To understand the effect
of our compounds on erythroblast maturation, we exam-
ined erythropoiesis in Hbbth3/+ mice. As shown in Figure
8A, the hemoglobin level was elevated by ~15% by these
compounds (P<0.05). Additionally, red blood cell content
was increased ~10% upon treatment with the com-
pounds compared to the erythrocyte content in untreated
controls (P<0.05) (Figure 8B). Furthermore, blood smears
revealed an increased number of red blood cells with nor-
mal morphology and a decrease of damaged or deformed
erythrocytes in treated mice (Figure 8C, denoted by
arrows). To corroborate these findings, flow cytometry
analysis was performed to define erythroid populations
using the erythroid markers TER119 and CD44 and cellu-
lar size. As shown in Figure 8D, compounds 93, 156 and
165 increased the percentage of the P7 subpopulation
(indicative of mature red blood cells) in bone marrow by
1.2 fold, 1.1 fold and 1.2 fold, respectively, with corre-
sponding declines in the proportions of P6 subpopula-
tions, compared to those in untreated controls. Similar
findings were observed for erythropoiesis in spleens from
treated mice, as these compounds increased the percent-
age of the P7 subpopulation in the spleen by 1.4 fold, 1.5
fold and 1.3 fold, respectively, with corresponding
declines in the proportions of P5 subpopulations, com-
pared to those in untreated controls (Online Supplementary
Figure S18). 

In addition, we explored the consequences of a longer
treatment, for 4 weeks. As shown in Online Supplementary
Figure S19A, administration of compound 93 resulted in
an approximately 2-fold increase of serum hepcidin in
Hbbth3/+ mice relative to the level in untreated Hbbth3/+ mice
(P<0.05). As a result, serum iron, hepatic iron and splenic
iron were significantly reduced by 20-25% (P<0.05)
(Online Supplementary Figure S19B-D). Iron staining sup-
ported the changes found in liver and spleen iron (Online
Supplementary Figure S19E). There was also a significant
reduction of spleen size and weight in Hbbth3/+ mice treat-
ed with compound 93 (P<0.05) (Online Supplementary
Figure S19F,G), suggestive of an improvement in the pre-
viously ineffective erythropoiesis. Furthermore, increases
in hemoglobin concentration and red blood cell count
were found in Hbbth3/+ mice 4 weeks after administration
of compound 93, in comparison to those in untreated
Hbbth3/+ mice (P<0.05) (Online Supplementary Figure
S20A,B). The findings of blood smears and analysis of
representative erythroid populations of bone marrow and
spleen were also consistent with the increasing concen-
tration of hemoglobin and red blood cell content (Online
Supplementary Figure S20C,D). Additionally, we measured
the concentration of malondialdehyde, which is indica-
tive of oxidative stress damage, such as injury by reactive
oxygen species,39,40 and of erythropoietin. As show in
Online Supplementary Figure S21, the malondialdehyde
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level in the spleen was reduced by more than 20% in
mice upon treatment with compound 93 for 4 weeks
(P<0.001). In the meantime, the serum erythropoietin
level remained unchanged upon treatment with com-
pound 93 (Online Supplementary Figure S22). Our data

indicated that all three compounds significantly improved
ineffective erythropoiesis in the bone marrow and spleen.
Considered together, these results demonstrated that our
compounds effectively relieved anemia in Hbbth3/+ mice by
correcting ineffective erythropoiesis.

J. Liu et al.
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Figure 7. Compounds 93, 156 and 165 alleviated iron overload in Hbbth3/+ mice. (A) Serum hepcidin, (B) serum iron, (C) serum ferritin (D) hepatic iron, (E) splenic
iron and (F) 3'-diaminobenzidine-enhanced Perls iron staining of liver sections (in brown) and Perls Prussion staining of spleen sections (in blue, indicated by arrows)
after administration of compounds 93, 156 and 165 to Hbbth3/+ mice at a dose of 10 mg/kg body weight every other day for 2 weeks (n=4-6). Original magnification,
×400. *P<0.05, relative to untreated, control (Ctrl) mice.
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Discussion 

We report here that thiazolidinone derivatives 93, 165
and 156 manifested therapeutically important hepcidin-
stimulatory activity, and the stimulatory effect on hep-
cidin synthesis lasted for 3 to 4 days after a single dose in
mice. No gross toxicity, systemic or hepatic inflammation,
or histologically-detectable tissue toxicity was found fol-
lowing acute or longer-term administration. Importantly,
the three compounds greatly increased hepcidin concen-
tration and relieved or prevented iron overload in two
mouse models, Hfe-/- mice (representative of type 1 HH)
and β-thalassemia intermedia mice, and prevented exces-
sive iron deposition in organs of young Hfe-/- mice.
Although Hfe-/- and β-thalassemic mice both exhibit a sim-
ilar iron overload phenotype, the underlying molecular

pathologies are different.41,42 The common mechanism is
lower level of hepcidin compared to that in Wt mice, giv-
ing rise to enhanced dietary iron uptake and iron egress
out of macrophages and consequently iron deposition in
various organs, especially the liver.36,43 However in β-tha-
lassemias, unlike in HH, ineffective erythropoiesis and
hemolysis accompany the iron overload, leading to
enhanced erythrophagocytosis by macrophages in the
spleen and consequently excess iron deposition in splenic
macrophages.41 Upon treatment to relieve ineffective ery-
thropoiesis, iron utilization for hemoglobin formation and
erythropoiesis would be enhanced, resulting in reduced
splenic iron overload.5,44 Our data showed significant
reduction of splenic iron and spleen size/weight as well as
improvement of hemoglobin and red blood cell indices in
Hbbth3/+ mice after treatment with the compounds, demon-
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Figure 8. Compounds 93, 156 and 165 improved ineffective erythropoiesis in Hbbth3/+ mice. (A) Hemoglobin (HGB) content and (B) red blood cell (RBC) count in
peripheral blood samples from 4-week old Hbbth3/+ mice following administration of compounds 93, 156 and 165 at a dose of 10 mg/kg body weight every other day
for 2 weeks (n=3-4). (C) Blood smears (original magnification, ×1,000) with damaged or deformed erythrocytes indicated by arrows and (D) representative erythro-
poiesis profiles of bone marrow cells from these mice (n=3-4). *P<0.05, compared to untreated, control (Ctrl) Hbbth3/+ mice.
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strating that anemia was markedly ameliorated in β-tha-
lassemia intermedia mice by our compounds through
improving ineffective erythropoiesis. Collectively, these
data support the potential of compounds 93, 165 and 156
as leads for treating complex iron overload disorders. 

Our compounds have a distinct therapeutic profile from
other hepcidin peptide mimics35 and chemical agonists.45

Hepcidin mimics, mini-hepcidin peptides, prevented iron
overload in various mouse models, including Hamp1-/-

mice,16 and also improved anemia and iron overload in β-
thalassemic mice by improving ineffective erythropoiesis.17

Compared to these or full-length hepcidin, our compounds
are much cheaper to synthesize and may be more readily
modified for oral administration. Moreover, the develop-
ment of hepcidin mimics is still in the experimental
stage.16,17 Tmprss6 siRNA and Tmprss6 antisense oligonu-
cleotides also diminished iron overload in Hfe-/- mice and
improved ineffective erythropoiesis in β-thalassemic
mice,46,47 but face challenges of cost of synthesis and lack of
experience with the long-term administration of these
classes of compounds. Only a few small molecular agonist
candidates have been identified. Although genistein was
found to stimulate hepcidin expression,48 it is a compound
with a broad array of other activities. Our recent study
demonstrated that two natural compounds, icariin and
epimedin C, purified from Chinese medicinal plants, stim-
ulated hepcidin expression.33 However, their purification
and production on a large scale would be formidable. 

As previously demonstrated, SMAD1/5/8 signaling fun-
damentally determines baseline hepcidin expression under
normal conditions.49,50 TMPRSS6 is crucially implicated in
interactions with TFR2, HFE, hemojuvelin and BMP recep-
tors in the suppression of hepcidin expression.51-54

Moreover, ERK1/2 phosphorylation was recently found to
repress hepcidin expression by suppressing SMAD1/5/8
phosphorylation.28 In the current study, we discovered that
hepcidin was upregulated at the transcriptional level
through enhancement of SMAD1/5/8 phosphorylation as
a result of the reduction of TMPRSS6, and we also

observed reduced ERK phosphorylation in response to
these hepcidin agonists. Thus, the reduction in TMPRSS6
and the diminished ERK1/2 phosphorylation presumably
cooperated to increase hepcidin level, although their rela-
tive contributions are not known thus far. However, no
connection between P-ERK and TMPRSS6 was found in
current literature. Nevertheless, more work should be done
to elucidate the possible relationship between P-ERK and
TMPRSS6 through SMAD1/5/8 signaling in fine-tuning
hepcidin expression.  

Erfe, Gdf15 and Twsg1 are stress erythropoiesis-respon-
sive genes that suppress hepcidin expression, presumably
to mobilize sufficient iron in support of erythropoiesis
under various stresses associated with blood loss.32,55 In the
present study, the expression of Erfe, Gdf15 and Twsg1 was
significantly repressed in bone marrow cells from Wt and
Hbbth3/+ mice responding to the administration of the inves-
tigated compounds. These results suggest that our com-
pounds also repressed Erfe, Gdf15 and Twsg1 to promote
hepatic hepcidin expression. We conclude that our hep-
cidin agonists induced hepcidin expression synergistically
by a direct action on hepatocytes through SMAD1/5/8 sig-
naling and by an indirect effect through erythroid cells. 

To summarize, we here identified three promising hep-
cidin agonists, compounds 93, 156 and 165. Although
detailed pharmacological studies still need to be per-
formed, the overall performance of these compounds to
date warrants their further development for the treatment
of HH, β-thalassemia and likely other iron disorders. 
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