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Abstract

Our previous study showed a reduction in serum ferritin of B-thalassemia patients on hydroxyurea therapy. Here we
aimed to evaluate the efficacy of hydroxyurea alone and in combination with most widely used iron chelators like
deferiprone and deferasirox for reducing iron from experimentally iron overloaded mice. 70 BALB/c mice received
intraperitonial injections of iron-sucrose. The mice were then divided into 8 groups and were orally given
hydroxyurea, deferiprone or deferasirox alone and their combinations for 4 months. CBC, serum-ferritin, TBARS, sTfr
and hepcidin were evaluated before and after iron overload and subsequently after 4 months of drug therapy. All
animals were then killed. Iron staining of the heart and liver tissue was done using Perl’s Prussian Blue stain. Dry
weight of iron in the heart and liver was determined by atomic absorption spectrometry. Increased serum-ferritin,
TBARS, hepcidin and dry weight of iron in the liver and heart showed a significant reduction in groups treated with
iron chelators with maximum reduction in the group treated with a combination of deferiprone, deferasirox and
hydroxyurea. Thus hydroxyurea proves its role in reducing iron from iron overloaded mice. The iron chelating effect of
these drugs can also be increased if given in combination.
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Introduction

Chronic blood transfusion therapy in B-thalassemia leads to
an average iron accumulation of  approximately
0.3-0.5mg/kg/day [1]. Treatment of B-thalassemia is expensive
with the life-time cost estimated to be US$1,10,000/-. In
developing countries like India, sufficient safe blood is not
readily available and the cost of iron chelation is prohibitive for
most families leading to severe anemia and death [2,3].

Pharmacological induction of HbF has been a major
therapeutic approach to hemoglobinopathies. Our earlier
studies with hydroxyurea therapy showed a significant
improvement in the clinical condition in 98% of sickle cell
anemia patients and 60% of the B-thalassemia intermedia
patients [4,5]. This was in agreement with many studies [6-8].
Also noticed was a sharp reduction in the serum ferritin of
some patients on hydroxyurea therapy without changing the
chelation regimen [5,9,10]. However, it was not possible in this
clinical setup to conclusively conclude on clinically significant
iron removal effect of hydroxyurea as most of the patients were
on regular blood transfusion and reduction in serum ferritin in
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these patients could have been due to reduction in the number
of blood transfusions.

Hence we designed an animal study using iron overloaded
Balb/c mice where hydroxyurea alone and in combination with
other clinically used iron chelators were administered to
evaluate the ability of hydroxyurea to function as an
independent iron chelator and synergistic or antagonistic effect
of this drug when combined with other clinically used iron
chelators at therapeutic dose.

Materials and Methods

Blood from 70 Balb/c mice of either sex (6—8 weeks old) was
collected in EDTA and plain vials for a complete blood count
(CBC) (Sysmex-K1000 Hematology Counter), estimation of
serum ferritin levels using the mouse ferritin ELISA kit
(Immunology Consultants Laboratory, Inc. Newberg, OR),
Thiobarbituric Acid Reactive Substances (TBARS), serum
transferrin receptor (sTfr) and hepcidin by ELISA (Shanghai
BlueGene Biotech Co. Ltd, Shanghai, China). All the mice
received intraperitonial injections of iron sucrose at 5 mg/week
every alternate day for 12 weeks. The mice were given regular
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diet. However, at this stage we lost 6 of the 70 mice due to iron
toxicity. Blood was collected for serum ferritin after giving iron
to assess iron overloading till the serum ferritin levels reached
around 17000 ng/ml (normal level around 800 ng/ml)

After iron loading a rest period of 20 days was given to all the
mice. They were then divided into 8 groups each comprising of
8 mice and were orally given deferiprone, hydroxyurea or
deferasirox individually and in combinations for 4 months daily
as shown below at a therapeutically adjusted dose for mice;

Group-1 - Control-no medication was given after iron loading.

Group-2 - 75mg/kg/day deferiprone (Kelfer, Cipla, India).

Group-3 - 20mg/kg/day hydroxyurea (Cipla, India).

Group-4 - 20mg/kg/day deferasirox (Asunra, Novartis
Pharma, India).

Group-5 - 20mg/kg/day hydroxyurea + 75mg/kg/day
deferiprone.

Group-6 - 20mg/kg/day hydroxyurea + 20mg/kg/day
deferasirox.

Group-7 - 20mg/kg/day deferasirox + 75mg/kg/day
deferiprone.

Group-8 - 20mg/kg/day hydroxyurea + 20mg/kg/day

deferasirox + 75mg/kg/day deferiprone.

After 4 months, all the mice were killed and blood was
collected for CBC, serum ferritin, TBARS, serum transferrin
receptor (sTfr) and hepcidin. Tissue iron staining of the heart
and liver tissue using standard Perl’s Prussian blue stain,
hematoxylin and eosin stain (H & E stain) and Reticulin stain
were done and graded. A section of the heart and the liver
biopsy were evaluated for iron/unit ug/gm of tissue by atomic
absorption spectrophotometry (AA-6300 Shimadzu) in the iron
overloaded mice as compared to mice that were not given iron.
The study was cleared by the animal ethics committee of our
Institute (ICMR/NIIH/AnimalHouse/Project-1/2011-2012).

Statistical Analysis

Student’s t-test was used to compare the findings between
different groups. Data was presented as mean + SD. SYSTAT
10 software and Microsoft Excel 2000 was used for all
statistical analysis.

Results

The baseline serum ferritin of the 70 balb/c mice was 815.5 +
222.4 ng/ml. This level was increased to 16272.7 + 4480.3
ng/ml after intraperitonial injection of iron sucrose for 12 weeks.
Table 1 show the results of the serum ferritin levels seen
before and 4 months after administration of deferiprone,
deferasirox and hydroxyurea alone as well as in combination of
hydroxyurea with the other two iron chelators in the iron
overloaded mice.

A statistically and clinically significant reduction in mean
serum ferritin levels (p<0.001) was observed in group 3, given
hydroxyurea alone and also in the other groups (2,4-8) with
maximum reduction seen in group 8 where all three drugs were
given in combination (Table 1). However, when the serum
ferritin levels of the group which did not receive any treatment
for 4 months were compared with the groups which received
treatment, a statistically significant reduction (p<0.001) was
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observed in all the groups receiving treatment with deferiprone,
hydroxyurea or deferasirox alone or in combination.

The mean MCYV of the mice in the hydroxyurea treated group
showed an increase from 40.2 + 1.5 to 42.5 + 2.3 fl, however
none presented with neutropenia. The TBARS assay done
using mice plasma before intraperitonial injection of iron
sucrose showed a concentration of 1.6 + 1.07 pM/L. This
concentration of TBARS increased to 6.5 + 2.5 yM/L after
intraperitonial injection of iron sucrose. Table 1 shows the
results of the reduction in mean TBARS levels seen after
administration of deferiprone, deferasirox and hydroxyurea as
well as a combination of hydroxyurea with the other iron
chelators for 4 months. TBARS levels did not decrease after 4
months in group 1 where the mice were not given any
treatment. A statistically significant reduction (p<0.001) in mean
TBARS levels was seen in mice in group 2, 3,4, 5,6,7 and 8
after treatment with the respective drugs with maximum
reduction seen in mice from group 5 and 8.

A statistically significant decrease in mean sTfr levels was
seen in comparison to normal mice due to iron overloading
which increased after the mice received different drugs (not
statistically significant), however normal levels were not
reached as the complete removal of iron was not achieved
(Table 1). The mean hepcidin levels also increased on iron
overloading as expected. After treatment, these levels
significantly reduced in groups 4, 5, 6, 7 with the maximum
reduction in group 8, while the reduction in group 2 and 3 was
not statistically significant (Table 1).

On comparing the dry weight of iron levels/gm of liver and
heart tissues in different groups against that which were not
treated with any drug, it was observed that the mean dry weight
of liver iron showed a significant reduction (p<0.001) in groups
5, 6, 7 with the maximum reduction in group 8 as compared to
group 1 not treated with any drug. A statistically significant
reduction (p<0.001) was also seen in the mean dry weight of
heart iron in groups 2, 3, 4, 5, 6, 7 and 8 as compared to group
1 (Table 2).

The Perl’s Prussian blue staining showed the presence of
high (5+) iron content in the iron overloaded liver and heart of
mice, which after treatment reduced (2 to 3+) in groups 2, 3
and 4 and further reduced (1 to 2+) in groups 5, 6, 7 and 8. The
Reticulin staining of the tissues showed no fibrosis.

Discussion

This study of evaluating the role of hydroxyurea, as a
clinically relevant iron chelator in removing iron from iron
overloaded mice is an extension of our previous study on
hydroxyurea therapy among patients with different
hemoglobinopathies [4,5,11]. Our earlier work had shown that
the high serum ferritin levels seen in sickle cell anemia patients
[mean 1329 + 700 ng/ul] decreased to 722 + 578 ng/ul after
two years of hydroxyurea therapy [4]. A statistically significant
reduction in mean serum ferritin levels was also seen in (-
thalassemia intermedia, B-thalassemia major and HbE-B-
thalassemia patients after hydroxyurea therapy [5,11]. Another
study from Iran also showed reduction in mean serum ferritin
levels after one year of hydroxyurea therapy from 2751.44
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Table 2. Dry weight of iron from the liver and the heart
tissues of mice.

Dry weight of Iron (ug/gm)

Liver tissue  Heart tissue
101.3+19.1 57.2+41.6

11945 + 2253 389 + 188

Normal levels
Iron overloaded mice (Group 1)

Iron overloaded and deferiprone treated mice
(Group 2)

9319+ 2865 138 + 66

Iron overloaded and hydroxyurea treated mice
(Group 3)

10316 £ 2820 150 + 128*

Iron overloaded and deferasirox treated mice
(Group 4)

11135+ 1878 171 £ 98*

Iron overloaded and deferiprone and
7136 + 1631* 208 + 200*
hydroxyurea treated mice (Group 5)

Iron overloaded and hydroxyurea and
7397 £ 1570* 159 + 141*

deferasirox treated mice (Group 6)

Iron overloaded and deferiprone and
6339 +934* 97 +69*

deferasirox treated mice (Group 7)

Iron overloaded and deferiprone, deferasirox
6739 + 1764* 89 + 60*
and hydroxyurea treated mice (Group 8)

* Statistically significant reduction (p<0.001) in dry weight of liver or heart iron of
the particular group compared to the group 1
doi: 10.1371/journal.pone.0082928.t002

ng/mL to 1594.20 ng/mL (p<0.001) in 49 B-thalassemia
patients [10].

In our present study age matched Balb/c mice were
overloaded with iron and then treated with different drugs. This
mode of iron administration closely mimics the route of
transfusional iron overload seen in B-thalassemia patients. The
dose of iron administered to the mice was equivalent to the iron
accumulated over a period of 10 years of blood transfusions in
a B-thalassemia patient without chelation [12]. This helped in
maintaining a check on the iron supplied to the body of the
mice which was a challenge in case of a continuously
transfused B-thalassemia patient.

The two iron chelators deferiprone and deferasirox are the
ones widely used in India as iron chelators and contribute the
maximum to the cost of management of a thalassemic child [3].
The 4 months treatment given to the mice with different drugs
alone and in combination was equivalent to around 13 years of
treatment in humans.

The experiment was designed to cover most aspects of iron
intake and metabolites in the body. Serum ferritin, a standard
test for estimation of iron in the body is sometimes falsely
increased due to infection or inflammation. This test was further
supported by Perl’s Prussian blue staining technique and the
dry weight of liver and heart tissue iron. These invasive
methods of iron estimation though not recommended in
modern times, T2* MRI does the same with precision and
without invasion in humans [13,14].

The decrease in serum ferritin in the mice in group 1 mice,
who were not treated after iron loading showed the ability of the
mouse body to remove iron without any chelaton after 4
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months. This ability if compared with the human body will take
very long to remove iron from the body which is not possible to
monitor in a continuously transfused patient.

The TBARS assay helps to measure the oxidative stress in
the cellular environment resulting in the formation of highly
reactive and unstable lipid hydroperoxides due to iron overload.
There was an increase in the TBARS levels after administration
of intraperitonial injections of iron sucrose. The different levels
of TBARS using different chelation also show deferiprone and
hydroxyurea are equivalent in suppressing oxidant damage
(TBARS) caused by iron overload. Combination of deferiprone
and hydroxyurea has a synergistic effect in reducing TBARS
but deferasirox does not significantly contribute to this effect.
Hepcidin levels were also increased indicating decreased iron
absorbance from food due to iron overload in the body [15].
The estimation of transferrin receptor and hepcidin further
proved our hypothesis and showed that hydroxyurea can by
itself, or in combination with other widely used iron chelators
remove iron from the body of iron overloaded mice.

A statistically significant decrease in the mean dry weight of
the liver and heart iron was seen after treatment. The
maximum reduction seen in heart tissue iron concentration in
group 8 where all three drugs were given in combination to the
iron overloaded mice suggests the easy accessibility and early
removal of the iron stored in cardiac tissues by a combination
of all the three drugs. This may be of great importance as
cardiac siderosis is the leading cause of death in patients with
transfusion-dependent 3-thalassemia [14].

Thus, taking into consideration the different parameters
studied in iron overloaded mice, it was seen that hydroxyurea
treatment alone also showed an iron chelation effect. This may
be attributed to the production of nitric oxide in the metabolism
of hydroxyurea which appears to be involved in cellular
defense against the iron-mediated reactive oxygen species
generation by inducing iron removal from cells [16,17]. Kayyali
et al. 1996 also demonstrated hydroxyurea to be an iron
chelator. Hydroxyurea is considered as a radical scavenger
and contains the hydroxamate function and therefore is also an
iron chelator [18].

Recently, the increase in the use of hydroxyurea in
hemoglobinopathies has added to the cost of management
[4,5,11,19,20]. However, if hydroxyurea provides an additional
benefit of iron chelation, it will be cost effective in the long run.
This is the first study which proves the role of hydroxyurea in
removing the labile iron from the iron overloaded mice along
with reduction of oxidative stress due to iron overload. It also
shows that hydroxyurea when used in combination with the
other two iron chelators shows the maximum chelation effect.
This could be helpful in optimum removal of iron from the body.

Acknowledgements

We are thankful to the technical staff of the animal house for
their support.
A patent application has been filed for this observation.

December 2013 | Volume 8 | Issue 12 | e82928



Author Contributions

Conceived and designed the experiments: KG. Performed the
experiments: Kl. Analyzed the data: KI RC KG. Wrote the
manuscript: KI. Critically revised the manuscript: RC KG.

References

. Weatherall DJ, Clegg JB (2001) The molecular pathology of the

thalassaemias. In: The Thalassemia Syndromes. 4th Edition. Blackwell
Scientific Publications, Oxford University Press. pp. 133-191.

. Agarwal MB (2005) The burden of haemoglobinopathies in India- Time

to wake up? J Assoc Physicians India 53: 1017-1018. PubMed:
16572955.

. Verma IC, Saxena R, Kohli S (2011) Past, present & future scenario of

thalassaemic care & control in India. Indian J Med Res 134: 507-521.
PubMed: 22089615.

. ltalia K, Jain D, Gattani S, Jijina F, Nadkarni A et al. (2009)

Hydroxyurea in sickle cell disease, a study of clinico-pharmacological
efficacy in the India haplotype. Blood Cells Mol, Dis 42: 25-31. doi:
10.1016/j.bcmd.2008.08.003.

. ltalia KY, Jijina FJ, Merchant R, Panjwani S, Nadkarni AH et al. (2009)

Response to hydroxyurea in B thalassaemia major and intermedia:
experience in western India. Clin Chem. Acta 407: 10-15.

. Charache S, Dover GJ, Moore RD, Eckert S, Ballas SK et al. (1992)

Hydroxyurea: effects on hemoglobin F production in patients with sickle
cell anemia. Blood 79: 2555-2565. PubMed: 1375104.

. Steinberg MH, Lu ZH, Barton FB, Terrin ML, Charache S et al. (1997)

Fetal hemoglobin in sickle cell anemia: determinants of response to
hydroxyurea. Blood 89: 1078-1088. PubMed: 9028341.

. Ma Q, Wyszynski DF, Farrell JJ, Kutlar A, Farrer LA et al. (2007) Fetal

hemoglobin in sickle cell anemia: genetic determinants of response to
hydroxyurea. Pharmacogenomics J 7: 386-394. doi:10.1038/sj.tpj.
6500433. PubMed: 17299377.

. Alebouyeh M, Moussavi F, Haddad-Deylami H, Vossough P (2004)

Hydroxyurea in the treatment of major B-thalassemia and importance of
genetic screening. Ann Hematol 83: 430-433. doi:10.1007/
s00277-003-0836-5. PubMed: 14722738.

. Zamani F, Shakeri R, Eslami SM, Razavi SM, Basi A (2009)

Hydroxyurea therapy in 49 patients with major B-thalassemia. Arch Iran
Med 12: 295-297. PubMed: 19400608.

. Italia KY, Jijina FF, Merchant R, Panjwani S, Nadkarni AH et al. (2010)

Effect of Hydroxyurea on the Transfusion Requirements in Severe
HbE-B-thalassemia Patients- A Genotypic and Phenotypic Study. J Clin
Pathol 63: 147-150. doi:10.1136/jcp.2009.070391. PubMed: 20154037.

. Prabhu R, Prabhu V, Prabhu RS. (2009) Iron overload in B-thalassemia

— A review. J Biosci Tech 1: 20-31

PLOS ONE | www.plosone.org

20.

Does Hydroxyurea Chelate Iron?

. Pepe A, Positano V, Santarelli F, Sorrentino F, Cracolici E et al. (2006)

Multislice multiecho T2* cardiovascular magnetic resonance for
detection of the heterogeneous distribution of myocardial iron overload.
J Magn Reson Imaging 23: 662-668. doi:10.1002/jmri.20566. PubMed:
16568436.

. Pepe A, Meloni A, Capra M, Cianciulli P, Prossomariti L et al. (2011)

Deferasirox, deferiprone and desferrioxamine treatment in thalassemia
major patients: cardiac iron and function comparison determined by
quantitative magnetic resonance imaging. Haematologica 96: 41-47.
doi:10.3324/haematol.2009.019042. PubMed: 20884710.

. Papanikolaou G, Tzilianos M, Christakis JI, Bogdanos D, Tsimirika K et

al. (2005) Hepcidin in iron overload disorders. Blood 105: 4103—4105.
doi:10.1182/blood-2004-12-4844. PubMed: 15671438.

. Kalmar J, Biri B, Lente G, Banyai I, Budimir A et al. (2012)

Detailed mechanism of the autoxidation of N-hydroxyurea catalyzed by
a superoxide dismutase mimic Mn(lll) porphyrin: formation of the
nitrosylated Mn(ll) porphyrin as an intermediate. Dalton Trans 41:
11875-11884. doi:10.1039/c2dt31200j. PubMed: 22911446. Available
online at: doi:10.1039/c2dt31200j Available online at: PubMed:
22911446

. Mladenka P, Simlnek T, Hubl M, Hrdina R (2006) The role of reactive

oxygen and nitrogen species in cellular iron metabolism. Free Radic
Res 40: 263-272. doi:10.1080/10715760500511484. PubMed:
16484042.

. Kayyali R, Pannala AS, Khodr H, Hider RC (1998) Comparative radical

scavenging ability of bidentate iron (lll) chelators. Biochem
Pharmacol ~ 55: 1327-1332. doi:10.1016/S0006-2952(97)00602-3.
PubMed: 9719489.

. Panigrahi |, Dixit A, Arora S, Kabra M, Mahapatra M et al. (2005) Do a

deletions influence hydroxyurea response in thalassemia intermedia?
Hematology 10: 61-63. doi:10.1080/10245330400020439. PubMed:
16019448.

Dixit A, Chatterjee TC, Mishra P, Choudhry DR, Mahapatra M et al.
(2005) Hydroxyurea in thalassemia intermedia-a promising therapy.
Ann Hematol 84: 441-446. doi:10.1007/s00277-005-1026-4. PubMed:
15838670.

December 2013 | Volume 8 | Issue 12 | e82928


http://www.ncbi.nlm.nih.gov/pubmed/16572955
http://www.ncbi.nlm.nih.gov/pubmed/22089615
http://dx.doi.org/10.1016/j.bcmd.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/1375104
http://www.ncbi.nlm.nih.gov/pubmed/9028341
http://dx.doi.org/10.1038/sj.tpj.6500433
http://dx.doi.org/10.1038/sj.tpj.6500433
http://www.ncbi.nlm.nih.gov/pubmed/17299377
http://dx.doi.org/10.1007/s00277-003-0836-5
http://dx.doi.org/10.1007/s00277-003-0836-5
http://www.ncbi.nlm.nih.gov/pubmed/14722738
http://www.ncbi.nlm.nih.gov/pubmed/19400608
http://dx.doi.org/10.1136/jcp.2009.070391
http://www.ncbi.nlm.nih.gov/pubmed/20154037
http://dx.doi.org/10.1002/jmri.20566
http://www.ncbi.nlm.nih.gov/pubmed/16568436
http://dx.doi.org/10.3324/haematol.2009.019042
http://www.ncbi.nlm.nih.gov/pubmed/20884710
http://dx.doi.org/10.1182/blood-2004-12-4844
http://www.ncbi.nlm.nih.gov/pubmed/15671438
http://dx.doi.org/10.1039/c2dt31200j
http://www.ncbi.nlm.nih.gov/pubmed/22911446
http://dx.doi.org/10.1039/c2dt31200j
http://www.ncbi.nlm.nih.gov/pubmed/22911446
http://dx.doi.org/10.1080/10715760500511484
http://www.ncbi.nlm.nih.gov/pubmed/16484042
http://dx.doi.org/10.1016/S0006-2952(97)00602-3
http://www.ncbi.nlm.nih.gov/pubmed/9719489
http://dx.doi.org/10.1080/10245330400020439
http://www.ncbi.nlm.nih.gov/pubmed/16019448
http://dx.doi.org/10.1007/s00277-005-1026-4
http://www.ncbi.nlm.nih.gov/pubmed/15838670

	Hydroxyurea Could Be a Good Clinically Relevant Iron Chelator
	Introduction
	Materials and Methods
	Statistical Analysis

	Results
	Discussion
	Acknowledgements
	Author Contributions
	References


