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ABSTRACT

Background
We assessed whether oxidant-stress and inflammation in β-thalassemia could be controlled by
the novel oral iron chelator deferasirox as effectively as by deferoxamine.

Design and Methods
Forty-nine subjects were enrolled from seven sites and studied at baseline, and after 1, 6, and
12 months of therapy. Malondialdehyde, protein carbonyls, vitamins E and C, total non-trans-
ferrin bound iron, transferrin saturation, C-reactive protein, cytokines, serum ferritin concentra-
tion and liver iron concentration were measured.

Results
Liver iron concentration and ferritin declined significantly in both treatment groups during the
study. This paralleled a significant decline in the oxidative-stress marker malondialdehyde
(deferasirox -22%/year, deferoxamine -28%/year, average decline p=0.006). The rates of
decline did not differ between treatment groups. Malondialdehyde was higher in both treatment
groups than in a group of 30 non-thalassemic controls (p<0.001). The inflammatory marker
high-sensitivity C-reactive protein decreased significantly only in the group receiving deferasirox
(deferasirox -51%/year, deferoxamine +8.5%/year, p=0.02). This result was confounded by a
chance difference in the level of high-sensitivity C-reactive protein between the two groups at
baseline, but analyses controlling for this difference suggested an equally large treatment
effect.

Conclusions
Iron chelation therapy with deferoxamine or with deferasirox was equally effective in decreas-
ing iron burden and malondialdehyde. The possible differential effect of the two chelators on
inflammation warrants further investigation.
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Introduction

The outlook for patients with thalassemia has
improved in recent decades with the use of modern trans-
fusion practice and iron chelation, but patients continue
to be at high risk for iron overload and its toxicities.1,3

Iron-related cardiac disease remains the most common
cause of death in patients with thalassemia.1 More than
70% of adult patients suffer from hypogonadism, osteo-
porosis, and other endocrine disorders.4 Long-term chela-
tion therapy with deferoxamine lowers iron burden and
reduces or prevents end-organ toxicity in compliant
patients.3 However, deferoxamine is administered par-
enterally, over 8-12 hours or more per day - a difficult reg-
imen which limits patients’ compliance.5 Furthermore,
the short half-life of deferoxamine in the body after stop-
ping an infusion results in a prolonged period each day
when non-transferrin bound iron (NTBI) can be detected
at elevated levels in the circulation.6,7 NTBI has been sug-
gested to be toxic to the heart and other iron-susceptible
tissues.8,9 Deferasirox (ICL670, Exjade®, Novartis) is an
orally administered tridentate iron chelator with a rela-
tively long circulating half-life of 8 to 16 hours10,11 and doc-
umented cellular permeability.12,13 Deferasirox was
approved by the Food and Drug Administration, in late
2005, for treatment of transfusional iron overload in
chronic anemias (this approval can be found at:
http://www.fda.gov/bbs/topics/news/2005/NEW01258.html).
During the pivotal Novartis-sponsored phase III random-
ized, open-label comparison of deferasirox vs. deferoxam-
ine,11 the National Institutes of Health (NIH)-sponsored
Thalassemia Clinical Research Network (TCRN) initiated
an ancillary study to determine whether iron-induced oxi-
dant-stress and inflammation in β-thalassemia, as precur-
sors to cell and organ injury, could be controlled by
deferasirox as effectively as or better than by deferoxam-
ine through analysis of body iron burden and biomarkers
of oxidative stress and inflammation. Biomarkers of oxi-
dant stress included plasma malondialdehyde (a marker
of lipid peroxidation14-17) and plasma protein carbonyls, a
marker of oxidation to circulating proteins. Inflammatory
biomarkers were cytokines (including interleukin-6) and
high-sensitivity C-reactive protein (hsCRP), markers pre-
viously found useful in thalassemia15,18,19 and other disease
states including heart disease and diabetes.20-22

Design and Methods

Study design
The study was ancillary to the pivotal phase III

Novartis CICL670A0107 trial, a randomized, open-label
comparison of deferasirox, an oral iron chelator, vs. defer-
oxamine.11 Participants in the Novartis CICL670A0107
trial weighing at least 12 kg and co-enrolled in the
TCRN, an NIH-sponsored consortium of North
American and UK thalassemia clinical research centers,
were eligible. Of 586 participants from 65 sites in 12
countries in the Novartis CICL670A0107 trial, 66 tha-
lassemia patients from seven sites in three countries were
eligible for the ancillary study of whom 49 (28 male,
22.4±10.7 years [mean age±SD], range 3 to 42 years)

were enrolled. An additional 30 healthy controls (15
male, 24.5±9.0 years) frequency matched for age (in 5-
year intervals), sex, race and use of vitamin supplements
were enrolled for a single visit. The study was approved
by the institutional review board at each site and con-
ducted under the supervision of a Data and Safety
Monitoring Board convened by the National Heart, Lung,
and Blood Institute of the NIH. All participants provided
written, informed consent. 

Fasting blood samples were collected at the following
times: (i) after a 5-day washout of deferoxamine prior to
commencing treatment with either deferasirox (average
dose 18.6±7.6 mg/kg/day) or deferoxamine (average dose
46.8±8.8 mg/kg/day), and (ii) 24 hours post-chelator and
antioxidant supplementation at 1, 6, and 12 months on
study. Because the Novartis CICL670A0107 trial initiated
enrollment prior to approval of the ancillary study at sev-
eral sites, baseline blood samples were obtained from
only 30 participants (61%). Six participants (12%) had
their first blood sample drawn after 1 month of treat-
ment and 13 participants (27%) after 6 months of treat-
ment.

Laboratory analyses
Forty-five milliliters of blood were collected in the

morning from fasting subjects who were told to take no
medications including chelators and nutritional supple-
ments in the preceding 24 hours. Blood for NTBI assays
was collected in trace element-free tubes containing
AlCl3 at a final concentration of 200 µM. Blood samples
were collected at trough chelator levels. After centrifu-
gation, aliquots of serum and plasma (plasma for meas-
urement of vitamin C was acidified with 2% (w/v)
oxalic acid) were stored at -80°C.

Malondialdehyde
Malondialdehyde was assayed in duplicate 250 µL

plasma samples using gas chromatography-mass spec-
trometry (GC-MS), as previously described.15,23,24 Di-
ethylenetriaminepentaacetate (200 µM ) and butylated
hydroxytoluene (2.5 mM) were added to prevent oxida-
tion. Samples were spiked with 1 µM 2H2- malondialde-
hyde as an internal standard. To hydrolyze protein-
bound malondialdehyde, 10 µL of 6.6N H2SO4 were
added for 10 min at room temperature. Malondialdehyde
was derivatized to pentafluorophenylhydrazine at room
temperature for 1 hour. Derivatized malondialdehyde
was extracted with isooctane, and 70 µL were injected
into a GC-MS (Hewlett-Packard model 5888, Agilent
Technologies, San Jose, CA, USA).

Protein carbonyls
Carbonyl groups on plasma proteins were measured

by reaction with 2,4-dinitrophenylhydrazine to form a
spectrophotometrically detectable hydrazone.25,26

Vitamins E and C
Plasma α-tocopherol levels were determined using

high performance liquid chromatography with fluores-
cent detection by the method of Hansen and Warwick.27

Plasma vitamin C was measured using a spectrophoto-
metric method. Assays were performed at ARUP
Laboratories (Salt Lake City, UT, USA).
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Total non-transferrin bound iron 
Total NTBI (referred to as NTBI) was determined by

nitrilotriacetic acid capture of NTBI and high perform-
ance liquid chromatographic detection28 with modifica-
tion to account for either iron-free or iron-bound study
chelator in the sample. AlCl3 was added to blood samples
to prevent NTBI shuttling onto unbound chelator and
thus being underestimated. Although iron-bound defer-
oxamine has no effect on the assay, the deferasirox-iron
complex is disrupted by the high concentrations of
nitrilotriacetic acid. Blood samples were taken at trough
chelator levels to limit over-estimation of NTBI in the
presence of deferasirox-iron complex. Concentrations of
the deferasirox-iron complex were also measured in sep-
arate samples by Novartis. To determine the proportion
of NTBI attributable to disruption of deferasirox-iron
complex, increasing concentrations of deferasirox-iron
complex were spiked into normal and thalassemic sera
(both n=6) and the observed NTBI levels measured. Both
types of sera gave consistent graphs with the same slope
(0.1264 µM NTBI/µM deferasirox-iron complex). The
estimated excess NTBI attributable to the deferasirox-
iron complex was subtracted from the crude NTBI meas-
urement.

Transferrin saturation
Transferrin saturation was determined on serum

samples as described elsewhere.29 Twenty-five micro-
liters of serum were treated with an excess of rivanol to
remove most of the serum proteins excluding transfer-
rin. After centrifugation, samples of the supernatants
were run on polyacrylamide gels containing 6 M urea.
Under these partially denaturing conditions, the four
different species of transferrin (apo-, diferric-, C- and
N-terminal monoferric) denature to differing extents
and separate on the gel, allowing densitometric quanti-
tation, from which saturation was calculated.

C-reactive protein
Plasma hsCRP was determined by a nephelometric

method utilizing latex particles coated with C-reactive
protein monoclonal antibodies by Quest Diagnostics
(San Bernardino, CA, USA).

Cytokines
Plasma levels of ten cytokines (interleukin [IL]-1β, IL-

2, IL-4, IL-5, IL-6, IL-8, IL-10, granulocyte-monocyte
colony-stimulating factor [GM-CSF], interferon [IFN]-γ
and tumor necrosis factor [TNF]-α) were determined in
samples by a multiplex antibody bead assay from
BioSource International, Camarillo CA, USA.

Liver iron
Liver iron concentration (LIC) was estimated either by

atomic absorption spectrometry of tissue extraction from
paraffin blocks and digested at Clinique des Maladies du
Foie, Centre Hospitalier Universitaire, Rennes, France11

or by bio-magnetic susceptibility (BLS) (n=7) using
SQUID biosusceptometers at Oakland (Ferritometer®

Model 5700, Tristan Technologies, San Diego, CA, USA)
and Hamburg (Hamburg biosusceptometer, Biomagnetic
Technologies Inc., San Diego, USA).30,31 SQUID estimates
of LIC per unit wet weight were converted to dry weight

units according to Fischer et al.,32 using a conversion fac-
tor of 5.8.

Ferritin
Serum ferritin concentrations were measured by

immunoassay at B.A.R.C. Laboratories, Gent, Belgium.11

Statistics
Demographic and anthropometric data, baseline med-

ical characteristics, and trial follow-up parameters were
compared by t-tests and Fisher’s exact test. Malon-
dialdehyde, α- and γ-tocopherol, cytokine and hsCRP val-
ues were log-transformed prior to analysis. Back-trans-
formed means are reported. Longitudinal changes in bio-
marker levels among thalassemia patients were analyzed
using linear mixed models of treatment group x time con-
trolling for cumulative chelator dose nested within treat-
ment group, self-reported illness in the previous 2 weeks,
and baseline LIC with random subject-specific intercepts
and slopes. Partial correlation coefficients were estimated
from residuals of the longitudinal mixed model. To adjust
for confounding of treatment group and baseline hsCRP
levels, change in hsCRP was analyzed in a model control-
ling for baseline hsCRP. Because many participants
enrolled after their baseline visit, baseline hsCRP data
were estimated by multiple imputation33 using a regres-
sion-based imputation model based on low-sensitivity C-
reactive protein levels, absolute neutrophil counts, alanine
transaminase levels, and terms in the final longitudinal
model.

Results

Demographics
The demographic and anthropometric data of the study

populations are shown in Table 1. The groups were well-
matched with no significant statistical differences among
them, including the transfusion volume during the study
(0.32±0.10 mL red blood cells/kg/day for deferasirox, and
0.34±0.11 mL for deferoxamine, p=0.57).

Iron burden 
There were no significant differences in baseline LIC,

ferritin or duration of transfusion between the two treat-
ment groups (p=0.46, 0.23 and 0.66, respectively, Table 1).
The mean LIC of both treatment groups declined signifi-
cantly from baseline during treatment (deferasirox -2.3
mg/g dry weight/year, deferoxamine -1.9 mg/g dry
weight/year, average decline p=0.02, Figure 1A), with no
difference between chelator groups for the mean rate of
decline (p=0.81) and no difference between the groups at
the end of treatment (p=0.54). The mean serum ferritin of
both treatment groups at baseline also declined signifi-
cantly during treatment (deferasirox -148 µg/L/year,
deferoxamine -499 µg/L/year, average decline p=0.004;
Figure 1B) with no significant difference between treat-
ment groups in the rate of change of ferritin by longitudi-
nal analysis (p=0.11). When controlling for age, gender
and race, there was no significant difference in ferritin lev-
els between chelator groups at baseline (p=0.26), but
there was at the end of follow-up with ferritin levels
being lower in the deferoxamine group (deferoxamine
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1711 µg/L, deferasirox 2983 µg/L, p=0.01).
NTBI was significantly higher in both the deferasirox

and deferoxamine groups than in the control group at
baseline (p<0.001, Table 1) and at the end of the study
(deferasirox 4.31 µmol/L, deferoxamine 4.43 µmol/L,
p=0.001). However, there was no significant change in
NTBI during the study period (deferasirox 0.91

µmol/L/year, deferoxamine -0.26 µmol/L/year, average
rate p=0.49, treatment difference p=0.21) and no differ-
ence between treatment groups at the end of the study
(p=0.85). NTBI was positively associated with transferrin
saturation (r=0.70, p<0.001), but, interestingly, was
inversely correlated with hsCRP (r=-0.21, p<0.01, Table 3)
which declined during treatment with deferasirox.
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Figure 1. Distributions of LIC (panel
A), ferritin (panel B), malondialde-
hyde (MDA) (panel C), and hsCRP
(panel D) vs. time stratified by treat-
ment group (deferasirox l; deferox-
amine P). Day zero (0) is the first day
of treatment.  Regression lines of the
observed data are overlaid
(deferasirox · – · – ·; deferoxamine ——
).

Table 1. Baseline demographic data, iron status, oxidant stress and inflammation of the thalassemic patients and control subjects.

Parameter Deferasirox Deferoxamine Control Thalassemia Deferasirox 
(n=24) (n=25) (n=30) vs. control vs. deferoxamine

p value p value 

Demographics
Age, years, mean±SD 22.6±10.9 22.2±10.8 24.5±9.0 >0.25 >0.25
Sex, male/female 16/8 12/13 15/15 >0.25 >0.25
Race, Asian/Caucasian/Other 11/11/2 12/13/0 12/16/2 >0.25 >0.25
Body mass index, kg/m2, mean±SD 20.9±4.1 20.9±4.1 21.8±4.1 >0.25 >0.25
Splenectomy, n (%) 13 (54%) 15 (60%) − >0.25
Alanine transferase (U/L) 42.3±41.9 38.3±40.8 − − >0.25
HCV Ab positive, n (%)* 4 (17%) 5 (20%) − − >0.25

Iron status
Liver iron (mg Fe/g dw) 13.7±8.7 12.0±7.4 − − >0.25
Ferritin (µg/L) 2985±2058 2398±1163 − − 0.23
Transfusion (years) 15.6±10.4 17.3±10.9 − − >0.25
NTBI (µmol/L) 3.19±2.21 4.81±1.94 -1.48±0.48 <0.001 0.04
Transferrin saturation (%) 89.1±19.8 95.3±11.0 38.1±11.5 <0.001 >0.25

1Oxidant stress
Malondialdehyde (nmol/L) 68.2 42.6 19.2 <0.001 0.06

(28.1, 451) (20.1, 88.3) (1.9, 75.8)
Vitamin C (mg/dL) 0.70±0.52 0.82±0.40 1.40±0.33 <0.001 >0.25
α-tocopherol (mg/L) 5.67 6.12 8.55 <0.001 >0.25

(2.80, 11.2) (3.20, 9.2) (5.60, 12.1)

Inflammation
hsCRP (mg/L) 1.46 0.78 0.48 0.012 0.18

(0.10, 15.6) (0.20, 7.7) (0.10, 5.1)
IL-10 (pg/mL) 3.09 2.67 1.27 <0.001 >0.25

(1.17, 8.32) (1.91, 4.90) (0.39, 2.86)

Values are arithmetic means±SD unless otherwise noted. 1Ranges are given for log transformed variables. *No patients showed current hepatitis C virus (HCV) active dis-
ease by either inflammation noted on study liver biopsy or detection of HCV RNA by polymerase chain reaction analysis for subjects not undergoing liver biopsy.  
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Oxidative injury
At baseline the mean plasma malondialdehyde concen-

tration of the two treatment groups (56 nmol/L) was sig-
nificantly higher than that of the control group (19.5
nmol/L; see Table 1). The value in the control group was
in the range found for healthy controls in other stud-
ies.15,23 The mean plasma malondialdehyde concentration
of the two treatment groups declined significantly during
treatment (Figure 1C, deferasirox –21%/year, deferox-
amine –25%/year, p=0.006 for average decline, control-
ling for baseline LIC and self-reported recent illness).
However, there was no difference between the treatment
groups in the mean rate of decline of malondialdehyde
(p=0.68, Table 2). Malondialdehyde concentration was
positively correlated with baseline LIC (Table 3) and
remained elevated above the level in controls in both
chelator groups at the end of follow-up (deferasirox 49.5
nmol/L, deferoxamine 33.9 nmol/L, both p=0.001 com-
pared to controls). Plasma protein carbonyls, a marker of
protein oxidative damage, did not differ between con-
trols and thalassemia patients at baseline (0.52 and 0.54
nmol/mg respectively) and did not change significantly
over the course of treatment (p=0.63).

Further evidence of oxidative stress in the thalassemia
patients was apparent from the lower levels of antioxi-
dant vitamins C and E (α-tocopherol) at baseline (Table
1) and at 1 year, compared to the levels in normal con-
trols (p<0.001, data not shown). However, there were no
significant differences in the levels of either vitamin C or
α-tocopherol between the treatment groups (Table 1),
nor were there any significant changes in the concentra-
tions of these vitamins during the follow-up. These vita-
mins were also correlated amongst themselves (vitamin
C vs. α-tocopherol r=0.23, p=0.007; and α-tocopherol vs.
γ-tocopherol r=–0.20, p=0.01). The negative relationship
between γ- and α-tocopherol is not surprising since we
have previously shown this in thalassemia patients15 and
the opposing rise in γ-tocopherol has been shown in
other inflammatory conditions.34

Inflammation
Markers of inflammation including hsCRP and ten

cytokines were compared in each of the groups (see
Figure 1D for hsCRP). At baseline, mean plasma hsCRP
was elevated only among individuals randomized to
deferasirox (deferasirox 1.30 mg/L, deferoxamine 0.74
mg/L, controls 0.43 mg/L, p=0.001 and p=0.10 compared
to controls, respectively; see Table 1). Similarly, IL-6 was
only elevated at baseline among individuals randomized
to deferasirox (deferasirox 1.40 pg/mL, deferoxamine
1.06 pg/mL, controls 0.87 pg/mL, p=0.05 and p=0.47
compared to controls, respectively). IL-10 was higher in
both treatment groups at baseline (p<0.001, Table 1) and
during the follow-up (deferasirox 2.32 pg/mL, deferox-
amine 2.49 pg/mL, p<0.001 compared to controls). In
longitudinal analysis, there was a significant difference
between treatment groups in the mean rate of decline of
hsCRP (deferasirox –51% year, deferoxamine +8.6%
year, p=0.02, Figure 1D and Table 2). The confounding
effect of treatment groups and baseline hsCRP levels and
the lack of baseline hsCRP levels for 40% of participants
made inferences on the relationship between treatment
and changes in hsCRP difficult. In a model controlling for
baseline hsCRP levels using data obtained by multiple
imputation, the treatment difference in the rate of
change in hsCRP was equally large (deferasirox
–27%/year, deferoxamine +34%/year, p=0.02).

Inflammatory markers also correlated with other bio-
markers in samples from thalassemia patients. hsCRP
concentration was weakly associated with LIC (r=0.23,
p=0.06), but inversely associated with transferrin satura-
tion (r=-0.29, p<0.001, Table 3) and, as with pointed out
above, NTBI. IL-6 was positively correlated with hsCRP
(r=0.43, p<0.001) and serum ferritin (r=0.18, p=0.03) but
inversely correlated with transferrin saturation (r=0.20,
p=0.02). Participant-reported sickness in the 2 weeks
prior to samples being taken was associated with higher
levels of hsCRP (+113%, p<0.001, Table 2), IL-2 (+75%),
IL-6 (+45%), IL-10 (+36%) and TNF-α (+30%, p<0.05
for all).
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Table 2. Regression coefficients and 95% confidence intervals (CI)
from a mixed model analysis of biomarker change over time.

Parameter Malondialdehyde hsCRP
(log nmol/L), 95% CI (log mg/L), 95% CI

Sick within 0.224 p=0.02 0.784 p<0.001
previous (0.034 to 0.415) (0.431 to 1.137)
2 weeks 
(yes vs. no)

Baseline LIC 0.025 p=0.04 -0.015 p=0.56
(mg Fe/g dry wt) (0.001 to 0.049) (-0.066 to 0.036)

Time (years) -0.29 p=0.006 -0.32 p=0.06
(-0.49 to -0.09) (-0.65 to 0.02)

Treatment by 0.08 p=0.68 -0.80 p=0.02
time (years) (-0.31 to 0.48) (-1.47 to -0.13)

Table 3. Correlations among biomarkers of iron stores, inflamma-
tion, and oxidative injury.

Variables Patients Partial p 
(observations) correlation value

LIC (mg Fe/g dw) vs. MDA 47 (72) 0.38 0.001
(log nmol/L)

NTBI (µmol/L) vs. MDA 48 (135) 0.10 0.25
(log nmol/L)

Transferrin saturation (%) 47 (134) 0.70 < 0.001
vs. NTBI (µmol/L).

Transferrin saturation (%) 48 (144) -0.29 < 0.001
vs. hsCRP (log mg/L)

hsCRP (log mg/L) 47 (134) -0.21 0.01
vs. NTBI (µmol/L).

hsCRP (log mg/L) 49 (143) 0.44 < 0.001
vs. IL-6 (pg/mL)



Discussion

We examined the relationship between decrease in
total body iron burden induced by deferoxamine or
deferasirox and direct measures of oxidant damage and
inflammation in transfused thalassemia patients. In gen-
eral, decreased iron burden was associated with
decreased oxidant damage and inflammation. Iron chela-
tion therapy with deferasirox or deferoxamine was
equally effective in decreasing LIC and malondialdehyde
by the end of the study period.

Iron burden and oxidative stress
Although we are interested in the specific role of iron

overload in mediating injury, the unique pathophysiolo-
gy of thalassemia may also play a role in promoting
changes in the observed oxidative and inflammatory bio-
markers. Specifically, the surplus of α-globin chains and
intramedullary ineffective erythropiesis are important
factors.35 Furthermore, while each class of biomarker is
traditionally thought to represent oxidative or inflamma-
tory processes, it is important to note that these are not
distinct entities and have considerable interaction, i.e.,
iron-induced oxidative stress can initiate tissue injury
and/or inflammation.

We followed three parameters of iron burden: LIC,
serum ferritin and total NTBI. Both LIC and ferritin
declined during the study period in both treatment
groups, confirming previous findings.10,11 While total
NTBI levels were significantly higher in thalassemia
patients than in controls, we did not find a change in
total NTBI with either deferoxamine or deferasixon
treatment, although the assay was modified to account
for iron present in chelator complexes (see methods).
The present study measured total NTBI, which repre-
sents the total plasma iron not bound to transferrin.
However, because less than 10% of the total plasma
NTBI is in a rapidly chelatable form7 our small sample
size would be unlikely to identify a modest difference
between the chelators. Our analysis could have had
greater sensitivity if we had collected samples at earlier
time points when deferasirox would have been present
at higher concentrations. A recent report suggests that
labile plasma iron, a redox active rapidly chelatable sub-
fraction of total NTBI,36 is decreased by the use of
deferasirox.12 In the present study we chose to measure
total NTBI because NTBI tissue uptake is unlikely to be
limited to the redox active labile fraction. Further studies
are needed to clarify the relationship between total NTBI
and labile plasma iron. 

We found a positive association between NTBI and
transferrin saturation but noted interesting inverse asso-
ciations of NTBI and transferrin saturation with hsCRP.
Parallel with this there was also an inverse correlation
between transferrin saturation and IL-6. These findings
may be related to the high levels of IL-10 found in our
thalassemia patients since there are previous reports that
IL-10 promotes retention of iron within the reticuloen-
dothelial system thus lowering blood circulating free
iron.37,38 It is also tempting to speculate that this retention
could be promoted by hepcidin39,40 and a study of the

relationship of hepcidin levels to NTBI, transferrin satu-
ration and inflammatory markers is indicated in these
patients. We and others also suggest that this response
enables the reticuloendothelial system to retain damag-
ing free iron during inflammation.15,37,41 The falling hsCRP
levels during the study, together with their inverse corre-
lation with NTBI could mean that any fall in NTBI result-
ing from chelation is being countered by the opposing
effects from decreased inflammation.

Some plasma malondialdehyde assays have previously
been limited by lack of specificity and demonstrate a
very wide range of normal values probably related to
artifacts generated during the process.42 In the present
study, we used a GC-MS assay which is specific for mal-
ondialdehyde14,15 and avoids the oxidation during pro-
cessing seen in thiobarbituric acid reactive substances
(TBARS) analysis.42 Longitudinal analysis in our study
showed that malondialdehyde levels were controlled by
both deferoxamine and deferasirox, and to our knowl-
edge this is the first study to show that plasma malondi-
aldehyde levels can be reduced by chelation, although it
was previously shown that deferiprone could lower
TBARS in a 1 year study of eight patients.43 In agreement
with our previous work, LIC from thalassemia patients
correlated with plasma malondialdehyde levels.15 In
experimental animal models, high liver iron levels were
shown to induce elevation of lipid peroxides and oxi-
dants44,45 presumably through iron initiated Fenton chem-
istry. A similar mechanism is likely to be contributing in
our present study. Increased plasma lipid peroxidation
markers such as malondialdehyde have previously been
observed in patients with thalassemia.14,15,46,47

Whereas NTBI and liver iron overload are both reason-
able candidates for initiating malondialdehyde forma-
tion, only LIC, not NTBI, correlated with malondialde-
hyde. This might seem surprising because of the poten-
tial for free iron in NTBI to initiate the Fenton chemistry
in vivo that could induce lipid peroxidation leading to
increased malondialdehyde. However, this was not the
case. Of the recent published studies that investigated
the relationship between NTBI and malondialdehyde
(excluding our previous paper),14,48 one found no correla-
tion between NTBI and malondialdehyde;48 while anoth-
er did find a correlation.14 The weakness in the relation-
ship between NTBI and malondialdehyde in the present
work and others may be explained by variation in circu-
lating NTBI related to the specific protocol design - such
as the variation of NTBI at any specific time point or con-
sistency of the time point in the transfusion cycle select-
ed for blood sampling. The largest variation of NTBI lev-
els between patients has been shown to occur at the mid-
point of the transfusion cycle.49 In contrast to Cighetti et
al.14 who completed their blood sampling just prior to
transfusion, we did not standardize the blood sampling
to the transfusion date. Discrepancies between results
could also occur if the timing of the blood sampling in
relationship to chelation is not similar between studies.
Cighetti et al.14 took their blood samples 48 hours after
stopping chelation while we took ours  24 hours after
stopping chelation.

In a previous study,15 we suggested that the increased
levels of plasma malondialdehyde in thalassemia might
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be explained by three mechanisms: (i) the excess α-
chains in β-thalassemic erythrocytes and erythroblasts
being unstable and prone to denaturation and oxida-
tion;35 (ii) peroxidation of tissues that leak malondialde-
hyde into the blood; and (iii) depleted antioxidant capac-
ity (described below) lowering defense to oxidants.
While all three may contribute, the parallel decline of LIC
and malondialdehyde during our study is more consis-
tent with the mechanism of malondialdehyde leaking
from the iron overloaded liver.

Antioxidant capacity is also a determinant of sensitivi-
ty to oxidant-stress and resulting tissue injury, especially
in patients with increased iron burden such as tha-
lassemics. We found significantly lower antioxidant
capacity (vitamins E and C) and elevated malondialde-
hyde in the thalassemia patients compared to controls at
baseline and during the follow-up. This increase in
oxidative stress has been found in other studies on tha-
lassemia15,50-52 and previously only antioxidant supple-
mentation was successful in decreasing oxidant stress.53

Inflammation
In contrast to the results found for markers of iron bur-

den and oxidative stress noted above, for which both
chelators were similar, only the group treated with
deferasirox had a significant decline in the inflammatory
marker hsCRP. The interpretation of this finding is ham-
pered by the chance difference in baseline hsCRP levels.
Nevertheless, the difference in hsCRP change was equal-
ly large after controlling for baseline hsCRP levels using
data obtained by multiple imputation. The reason for
this difference is not, however, certain. One recognized
difference between the chelators is that deferasirox has a
longer plasma half-life (8–16 hours) than deferoxamine
(18 min),11 enabling deferasirox to exert its effects for a
much longer time after dosing. Although we did not see
any differences in total NTBI between the treatment
groups at chelator trough levels, it is possible that the
longer chelator half-life may lower inflammation by bet-
ter controlling levels of NTBI earlier in the 24-hour peri-
od after chelator administration. Deferasirox may also
better control the levels of labile plasma iron in our
patients.12 Lower levels of either NTBI or labile plasma
iron might be expected to diminish iron-induced oxida-
tive injury and possible stress to circulating monocytes
and cells of the reticuloendothelial system. Reduced oxi-
dant-stress has been shown to lower monocyte IL-6
release in other inflammatory disease models.54,55 In addi-
tion, the present work shows that IL-6, which can be
produced by monocytes and macrophages,56-59 is well cor-
related with hsCRP levels. Given the established rela-
tionship of IL-6 to hepatocyte production of C-relative
protein60-62 it is possible that this is a relevant mechanism.
Clearly, more studies are needed to further investigate
these interesting findings.

In conclusion, given the central role of iron-dependent
redox reactions and attendant inflammatory responses in
the complications of thalassemia, further studies of the
general and specific effects of iron chelators on oxidation
and inflammation are needed.
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