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B-Thalassemia is the most common genetic disorder and results in the defective synthesis of B-globin
chain, followed by chronic anemia. Hydroxyurea (HU) is among the drugs that effectively enhance fetal
hemoglobin (HbF) levels in B-thalassemia patients, hence reducing blood transfusion requirements and
transfusion-related complications. The current study focuses on the serum metallomic profiling of 40 B-
thalassemia patients before and after treatment with hydroxyurea. Forty-five healthy individuals served as
controls. For the profiling, 19 elements were analyzed by inductively coupled plasma-mass spectrometry
(ICP-MS). The results showed significant differences in 15 elements at a probability level of 0.05 with
a fold-change >3 between the HU-treated and untreated groups. Of these elements, 8 showed the same
levels in thalassemic patients after administration of HU as in healthy controls. These results suggest that
treatment with HU not only improves Hb levels in B-thalassemia patients but also reduces biometal
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Introduction

B-Thalassemia, a genetic autosomal recessive disease, is the
most common type of chronic hemolytic anemia and is char-
acterized by the reduction or complete absence of f-globin gene
expression.' The decrease in the production of B-globin chains
affects multiple organs, and it is associated with considerable
morbidity and mortality.> Thalassemia major (TM) is the most
severe form of the disease, resulting in transfusion-dependent
anemia, generally in the first year of life. Thalassemia inter-
media (TI), on the other hand, is a less severe form of the
disease that also requires transfusion, although infrequently. In
the past, therapy of thalassemia has been confined to trans-
fusion, chelation (intravenous and oral), and antioxidants.
Recent treatment strategies based on the pathophysiology and
molecular pathology of thalassemia major include bone
marrow transplantation in addition to gene therapy. Alternative
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dysregulations, thus improving the management of B-thalassemia.

treatments that cause an increase in the HbF levels are also
used in the management of B-thalassemia.?

Treatment with hydroxyurea (HU) is one of the most attrac-
tive ways to manage the severity of hemolysis of thalassemic
RBCs by increasing the rate of y-globin chain synthesis such
that RBCs will contain more fetal Hb* and less excess a-globin
chains, which is the primary factor leading to hemolysis, ulti-
mately resulting in a decreased requirement for transfusions.>®
Although HU is an alkylating agent commonly used for the
treatment of myeloproliferative diseases such as chronic
myeloid leukemia and polycythemia vera, it is also currently
used for HbF induction with a high rate of success.”® Despite
the beneficial effects of HU on erythropoiesis, the exact mech-
anism of action of HU is not entirely clear.” Moreover, hema-
tological, neurological, dermatological and gastrointestinal
adverse effects of HU were reported in B-thalassemia and sickle
cell anemia patients.'***

The metallomics approach primarily focuses on the detec-
tion of elemental markers for the diagnosis of diseases.
Elements play a vital role in biological systems through their
interactions with biomolecules.’*'* Encouraging results were
obtained using elemental analysis to the diagnosis and under-
standing of the disease status in conditions including hemo-
chromatosis,"” lung disease,'® chronic kidney disease,"” renal
failure,'® cardiovascular disease," liver disease,* and various
neurological and psychological disorders.**

In previous studies, the analyses of zinc, iron, copper,
magnesium and selenium levels in plasma, erythrocytes, hair
and urine samples of B-thalassemia patients by atomic

This journal is © The Royal Society of Chemistry 2017
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absorption spectrophotometry were reported.””>* The changes
observed were indicative of the abnormal levels of elements in
B-thalassemia patients. An abnormal elemental distribution in
individuals with B-thalassemia, and their elemental levels after
using different iron chelators such as deferoxamine, defer-
iprone, and deferasirox have also been reported.”*?” However,
to date, no studies on the patterns of trace and ultra-trace
elements in P-thalassemia patients after treatment with
hydroxyurea have been reported. In this study, an extensive
analysis of 19 elements was conducted by inductively coupled
plasma-mass spectrometry (ICP-MS). The analysis was con-
ducted on the serum samples of 45 healthy volunteers and 40
follow-up HU-treated B-thalassemia patients, to investigate the
differences in the concentrations of aluminum (Al), barium
(Ba), cadmium (Cd), calcium (Ca), chromium (Cr), cobalt (Co),
copper (Cu), iron (Fe), lead (Pb), lithium (Li), magnesium (Mg),
manganese (Mn), nickel (Ni), rubidium (Rb), selenium (Se),
silver (Ag), strontium (Sr), vanadium (V), and zinc (Zn). The
metallomic profiling in the current study was conducted to
better understand the overall effect of treatment with HU on
elemental dysregulations and abnormal elemental distribution
in B-thalassemia patients, in addition to the previously reported
effects of HU on HbF induction.

Materials and methods
Reagents and standards

All chemicals used in the study were of analytical grade and
checked for possible contamination with trace metals before
use. Ultrapure filtered deionized water (resistivity of 18.2
MQ cm at 25 °C) obtained with a Barnstead MicroPure Water
Purification System (Thermo Scientific, USA) was used for
sample preparation and dilutions. Analytical grade nitric acid
was purified on a NanoPure-1000 Acid Purification System
(Nanonex, USA). A multi-element stock standard solution con-
taining 10 pg mL ™" of each element was purchased from Agilent
Technologies (CA, USA) and used to prepare mixed calibration
standards. Mixed calibration working standards (with concen-
trations ranging from 0.1-200 pg L' for all elements) were
prepared daily by dilution of the analytical standards and their
stock solutions. An internal standard solution containing 100
ng mL™' of Bi, Ge, Ir, Lu, Rh, Sc, and Tb elements was
purchased from Agilent Technologies (CA, USA). Prior to use, all
containers were soaked in 5% v/v HNO; for 24 hours, followed
by rinsing 3 times with ultrapure deionized water and dried in
a laminar-flow hood (Airstream® ESCO, Singapore). All opera-
tions were performed on a clean bench.

Sample collection

Blood samples were collected from the National Institute of
Blood Diseases and Bone Marrow Transplantation (NIBD),
Pakistan, after written informed consent of the participants, in
accordance with the ethical standards as outlined in the decla-
ration of Helsinki. The study was approved by the Institutional
Review Board (IRB)/Ethics Committee of the hospital as per ICH
GCP guidelines as well as by the Independent Ethics Committee
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(IEC) of the main research institute. All experiments were per-
formed in compliance with the relevant laws and institutional
guidelines. For the current study, a total of 125 serum samples
were collected from both male and female participants. Herein,
45 samples were collected from healthy subjects, 40 samples
were collected from B-thalassemia patients before treatment with
HU, and the remaining 40 after treatment with HU. All patients
were subjected to HU treatment for about 6-12 months prior to
the collection of the second sample. The details of patients and
healthy controls are shown in Table S1.f After treatment with
HU, patients were categorized into three groups based on their
response: good responders (GRs), partial responders (PRs), and
non-responders (NRs). The group of patients referred to as good
responders were initially on regular blood transfusion and upon
HU treatment achieved a steady Hb level >7 g dL " without any
need for blood transfusion. Similarly, partial responders were
patients who showed a 50% reduction in the need for blood
transfusion after HU treatment, while non-responders showed
less than 50% reduction in the need for blood transfusion.

A blood volume of about 5 mL was obtained by venipuncture
from each subject and transferred into trace metal-free evacu-
ated gel-based BD® vacutainer tubes (BD Franklin Lakes NJ,
USA, REF: 367381) that contained silicon for clot activation. The
samples were collected under fasting conditions (minimum 6-8
h) from patients that were not receiving any other medication.
The serum was separated immediately by centrifugation at
2000 rpm for 10 min at 4 °C. Finally, a total of 150 puL of serum
sample was aliquoted, coded, and immediately stored at —80 °C
until processed.

Sample preparation

Serum samples were digested in a high-performance sealed-
pressure microwave system (Anton Paar, Graz, Austria) equip-
ped with a 64 MG 5 rotor. Vessels were equipped with a pressure
release system. Disposable standard glassware (Wheaton® 15 x
45 mm, cap 13-425) along with a PEEK screw cap with
a disposable PTFE lip seal were used. The system was operated
(software version 1.51) at 200 W power at a temperature of
200 °C. This 200 watt stage was pulsed to deliver the microwave
energy for 7 min and then paused for 9 min.

The digestion of samples was performed by taking a 200 pL
aliquot from a serum sample, to which 1 mL of 65% nitric acid
was added. After digestion, all samples were allowed to cool at
room temperature. Subsequently, the digested samples were
transferred into 15 mL polypropylene autosampler tubes, rinsed
with ultrapure deionized water three times, and then made up
to a final volume of 5 mL. Each sample was also diluted (50% v/
v) with deionized water prior to analysis. All the samples were
analyzed in triplicates for Li, Mg, Al, Ca, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Se, Rb, Sr, Ag, Cd, Ba, and Pb metals. For matrix
correction, an internal standard containing Bi, Ge, Ir, Lu, Rh,
Sc, and Tb was used to validate the ICP-MS results.

Preparation of the standard reference material

In order to verify the accuracy and precision of the proposed
method, a standard reference material, Seronorm™ Trace
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elements serum L-1 was purchased from Sero (Billingstad,
Norway). To prepare the standard reference sample, in a vial, 3
mL of ultrapure deionized water was added to it, and the vial
contents were completely dissolved by continuous rolling for
about 30 min. The entire procedure was conducted as per the
manufacturer's protocol. The control material was further
diluted with ultrapure deionized water and quantitatively
transferred into polypropylene autosampler tubes. Each trace
and ultra-trace element was analyzed in triplicate in the diluted
control material by ICP-MS.

ICP-MS analysis

Concentrations of different elements in serum were determined
using a 7700x ICP-MS system (Agilent Technologies, Santa
Clara, CA USA) equipped with a 27 MHz RF generator. The
sample introduction system consisted of a low-flow concentric
nebulizer connected to a temperature-controlled Scott-type
quartz spray chamber with a double-pass, a high-precision 10-
roller peristaltic pump with Tygon pump tubing (internal
diameter 1.02 mm), and a ASX-520 autosampler. A nickel
sampler and skimmer cones (orifice diameter 1.0 mm and 0.4
mm) were used. All components were optimized for high-
throughput routine analysis of samples with TDS up to 0.2%.
Two rinsing solutions containing 2% and 5% nitric acid were
used to ensure sample washout between analyses. Data were
processed with the ICP-MS MassHunter Workstation software.
The operation parameters for the 7700x ICP-MS instrument are
summarized in Table 1. For data collection, the quadrupole
mass analyzer was operated in the multiple-ion monitoring
mode. The concentration of the analyte was calculated by
integrating the corresponding chromatogram peak areas with
the MassHunter software.

Statistical analysis

Statistical analyses were performed using the Agilent Mass
Profiler Professional (MPP) software (version 12.05) for multistep
processing. Data was filtered using a minimum absolute abun-
dance of 10 000 counts. An external scalar was used to normalize
the data. The Z transform was selected as the baseline option,
treating all the entities equally irrespective of their intensity.

Table 1 Agilent 7700x ICP-MS operating parameters

Component Parameter

Spray chamber Scott-type double-pass

Nebulizer MicroMist (concentric)
Interface Ni cones

RF power 1600 W
Carrier gas 1.0 L min™*
Spray chamber 2°C
temperature

Plasma gas flow rate 15 L min™*
Nebulizer gas flow rate 1.1 L min™*
Auxiliary gas flow rate 0.36 L min~*
Sample uptake rate 0.8 mL min~*
Integration time 3 ms
Acquisition time 60 s
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Statistical significance was determined by the one-way analysis
of variance (ANOVA) test. Asymptotic p-value computation and
Benjamini-Hochberg FDR with a fold-change of 3.0 and p < 0.05
for multiple testing corrections were used to compare the three
groups: healthy subjects as the control group, untreated B-
thalassemia patients, and HU-treated B-thalassemia patients.
Clustering analysis was performed by applying the hierarchical
clustering algorithm to normalized intensity values. Clustering
was done by the complete linkage method with the Canberra
distance metric. A partial least square discriminant analysis
(PLS-DA) model and its three-dimensional principle component
analysis (PCA) model was generated for healthy subjects, HU-
treated and untreated P-thalassemia patients using pareto
scaling and n-fold validation with three folds and ten repeats.
A confusion matrix model was then generated to check the
accuracy of the experiment. A plot with the normalized intensity
values was constructed with Microsoft Excel (version 2013) to
determine the amount of each element in all groups. Box-and-
whisker plots were generated with GraphPad Prism (version
7.0) for interpreting data distribution.

Results
Method optimization and validation

In order to obtain a linear calibration curve, the concentration
range of 0.1-200 pug L~ " was selected for Li, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Rb, Ag, Cd, and Pb, while a concentration range of 25—
200 pug L™ was selected for Mg, Al, Ca, Se, Sr and Ba. The counts
per second (cps) data plotted against the corresponding
concentrations was analysed by the least-square regression
method. The calibration curves (n = 3) showed a good linear
relationship, with correlation coefficients (R*) between 0.99633
and 0.99996. The correlation coefficients and LOD values are
shown in Table S2.1 These validation parameters were found to
be better for various elements in our study compared to a few
previous studies related to analysis of elements in blood.>***

The proposed method was validated for accuracy and
precision using the standard reference material, Seronorm™
Trace elements serum L-1 and results are shown in Table S3.7
All values were within an acceptable range. No statistically
significant differences at the 95% confidence level were found
between the target levels and the levels measured. This
demonstrated the accuracy of the proposed method. Moreover,
the between and within-batch precision for all the elements
analyzed were lower than 10% and 5%, respectively.

Multivariate analysis of serum samples

The serum metallomic profile of 40 B-thalassemia patients
before treatment was compared with their metallomic profile
after treatment with hydroxyurea, and 45 samples of healthy
volunteers were used as control. Thus, a total of 125 serum
samples were analyzed by ICP-MS.

Significance testing and fold-change

Significance testing and fold-change was conducted on a total of
19 elements. From these, 15 elements were found to show

This journal is © The Royal Society of Chemistry 2017
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Table 2 List of elements presentin lower levels and higher levels in healthy controls and HU-treated B-thalassemia patients against untreated B-

thalassemia patients

log FC (healthy

Regulation (healthy

log FC (treated Regulation (treated

Element p (Corr) vs. untreated) vs. untreated) vs. untreated) vs. untreated)
Li 5.24 x 1077 0.51836795 Up —0.667174 Down
Mg 1.70 x 107° 0.096624464 Up —0.8711834 Down
27Al 0.002786 0.5870697 Up —0.14028192 Down
Sy 1.92 x 107" —1.3574451 Down —1.2973746 Down
*Cr 4.63 x 107° —1.027559 Down —1.283315 Down
>SFe 2.10 x 107 '® —1.2139559 Down 0.40955657 Up
*Co 5.36 x 10~° —1.2397563 Down —0.5659481 Down
6ONi 0 2.1284356 Up 1.6532539 Up
%Cu 0.002297 —0.7095547 Down —0.66768885 Down
%6Zn 3.28 x 1077 0.32862908 Up —0.851271 Down
783e 6.16 x 107° —0.70982546 Down 0.2272544 Up
%Rb 0.029813 0.50035113 Up 0.56463945 Up
17Ag 2.23 x 107° 0.8216013 Up —0.44884703 Down
cd 1.02 x 10°° 0.69791025 Up —0.3461811 Down
208pp 112 x 107* —0.3597311 Down —0.9692022 Down

significant differences at a probability level of 0.05 with a fold-
change >3. Some metals showed higher levels while others
showed lower levels in B-thalassemia patients as compared to
HU-treated patients and healthy subjects. Briefly, 11 and 7
elements presented lower levels, while 4 and 8 presented higher
levels, in HU-treated and healthy subjects, respectively,
compared to patients prior to HU treatment (Table 2). The
difference in the pattern of significantly differentiated elements
in B-thalassemia patients before and after HU treatment and
healthy subjects is shown in Fig. 1, plotted as average normal-
ized intensity values. It is quite clear that after HU treatment, the
metallomic pattern becomes closer to that of healthy controls.

Cluster analysis

For cluster analysis, a dendrogram was generated by taking the
average normalized intensity values of the 15 elements that
were significantly different between healthy controls and B-
thalassemia patients before and after HU treatment. The three
groups were clustered into two classes (Fig. 2). When the
samples for HU-treated and healthy subjects were clustered,
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Fig. 1 Average normalized intensity values of healthy controls, HU-
treated and untreated B-thalassemia patients.

This journal is © The Royal Society of Chemistry 2017

a dissimilarity of 11.05 was obtained, whereas a dissimilarity of
13.36 was found upon clustering of the samples of healthy, HU-
treated and untreated subjects. This indicated that the
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Fig.2 Dendrogram expressing the normalized intensity values of healthy
controls, and untreated and HU-treated B-thalassemia patients.
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metallomic profile of patients before receiving HU treatment
was the most dissimilar of all.

Cluster analysis was also performed on five groups including
healthy controls, untreated B-thalassemia patients and three
HU-treated groups: good responders (GRs), partial responders
(PRs) and non-responders (NRs). The five groups were clustered
into four classes (Fig. S1T). PRs, and NRs were clustered in class
I, with the least dissimilarity (of 3.72), while the three groups
including GRs, PRs and NRs were clustered in class II, with
a dissimilarity level of 6.59. In class III, four groups were
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clustered: healthy subjects, GRs, PRs and NRs, with a dissimi-
larity level of 11.26. All five groups (healthy controls, untreated
patients, GRs, PRs and NRs) were clustered in class IV, revealing
the highest dissimilarity level, of 12.36, indicating that the
metallomic profile of patients before HU treatment was again
the most dissimilar of all, including healthy sujects and all
three groups of HU-treated patients.

Class prediction model

For the class prediction model, a confusion matrix was gener-
ated, which gives an accuracy of the prediction for each class.
The overall prediction accuracy for the groups was found to be
97.391%, as presented in Table 3. The plots obtained by PLS-DA
scores are shown in Fig. 3 and 4, showing a remarkable sepa-
ration trend between healthy, HU-treated, and untreated
groups. Most of the samples from HU-treated patients were so
similar to those of healthy subjects that the metallome of the
samples of HU-treated patients may be considered normal. On
the other hand, very few of the samples from HU-treated
patients were found to be closer to those of untreated patients.

Statistical summary about concentration ranges

The concentration ranges of the analyzed elements in the serum
of healthy subjects, and HU-treated and untreated patients with
B-thalassemia, which were further classified as GRs, PRs, and
NRs, were also evaluated. The concentration ranges of all
selected elements, namely, Li, Mg, Al, Ca, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Se, Rb, Sr, Ag, Cd, Ba, and Pb, in all 5 groups,
represented by box and whisker plots (Fig. 5), showed the
complete picture of each element at ppb levels. Significant
variations were observed in 15 elements, namely Li, Mg, Al, V,
Cr, Fe, Co, Ni, Cu, Zn, Se, Rb, Ag, Cd, and Pb, whereas Ca,
Mn, Sr, and Ba showed no change among the 5 different
groups of serum samples.

Discussion

As a result of frequent blood transfusions, B-thalassemia
patients often present altered levels of various elements
and, most commonly, iron levels are elevated. HU provides
the additional benefit of iron chelation, along with HbF

W Healthy
W Treated

MW Untreated

-3

Fig. 4 PLS-DA score scatter plot discriminating among healthy controls, HU-treated and untreated B-thalassemia patients based on 15

significantly differentiated elements, with a fold-change >3.
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Fig. 5 Graphical representation in box and whisker plots of concentration ranges of all selected metals in healthy controls, HU untreated B-
thalassemia patients (BTUT), and GR, PR and NR HU-treated B-thalassemia patients.

induction. It is also reported that HU, when used in combi-
nation with other chelators, shows the maximum chelation
effect.’**

The metallomic profile of serum showed that 8 elements,
including V, Cr, Fe, Co, Ni, Cu, Rb, and Pb have differential

This journal is © The Royal Society of Chemistry 2017

distribution when compared with HU untreated samples. It was
found that HU treatment led to a pattern analogous to that of
healthy controls. A shifting of the metallomic profile of these
distinct elements towards healthy controls was clearly seen in
the box and whisker plots (Fig. 5).
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Copper is an essential mineral for cell function with a key
role as an antioxidant.>® There were contradictory results in the
literature about copper in B-thalassemia patients: some studies
claimed that thalassemia patients had elevated levels of serum
copper,® whereas others reported copper deficiency in some of
the patients.**** In our study, copper levels were found to be
significantly increased in untreated thalassemia patients as
compared to healthy controls. By contrast, HU-treated
patients showed a significant decrease in copper concentra-
tions. The levels of copper in the metallomic profile of HU-
treated patients were found to be similar to those normally
found in healthy individuals. These results indirectly support
the lower oxidative stress in HU-treated patients as the copper
levels return to normal.

Elements such as vanadium, chromium, cobalt, lead, nickel
and rubidium are found in ultra-trace levels in the human body.
Except Rb, they all are toxic. The concentrations of V, Cr, Co,
and Pb were found to be significantly elevated in thalassemia
patients before HU treatment as compared to those of healthy
controls. However, their levels decreased after HU treatment.
According to evidence reported in the literature, excess vana-
dium can cause biochemical imbalances in the body, resulting
in body aches, arthritis, a weakened immune system, gastro-
intestinal disorders and various symptoms. Lead toxicity can
cause anemia, brain damage, kidney disease, impaired growth,
impaired reproductive function, and mental retardation in
children. The concentrations of Ni, and Rb were found to be
lower in untreated B-thalassemia patients as compared to
healthy controls. However, their levels were found to be
increased in HU-treated patients as compared to those of
healthy and untreated subjects.

Zinc is an essential trace element. Its deficiency results in
growth retardation, hypogonadism in males, skin changes, and
delayed wound healing. These clinical signs are seen in severe
thalassemia.*® In this study, zinc levels were found to be
significantly lower in the samples of B-thalassemia patients,
and even lower in those of HU-treated patients as compared to
healthy controls. Selenium is a component of selenoproteins,
such as glutathione peroxidase (GPx) and thioredoxine reduc-
tase (TrxR).>*® There are contradictory reports in the literature
about selenium in thalassemia patients.*”*® However, in this
study selenium levels were found to be significantly higher in
the samples of B-thalassemia patients, and even higher in those
of HU-treated patients as compared to healthy controls.

Iron is an essential nutrient for the growth and proliferation
of normal, neoplasmic and microbial cells. In this study, as
expected, iron levels were higher in untreated thalassemic
patients as compared to healthy controls due to regular blood
transfusions, which leads to iron overload in the body.** Iron
accumulation in the liver is usually quite marked, and
ferritin, an iron storage protein, can reach very high
concentrations.* In our study, no significant changes in iron
levels were found in HU-treated patients.

Hierarchical clustering showed that the dissimilarity level
between healthy subjects and HU-treated patients was lower
than that between healthy subjects and untreated patients,
indicating that the metallomic profile of patients before HU
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treatment was the most dissimilar of all. Cluster analysis was
also performed on five groups including healthy controls,
untreated, and HU-treated GR, PR, and NR groups. However,
the metallomic profile was not different among the three HU-
treated groups: GRs, PRs, and NRs.

Conclusions

A simple and high-throughput method for the determination of
19 biologically important elements in serum of HU treated B-
thalassemia patients by inductively coupled plasma-mass
spectrometry (ICP-MS) has been developed. The levels of 15
elements were found to be significantly altered in B-thalassemia
patients before HU treatment, compared to healthy controls
and after HU treatment patients’ group. Furthermore, the
metallomic profile of 8 distinct elements including chromium
(Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), nickel (Ni),
rubidium (Rb), and vanadium (V) in HU-treated patients with B-
thalassemia was found to be identical to that of healthy
subjects. The pattern observed indicated elevated levels of Ni,
and Rb after HU treatment. In addition, metals such as V, Cr,
Fe, Co, Cu, and Pb were found in lower levels in B-thalassemia
patients after HU treatment. This preliminary study will make
physicians aware of the consequences of the treatment with
hydroxyurea in B-thalassemia patients, as it can also cause
changes in the metallomic profile. The results suggest that HU
not only improves Hb levels, but also reduces metal toxicity in B-
thalassemia patients.
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