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Abstract

In this work we approach the relationship
between redox state and iron overload by non-
invasive instrumental techniques.
Intracardiac, liver iron and liver fibrosis have
been monitored in transfusion-dependent tha-
lassemia patients by magnetic resonance
imaging and hepatic transient elastography
examinations. These measurements have
been matched with a non-invasive, and yet
unexplored in clinical practice, evaluation of
body’s oxidative stress through measurement
of antioxidant carotenoids in skin, by a spec-
troscopic method based on Raman technology
(RRS). The global body’s antioxidant status
results from a balance between the level of
antioxidants in cells and body fluids, including
blood, and pro-oxidant species endogenously
produced or coming from external sources. On
this basis, the level of skin carotenoids can be
considered a biomarker of the entire antioxi-
dant status. In our work the use of RRS method
provided information on the redox state of tha-
lassemia patients, which was correlated with
the iron status of the patients. Due to the high-
ly adverse effects of accumulated iron, the
novel, simple, non-invasive RRS to monitor
dermal carotenoids with high compliance of
the patients may be a useful tool for the man-
agement of thalassemia patients.
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Introduction

A characteristic depletion of antioxidant
defenses and oxidative stress are associated
with hematologic disorders such as [-tha-
lassemia,!® with the iron burden to be consid-
ered the main reason of the redox imbalance.
Frequent blood transfusions and increased
intestinal absorption of iron, after saturation
of transferrin, indeed favor the accumulation
of highly reactive low molecular weight iron in
cells (labile iron pool), followed by production
of various reactive oxygen species (ROS)
through Fenton chemistry, oxidation of cell
components, impairment of cell functions, cell
death and finally organ damage. Though both
liver and heart are principally involved in dra-
matic iron accumulation, heart failure due to
myocardial iron overload is the most dreadful
consequence of iron toxicity in thalassemia,
because heart has less developed antioxidant
defenses with respect to other organs.* In addi-
tion to iron overload tissue hypoxia, with dam-
aging mitochondrial activity, will cause forma-
tion of ROS, thus contributing to the redox
imbalance.?

Conventional measurements of blood fer-
ritin and non-transferrin bound iron and of a
number of blood parameters relevant to body’s
redox state may be used to monitor iron bur-
den and oxidative stress of thalassemia
patients. Our group first showed that the plas-
ma levels of main antioxidant vitamins (vita-
min A, vitamin E, carotenoids) were decreased
in thalassemia patients and inversely correlat-
ed with both ferritin and indices of liver dam-
age, whereas a remarkably increased level of
end-products from peroxidation of lipids and
proteins showed a positive correlation with
these parameters.! In this work we approach
the relationship between redox state and iron
overload by non-invasive instrumental tech-
niques. Intracardiac and liver iron, and liver
fibrosis, have been monitored in transfusion-
dependent thalassemia patients by magnetic
resonance imaging based T2* multislice meas-
urements,® and by hepatic transient elastogra-
phy (FibroScan®) examinations. These meas-
urements have been matched with a non-inva-
sive, and yet unexplored in clinical practice,
evaluation of body’s oxidative stress through
measurement of antioxidant carotenoids in
skin,”® by a spectroscopic method based on
Raman technology.!!

Resonance Raman light scattering spec-
troscopy (RRS) is a form of laser spectroscopy
based on the Raman effect. When a laser
monochromatic light interacts with some mol-
ecules, these diffuse the light emitting a new,
higher wavelength, monochromatic light.
Because of their conjugated carbon backbone
molecular structure, carotenoids possess char-
acteristic vibrational/rotational energy levels
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that make them particularly well suited for
RRS, strongly absorbing in the blue wave-
length region and emitting in the green
region.”? These properties have first led to
explore the use of RRS for the quantitative
optical measurement of carotenoids in human
tissues, from macula lutea,™5 to oral
mucosa,'® and skin.3*1"18 The use of RRS for
detection and quantitation of skin carotenoids
has been validated by matching with extrac-
tion and conventional high-performance liquid
chromatography (HPLC) measurements of
carotenoids in skin specimens and in blood.
The assessment of skin carotenoid status by
RRS is now considered valid, feasible and
reproducible,”” and correlated with the blood
carotenoid level."”?! The global body’s antioxi-
dant status results from a balance between the
level of antioxidants in cells and body fluids,
including blood, and pro-oxidant species
endogenously produced or coming from exter-
nal sources. Body’s molecular antioxidants
work in concert and preserve each other, so the
level of each one in the pool reflects the level
of the whole antioxidant pool. On this basis,
the level of skin carotenoids can be considered
abiomarker of the entire antioxidant status. In
our work the use of RRS-based portable scan-
ner allowing measurements of carotenoids in
the upper 0.1 mm stratum corneum of skin of
the palm of a hand, provided information on
the redox state of thalassemia patients, which
was correlated with the iron status of the
patients.

Materials and Methods

Subjects and experimental protocol

Fifty-seven patients (31 with thalassemia
major; 26 with transfusion-dependent tha-
lassemia intermedia), 27 females and 30
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males, aged 12 to 72 years (mean, 39.4+14.37),
were recruited, with consent, for this study,
and were under observation for 1 year. All of
the patients had previously been characterized
for -globin gene mutations. Patients were
regularly interviewed and examined by a staff
of physicians at 15-30 days intervals. Serum
ferritin was measured every month, and peri-
odic cardiac, hepatologic and endocrinologic
evaluations were performed. The patients
were transfused (2-4 week intervals) to main-
tain pre transfusion hemoglobin levels above
9.5-10 g per dL. Twenty patients had under-
gone splenectomy. Iron chelation therapy was
performed with deferasirox in 30 patients,
with deferipron in 24 patients and with desfer-
roxamine in 3 patients. Some patients exhibit-
ed clinical complications by secondary iron
overload: insulin-dependent diabetes mellitus
(5 patients), hypothyroidism (1 patient),
hypogonadism (17 patients), reduced left-ven-
tricular ejection fraction <50% (6 patients).
Twenty-four patients were hepatitic C virus
RNA positive, with levels of serum alanine
(AST) and aspartate aminotransferases (ALT)
2-3 N. Lycopene was extracted from 500 L
serum samples, diluted 1:2 with 0.15 mM NaCl,
with 1 volume of methanol and 3 volumes of
hexane:diethyl ether (L], vol:vol). The extracts
were then dried under nitrogen, resuspended
with a mixture of acetonitrile:methanol:
tetrahydrofurane (58.5:35:6.5, vol:vol:vol), and
analyzed with the same solvent?? by a HPLC
Supelco Supelcosil LC-18 column (0.46 25 cm)
(Bellefonte, PA, USA), at a flow rate of 2.5 mL
min!. Under these conditions lycopene eluted
at 8.2 min. Revelation was at 450 nm.
Magnetic resonance T2* technique® was

Clinical studies

applied to measure cardiac and liver iron con-
centration in 38 of the patients.

Noninvasive assessment of liver stiffness
was performer by transient elastography car-
ried out with FibroScan® in 42 of the patients)
and expressed as kPa correlated to fibrosis.

Measurement of carotenoids in skin

A portable Raman  spectroscopy,
Pharmanex® Biophotonic  Scanner  S2
(NuSkin, Provo, UT, USA), designed to monitor
carotenoids in the 0.1 m stratum corneum of
the skin of the hand, has been used for the
measurements. A low intensity 471.3-473 nm
radiation from light emitting diodes interacts
with the skin carotenoids. The scattered light
is detected at 507.8-509.8 nm by the scanner
that converts the Raman intensity in counts
[skin carotenoids score (SCS)]. A computer
then transforms the scanner signals in a col-
ored scale going from red (lowest intensity,
poor carotenoid score, <19,000) to dark blue
(highest intensity, high carotenoid score,
>50,000). All patients underwent skin
carotenoid measurement two times with a 4 to
6 months time interval, before transfusion,
and SCS data are reported as the mean of two
determinations for each patient. Healthy indi-
viduals aged 25 to 67 (n=60) served as control.

Statistical analysis

All results are expressed as meanststan-
dard deviation (SD). Comparison between
controls and thalassemia patients was per-
formed by the unpaired Student’s ¢-test.
Pearson’s correlations were used to determine
relationships between covariates.
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Results

Hematological and instrumental measure-
ments of iron and of parameters of liver dam-
age of thalassemia patients are listed in Table
1. Feasibility of the RRS methodological
approach to measure skin carotenoids as a
reflection of the plasma concentration in tha-
lassemia patients was first researched. Since
lycopene is the major Raman sensitive
carotenoid in the skin,’® the correlation of the
SCS of each patient and his plasma level of
lycopene was investigated. Figure 1 shows a
net positive correlation between SCS and plas-
ma values, thus validating the use of this spec-
troscopic method to measure the body
carotenoid level even in pathologies character-
ized by remarkable oxidative injury such as
thalassemia. As expected, since licopene
reflects the antioxidant imbalance and may be
an index of the individual oxidative status, the
mean of its plasma level in patients (0.17+0.09
M, n=60) was remarkably lower than control
(0.55+0.15, n=60), with a P<0.01 (Student’s ¢-

Table 1. Hematological and instrumental
data of B-thalassemia patients.

Pre-transfusion hemoglobin (g/dL) 9.7+1.1

Ferritin (ng/mL) 1439+961
AST (U/L) 35.27+20.74
ALT (U/L) 40.55+30.25
Heart T2* (ms) 35.58+10.49
Hepatic T2* (ms) 4.87+4.68
Liver FibroScan® (kPa) 7.55+5.02

Figure 1. Correlation between plasma lycopene level and skin
carotenoid score (SCS) in 3-thalassemia patients. The SCS values
and plasma lycopene are the mean of two measurements during

the year of the study (n=57; r=0.591, P<0.001).

Figure 2. Skin carotenoid score (SCS) in B-thalassemia patients
as compared with healthy subjects. Values are the mean+SD of
two measurements performed on 57 subjects during the year of
the study. With respect to the control, values were significant
with P<0.001 (Student’s t-test).
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test). The mean value of skin carotenoids of
thalassemia patients was around one half with
respect to healthy control (Figure 2).
Relationships between the SCS of patients and
serum both ferritin, as a marker of iron burden,
and ALT and AST, as an index of hepatic damage,
were researched. The Figure 3 shows that the
SCS had a net inverse correlation with all these

Clinical studies

parameters.

SCS values were correlated with magnetic
resonance T2* measurements of both cardiac
and hepatic iron (Figure 4). Whereas a positive
correlation was found with the cardiac T2*
measurements (Figure 4A), no correlation was
evident between the level of skin carotenoids
and the content of iron in the liver (Figure 4B).
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Nevertheless the SCS values showed an inverse
correlation with FibroScan® kPa values from
FibroScan® measurements, indicating an
inverse relationship with liver stiffness (Figure
5). The SCS values did not show any correlation
with the patient age (Figure 6 ??7?). As expect-
ed, no correlation was found between serum fer-
ritin and T2* measurements of cardiac iron.
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Figure 3. Correlation between skin carotenoid score (SCS) and
plasma ferritin (A), alanine (ALT) (B) and aspartate transaminase
(AST) (C) in pB-thalassemia patients. Each value is the mean of
two measurements during the year of the study. n=57; A)
r=-0.569, P<0.0001; B) r=-0.292, P=0.027; C) r=-0.434,
P=0.0007.
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Figure 4. Correlation between skin carotenoid score (SCS) and
magnetic resonance (MR) T2* values of the myocardium (A) or
liver (B) in f-thalassemia patients. SCS values are the mean of
two measurements during the year of the study. Liver and hearth
T2* MR measurements were carried out within the same time
interval. n=38; A) r=0.364, P=0.0024; B) r=0.176, P=0.287.
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Figure 5. Correlation between skin carotenoid score (SCS) and
liver stiffness in -thalassemia patients. Liver stiffness was meas-
ured by transient elastography (FibroScan®). SCS values are the
mean of two measurements during the year of the study.
FibroScan® examination was carried out within the same time

interval (n=42; r=-0.3599, P=0.0192).
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Discussion

Body’s low molecular weight antioxidants
include a number of vitamins, carotenoids
among them.” Because of their physico-chem-
ical characteristics the latter can accumulate
in cell membranes. In skin in particular they
function as antioxidants and optical absorbers
of phototoxic light.**" A novel non-invasive
RRS has recently been developed to measure
the level of skin carotenoids.”’ This has been
validated as a biomarker of the carotenoid sta-
tus and a reliable probe of the redox balance of
healthy humans,” and applied in dietetic stud-
ies to monitor body’s antioxidant status to
eventually suggest dietary interventions.?® In
this work for the first time the level of dermal
carotenoids, measured by Raman spectroscopy
and expressed as SCS, has been assessed in
patients with a transfusion-dependent tha-
lassemia, and the use of this methodologic
approach has been even in this pathology char-
acterized by a remarkable individual oxidative
stress.!

When the SCS of thalassemia patients were
correlated with hematologic parameters such
as ferritin, ALT and AST, a clear inverse corre-
lation was evident, indicating that the level of
skin carotenoids can reliably be representative
of the altered both iron status and hepatic pat-
tern characterizing the pathology. As a further
indication of clinical opportunity of the SCS in
thalassemia, the level of skin carotenoids
appeared also inversely associated with the
patients’ liver fibrosis, as revealed by elastog-
raphy.

In spite of improvements in the patient care,
cardiac iron burden and related morbidity and
mortality are still a dreadful problem in trans-
fusion-dependent thalassemia, being a timely
detection of the cardiac iron overload and
chelation the only prevention and therapy to
revert or retard the progression of cardiomy-
opathy. Serum ferritin has been commonly
used for years to evaluate iron overload, how-
ever it does not reflect the total storage pool
and the level are affected by a variety of condi-
tions. The MR T2* multislice measurements,®
is now considered the most accurate non-inva-
sive method of detecting cardiac iron levels
and monitoring changes during chelation ther-
apy.?** In this work the noninvasive measure-
ment of skin carotenoids by RRS has been
matched with the cardiac T2* measurements
in  transfusion-dependent thalassemia
patients, and a significant inverse correlation
between the SCS and cardiac iron has been
found. Then, whereas the relationship
between serum ferritin level and heart T2* has
been shown to be either non-significant or
very weak both in the present and other stud-
ies,31%2 skin carotenoids have appeared to
reflect the cardiac iron status of patients.
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Hopefully measurements on a much larger
number of patients will confirm this finding.

When the level of antioxidant carotenoids in
skin is considered as the expression of the
global redox balance,” our measurements con-
firm the remarkable oxidative stress of trans-
fusion-dependent thalassemia patients, show-
ing that they had a mean loss of more than
50% of the antioxidant defense. Thalassemia
oxidative stress has appeared positively corre-
lated with serum ferritin and liver damage.!
Present findings show that SCS measure-
ments may provide an evidence of the associa-
tion between oxidative stress and heart iron.

Apart from cardiomyocytes, in this study we
did not find any correlation between the SCS
values and liver MR T2* measurements, show-
ing that the liver iron status cannot be predict-
ed by the patients’ level of antioxidants. In
other terms the body’s oxidative stress in these
patients reflects the free iron-related hepatic
damage, but does not liver iron accumulation.

Due to the highly adverse effects of accumu-
lated iron, monitoring thalassemia patients at
risk is essential to timely provide suitable ther-
apy adjustments and guide chelation choices.
The novel, simple, noninvasive Raman spec-
troscopy to monitor dermal carotenoids with
high compliance of the patients may be a use-
ful tool for the management of thalassemia
patients. The important relation between skin
carotenoids and cardiac T2* measurements
suggests the SCS value as an interesting
parameter to provide information on oxidative
stress and heart iron.
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