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Abstract

Magnetic Resonance Imaging represents the elective strategy to assess iron
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overload in different organs and drives the iron chelation therapy in Thalassemia major

(TM). However, affected organs, in particular liver, pancreas and heart, are not iso-
lated but interact each other and communicate through biochemical mediators, which
may accelerate and worsen pathological processes considered unrelated. A better un-
derstanding of these intermingled pathways might help to identify more significant
biomarker combinations and the association of these biomarkers to TM complexity,
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possibly assisting imaging techniques in the prevention of complications and in the

improvement of life quality in TM patients.
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Introduction

B-thalassemia is an inherited autosomal recessive
blood disease related to the reduced or absent synthesis of the
beta globin chains of hemoglobin. The severity of the disease
depends on the mutation type: no B chains formation in Thalas-
semia Major (TM), the most severe form characterized by trans-
fusion-dependent type; partial § chain formation in thalassemia
intermedia, which includes different forms from the asymptom-
atic carrier state to the severe transfusion-dependent anemia;
heterozygosity for P-thalassemia, essentially asymptomatic in
B-thalassemia carrier status!!l.

Apart bone marrow transplantation, management of
TM fundamentally consists in regular long-life transfusions and
iron chelation therapy (significantly improved with the introduc-
tion of the oral chelators deferiprone and deferasirox) to avoid
iron overload!!. Evaluation of liver and heart iron with Magnetic
Resonance Imaging (MRI) represents a recognized helpful tool
to drive the effectiveness of chelation therapy in -thalassemia
follow-up®. MRI quantification of pancreatic iron, and evalua-
tion of its relationship with cardiac and liver iron is under de-

velopment?®!. Moreover, the role of MRI is emerging as more
and more imperative as the need of a precise estimate of iron
accumulation in different organs increases, because each avail-
able iron chelator seems to have different efficacy in each differ-
ent organtl. Although the prognosis of thalassemic patients has
improved with these pharmacological and instrumental advanc-
es, cardiac disease, together with hepatic and endocrinological
complications with diabetes mellitus as major endocrinopathy,
remain the major sources of mortality and morbidity in such pa-
tients and are mainly related to excessive iron accumulation>®l,
Moreover, being high the prevalence of hepatitis C virus (HCV)
infection in these multi-transfused patients, the crucial role of
HCYV in the pancreas, liver and cardiac damage through devel-
opment of diabetes, and myocardial fibrosis (independent from
myocardial iron accumulation) is also arising!”*. In this context,
the use of biochemical markers, which represent indices of a
biological state or condition, noninvasively measurable in bi-
ological samples, might contribute to fill the gap about the liv-
er-heart-pancreas devil’s triangle and retain possible additive
utility in the clinical practice.
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This review aims to discuss available findings in this
research area, illustrating the complexity of relationships be-
tween organs, biomarkers and diseases in TM, and the need of
a multidisciplinary, holistic approach to improve knowledge of
underlying mechanisms which link organs and may potentially
assist in the management and decision-making of such patients.

The liver-pancreas-heart triangle, NTproBNP, and diabetes
mellitus

As iron accumulates primarily in hepatocytes, liver
damage may be related to development of fibrosis and cirrhosis
and, potentially, to hepatocellular cancer!l. Moreover, iron-in-
duced injury early extends to the pancreas (decreased insulin se-
cretion and diabetes), endocrine system (hypogonadism, thyroid
dysfunction, etc), and heart (cardiomiopathy and arrhythmias)
1. The range of abnormalities demonstrates the complex patho-
physiology of TM diseasel®. The situation is more complicated
by the observation that organs are closely interrelated through
production of mediators, and disease of one organ may cause
dysfunction of others and vice versa, ultimately contributing to
aggravate general failure.

In particular, the liver-pancreas-heart triangle emerg-
es as central in the network of organs that regulate energy and
metabolism, and different biochemical markers produced by
these organs emerge as key mediators in the metabolic dysreg-
ulation. In this context, the onset of insulin resistance and de-
creased insulin secretion are both recognized as pivotal factors
for diabetes risk in TM patients™. The increase in hepatic iron
induces reactive oxygen species (ROS) and initiates a pro-in-
flammatory response, activating NF-«kB intracellular signaling
cascades, increasing IL-6, TNF-a, and IL-1p, which drive hepat-
ic insulin resistance?®®.. Iron begins to accumulate in pancreas in
early childhood, and the prevalence of diabetes mellitus (DM)
is significant and may reach 14% in TM patients!'”. Impaired
Beta-cell function, as measured by a reduction in the insulin se-
cretion index, characterizes [-thalassaemic patients with nor-
moglycaemia, even before evident alterations in oral glucose
tolerance tests.

The criteria defining diabetes risk in thalassemic pa-
tients should be clearly different respect to general population.
Interestingly, in a study on thalassemic patients (n = 59), the
attempt based on ROC analysis to define specific cut-off for glu-
cose and insulin in the thalassemic population, evidenced that
the value of 97 mg/dL for fasting glucose (instead of 100 mg/dL
normally considered), and 9 uU/mL (instead of 20 uU/mL) for
fasting insulin accurately identified an abnormal result for oral
glucose test tolerance (OGTT)!!.. The authors proposed an an-
nual screening of fasting glucose/insulin measurement coupled
with MRI evaluation of iron pancreas (pancreas R2*) as tool to
identify patients at high risk of glucose dysregulation!'!). Pancre-
atic beta cell function (Dispositon index) resulted to be correlat-
ed with pancreas iron (R2*) while insulin resistance resulted
associated with serum ferritin, and liver iron concentration!!l,
Cardiac R2* appeared more specific to identify glucose dys-
function, which implies pancreatic iron accumulation for a long
duration, but less sensitive to milder glucose dysregulation'.
In this study, no association was observed between glucose al-
teration and levels of other biochemical markers, as vitamin D
250H, intact parathyroid hormone or zinc!''l.

Other data indicate that DM in thalassemia correlates
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with ferritin concentration, hepatitis infection, and pancreatic
and cardiac iron measured by imaging techniques!'”. At pres-
ent, no study has investigated the role of pro-brain natriuretic
peptide (NT-proBNP), produced in the heart and well known for
its central role in the CV system, in such relationship. In B-thal-
assemic patients, high NT-proBNP significantly correlates with
documented left ventricular diastolic dysfunction, and retains
predictive value in latent left ventricular diastolic dysfunction!'?.
Moreover, there is a significant association between NT-proBNP
levels and cardiac iron concentration in TM patients, evidencing
the relationship between biochemical and imaging techniques!'*.
New unexpected effects of natriuretic peptides (NP) have been
recently evidenced, which suggest a role for these biomarkers as
metabolic hormones. In particular, clinical studies have shown
that although increased NP levels characterize cardiac dysfunc-
tion and heart failure, reduced natriuretic peptides levels are
associated with metabolic diseases such as obesity and type 2
diabetes T2D!'. Moreover, a low NP level also predicts the risk
of new onset T2D!3, Experimental studies have also confirmed
a key role of NP in the regulation of energy balance and glucose
homeostasis!'®!. Regardless underlying mechanisms, they remain
largely unknown, although some data suggest that the brain na-
triuretic peptide (BNP) would play a direct action on muscle and
adipose tissue, probably involving adiponectin secretion and in-
sulin resistancet'..

Interestingly, a common genetic BNP polymorphism
(rs198389), which results in a 20% increase in NTproBNP lev-
els, was associated with a 15% reduced risk of T2D!7, However,
there are no data exploring the association between NTproBNP,
glucose metabolism and diabetes in thalassemic cohorts.

Oxidative stress and inflammation drive insulin resis-
tance and may account for the higher DM risk in TM. At now,
the role of NTproBNP in the onset and development of diabetes
and its relationship with other biomarkers related to metabolic
control has not been evaluated at all in TM, and merits attention
in future studies.

Iron homeostasis, hepcidin, and glucose metabolism

Iron, which is increasingly recognized to influence glu-
cose metabolism at multiple levels, has been related to worsened
insulin sensitivity and to the pathogenesis of DM!8l. Body iron
metabolism is characterized by a complex network of storage
and transport which is regulated by several factors!’®’. None-
theless the protein hepcidin, secreted mainly by the liver, is
emerging as a major iron regulatory factor!"!. Hepcidin regu-
lates iron absorption in the intestine and its release from mac-
rophages. The lack of hepcidin increases duodenal iron absorp-
tion, and results in iron overload!". Erythropoiesis, anemia and
hypoxia down-regulate hepcidin, whereas hepcidin is elevated
by inflammation and iron overload™. Interestingly, recent data
in TM patients showed that pre- and post-transfusion hepcidin
values were positively associated with hemoglobin and ferritin,
and inversely with erythropoiesis, presenting gender-differences
as male patients showed pre- and post-transfusional increased
erythropoiesis and lower hepcidin as compared with female pa-
tients?”. Authors proposed the evaluation of hepcidin (together
with the hepcidin-ferritin ratio) as biomarker of erythropoietic
and iron-loading signals. However, recent data evidenced com-
parable levels of serum ferritin, serum hepcidin, and hepcidin/
ferritin ratio in patients (n = 100) with or without detectable MRI
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cardiac iron (T2* cut off corresponding to 20 ms)?!l. The poten-
tial of hepcidin as possible additive tool in the management of
thalassemia is still under study, and all these data clearly need
further confirmation, but are very interesting also in view of re-
cent findings evidencing a role for hepcidin in the pathophysi-
ology of insulin resistance and T2D, a frequent complication in
thalassemic patients. Mechanisms underlying this relationship
are still under investigation, although likely involve interrelated
pathway of STAT3 (transcription modulator of hepcidin), pro-in-
flammatory cytokines (IL-6, in particular, also including IL-1,
TNF-a and IL-10), and the TMPRSS6 enzyme (inhibitor of hep-
cidin expression)??.. Specially, IL-6 represents the most critical
cytokine regulating hepcidin, and has a recognized role in TD2
pathogenesis!?*!. It is supposed that IL-6 may act through STAT3
phosphorylation, activating STAT3 and hepcidin expression?¥.

The relationship between iron metabolism and insu-
lin resistance is recognized bidirectional®). Whether insulin is
known to increase ferritin synthesis and iron uptake, iron-in-
duced damage drives alterations of glucose metabolism through
enhanced oxidative stress and inflammation'.

In this context, it is also plausible that low hepcidin
bioavailability could stimulate IL-6, thereby enhancing its role
in the development of insulin resistance and T2D.

The importance of hepcidin as a final common medi-
ator at the crossroad of systemic and cellular iron metabolism,
inflammation, oxidative stress, erythropoiesis, and hypoxia is
emerging. Moreover, the relationship of hepcidin with cyto-
kines, STAT3 and oxidative stress makes this molecule a candi-
date in the pathogenesis of diabetes.

Now, a better knowledge of hepcidin alterations and its
relationship with biochemical and imaging markers may expand
our understanding of underlying mechanisms and risk factors
involved in TM and its metabolic complications, as well as to
evaluate the therapeutic potential of approaches to modulate
hepcidin levels in thalassemic patients.

Oxidative stress and inflammatory markers as index of ath-
erosclerosis in TM

When the iron binding capacity of transferrin is saturat-
ed, circulating iron appear in a free form, non-transferrin-bound
iron (NTBI), a powerful inducer of free radicals®®. Excess iron
increases oxidative stress, which in turn impairs cellular func-
tion and integrity, causing damage to mitochondria, lysosomes,
lipid membranes, proteins, and DNA®?7],

Interestingly, with the transfusions and chelating agent
advancement, the life expectance in TM patients has increased
significantly and, from pediatric and adolescence pathology,
changing to become an adulthood and elderly disease in future.
Thus, the role of classically age-related pathological conditions
begin to have significance also in TM. In particular, it is known
that oxidative stress has a pivotal role of in the onset and devel-
opment of atherosclerosis?®!,

Different findings suggest that iron-derived free-radi-
cals may cause premature, early subclinical signs of atheroscle-
rosis (increased carotid arterial thickness and stiffness) in thalas-
semia patients. A more recent study (31 TM children, 36 healthy
children; age 4 - 16 years) considered the additive dimension
of laboratory parameters, evidencing a relationship between de-
velopment of premature atherosclerosis by carotid intima-me-
dia thickness and a biochemical pro-atherogenic profile!?’!. To-
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tal cholesterol, low-density lipoprotein (LDL) cholesterol and
high-density lipoprotein (HDL) cholesterol levels resulted sig-
nificantly reduced, whereas very-low-density lipoprotein choles-
terol levels were significantly elevated in B-thalassemic patients
compared to control subjects!?. Moreover, nitrate/nitrite (NOX),
as index of endothelial function, was significantly reduced, in-
stead chitotroisidase enzyme activity (an index of macrophage
activation) as well as carotid intima-media thickness (IMT) were
significantly increased in the TM patient group compared to
healthy subjects, and NOx significantly correlated with carotid
IMT?!, These data were in agreement with previous ones, where
B-thalassemia patients were characterized by a predominance of
small-dense LDL particles, increased oxidative stress (8-iso-
prostane), and Lipoprotein-associated phospholipase A(2) (Lp-
PLA(2), inflammatory enzyme implicated in atherosclerosis)
mass and activity®®). A significant positive correlation between
plasma Lp-PLA(2) activity or mass and 8-isoprostane and ferri-
tin levels as well as with IMT was also observed®’.. An increase
in secreted and cell-associated Lp-PLA(2) activity was also ob-
served in culture of monocytes from B-thalassemic patients®?.
Moreover, tumor necrosis factor-o (TNF-a, another inflammato-
ry biomarker) and Lp-PLA2 levels resulted high in thalassemia
children and both biomarkers showed strong correlations with
IMTB!,

Other data showed that total antioxidant capacity (TAC)
and Paraoxonase-1 (PON1, with protective property against lip-
id oxidation) resulted decreased, while malondialdehyde (MDA)
increased in B-thalassaemia subjects®?l. Decrease in PON1 ac-
tivity resulted associated with the degree of oxidative stress,
anaemia and increase in IMTP?. Other authors have evidenced
that PON1 activity was significantly lower in TM children than
controls, whereas total peroxide concentration levels resulted
significantly higher(33,

Indices of vessel dysfunction, as Willebrand factor
antigen (VWF:Ag) and flow cytometric analysis of circulating
CD144(+) endothelial microparticles (EMPs) and endothelial
progenitor cells [CD34(+)VEGFR2(+)], resulted significantly
higher among patients with B-thalassemia than controls®4. Also
D-dimer, and other circulating markers of endothelial activation,
inflammation and apoptosis resulted higher, while plasma cho-
lesterol and fibrinogen levels were lower than normal in TM pa-
tient>!,

Very recently, some polymorphisms related to bio-
markers of oxidative stress and endothelial function have been
identified as possible genetic markers for prediction of increased
susceptibility to cardiovascular complications in TM. In partic-
ular, Hp2-2 polymorphism of Haptoglobin (Hp), an antioxidant
protein, which polymorphism has been related to vascular com-
plications among diabetic TM patients, resulted a significant
predictor for premature atherosclerosis (IMT) in TM children®®!,
Moreover, the frequency of eNOS4a allele (aa and ab geno-
types), polymorphism of the endothelial nitric oxide synthase
(eNOS, enzyme that generates nitric oxide major determinant of
endothelial function), was significantly higher in B-TM patients
with pulmonary hypertension or cardiomyopathy, and could rep-
resent a possible genetic marker for prediction of increased sus-
ceptibility to cardiovascular complications in TME),

TM subjects may be more prone to development of
atherosclerosis. A biochemical proatherogenic profile has been
evidenced in TM, and there is a correlation between different
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biochemical and genetic markers and subclinical indices of ath-
erosclerosis. However, most biomarkers were investigated in a
single cohort study or population and need to be replicated in
more studies. There are no data which evaluated the correlation
between a pro-atherogenic biochemical profile and MRI iron
accumulation in heart and other organs. At present, if these bio-
markers could represent possible indices of CV complications in
TM remains to be determined.

HCYV and the liver-pancreas-heart triangle

Transfusion-acquired HCV infection is common in
TM B8 HCV infection may represent a strong accelerator of
TM complications, as elicits chronic inflammation (especially
IL-6 and TNF-P) and oxidative stress, induces insulin resistance,
and increases the risk of diabetes and metabolic syndrome and
liver damagel. The mechanisms of HCV complications devel-
opment also include immunological effects, as the chronic per-
sistence of virus leads to the circulation of immune complexes
(mixed cryoglobulinemia) and other autoimmune responsel.
Some data suggest that viral proteins such as HCV-core, El,
and NS3 can impair mitochondrial respiratory chain enzymes
and different cellular pathways, and expression of HCV proteins
(e.g. NS5A) increases oxidative stress interfering with several
pathways, including the activation of STAT-3 and Nuclear factor
kB (NF-kB) and calcium signaling™!!.

It is known that patients with chronic HCV have a
high prevalence of glycometabolic abnormalities, from insulin
resistance to diabetes*?. Interestingly, recent data evidenced
gender-related differences for metabolic risk in HCV patients.
Specifically, women resulted at increased risk for insulin resis-
tance (IR) in HCV, and also an increased risk of postmenopaus-
al metabolic syndrome was found®!. IR is also associated with
increased liver fibrosis in chronic HCV patients*. Recent data
indicate that HCV-NSS5A is implicated in the induction of insu-
lin resistance by modulating various cellular targets involved in
the insulin signaling pathway, in particular through phosphory-
lation of IRS-1 serine and increased gluconeogenesis!*”. More-
over, HCV core protein induces alterations in cellular redox state
(NAD(+)/NADH reduction), and, likely through the SIRT1/
AMPK pathway, with a key role in the regulation of hepatic
glucose and lipid metabolism modifies the expression profile
of glucose and lipid metabolism-related genes, causing metab-
olism dysregulation in HepG2 cells*). The simple neutrophil/
lymphocyte ratio, an old index which integrates information on
the inflammatory and physiological stress, resulted higher in pa-
tients with chronic HCV, HOMA-IR > 3 and advanced fibrosis,
promising as possible noninvasive parameter to predict IR and
advanced fibrosis stages in chronic HCV, and could be useful
also in TM patients7.

Interestingly, YKL-40, an inflammatory glycoprotein,
that resulted elevated in patients with CVD or HCV, is also cor-
related with liver stiffness and the degree of hepatic fibrosis in
TM patients with liver disease®l. YKL-40 also resulted posi-
tively correlated with transfusion index, alanine aminotransfer-
ase, lactate dehydrogenase, serum ferritin and liver iron concen-
trations (LIC), and negatively correlated with cardiac MRI-T2*,
data which render YKL-40 attractive as additive tool to estimate
liver fibrosis in TM[81,

In the last years, many studies have evaluated the rela-
tionship between HCV and atherosclerosis*->. However many
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findings evidenced a close correlation between carotid or coro-
nary atherosclerosis and HCV, some other results did not con-
firm such association™®!. Interestingly, an higher mortality for
CV cause was observed in anti-HCV positive patients®2l. More-
over, HCV RNA values were associated with excess cerebrovas-
cular mortality in a large general population (23 820 adults aged
30-65 years old, follow-up 1991-2008)131,

An aspect against the pro-atherogenic role of HCV is
the finding of hypocholesterolemia, which characterized HCV
patientst®¥. Clearly, alteration in lipoprotein and apolipoprotein
may be secondary to worsened liver function induced by HCV,
although HCV infection itself might directly cause hypolipid-
emial®. Accordingly, recent data suggest that the disturbance of
the lipoprotein metabolism, as increase of LDL-TG and small
VLDL-TG (highly atherogenic), is an independent factor asso-
ciated with chronic active HCV G1b infection with advanced fi-
brosis®®. This result indirectly suggests that a high level of small
VLDL-TG might be one of the risk factors for atherosclerosis
in HCV infection with advanced fibrosis, although the role of
VLDL-TG and atherosclerosis remains to be determined. More-
over, abnormalities in HDL and apolipoprotein levels in HCV
are emerging, although significance of these anomalies in terms
of atherosclerosis effects, and the differences related to different
HCV genotypes, have not been clarified®7”.

Chronic HCV is often associated with altered iron ho-
meostasis, and some data suggest that it suppresses hepcidin
expression, worsening iron overload, likely through mechanism
which involve oxidative stress, inflammation, and the IL-6/
STAT3 pathway®®l.

An altered lipid metabolism associated with oxida-
tive stress, inflammation and liver fibrosis characterized chron-
ic HCV infection. Furthermore, same underlying mechanisms
may likely favor atherosclerosis and worsened iron overload in
chronic HCV. Further studies are required to understand the ef-
fects of these interactions in TM.

Conclusion

Patients with TM display interrelated changes in sys-
temic biomarkers, such as indices of inflammation, oxidative
stress, and endothelial function, and a number of other biomark-
ers at the level of different organs. Raising data suggest the role
for bone in the regulation of metabolism, in the pathogenesis of
atherosclerotic processes, and liver fibrosis, with relationships
between organs that are increasingly emerging as mutual and re-
ciprocal™!, Although likely MRI will continue to dominate the
clinical practice of TM, identification of more significant bio-
markers in terms of prognosis and better elucidation of network
functioning could give a deeper understanding of the complex
molecular network underlying TM, which, in turn, could poten-
tially pave the way to the development of additive multiple-pur-
pose complication preventive measures and therapeutic tools.
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