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Abstract

Human B-thalassemia major is one of the most prevalent genetic diseases characterized by decrease/absence of B-globin
chain production with reduction of erythrocyte number. The main cause of death of treated B-thalassemia major patients
with chronic blood transfusion is early cardiac complications that have been attributed to secondary iron overload despite
optimal chelation. Herein, we investigated pathophysiological mechanisms of cardiovascular dysfunction in a severe murine
model of B-thalassemia from 6 to 15-months of age in the absence of confounding effects related to transfusion. Our
longitudinal echocardiography analysis showed that B-thalassemic mice first display a significant increase of cardiac output
in response to limited oxygen-carrying erythrocytes that progressed rapidly to left ventricular hypertrophy and structural
remodeling. Following this compensated hypertrophy, -thalassemic mice developed age-dependent deterioration of left
ventricular contractility and dysfunction that led toward decompensated heart failure. Consistently, murine B-thalassemic
hearts histopathology revealed cardiac remodeling with increased interstitial fibrosis but virtual absence of myocardial iron
deposits. Importantly, development of thalassemic cardiac hypertrophy and dysfunction independently of iron overload has
uncoupled these cardiopathogenic processes. Altogether our study on B-thalassemia major hemoglobinopathy points to
two successive phases resulting from severe chronic anemia and from secondarily induced mechanisms as pathophysiologic
contributors to thalassemic cardiopathy.
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Introduction

B-thalassemia is among the most common monogenic
hereditary disorder. B-thalassemia result from mutations that
reduce or abolish expression of P-globin gene and thus
hemoglobin production in red blood cells (RBC). According to
the decrease in B-globin levels, two forms are distinguished:
a moderate B-thalassemia intermedia and a severe B-thalassemia
major. The hallmark of this disorder is hemolytic anemia with
hypochromic and microcytic RBC. P-thalassemia are also
characterized by marked destruction of RBC leading to
stimulation of erythroid cell differentiation and elevated
reticulocytes count. PB-thalassemia major is a life-threatening
condition that necessitates chronic blood transfusion therapy
from early childhood whereas B-thalassemia intermedia is
usually transfusion-independent.

[-thalassemia major causes high mortality and morbidity. In the
1970s, individuals with B-thalassemia major had a mean lifespan
of ~17 years [1] but under optimal iron chelation therapy in the
last four decades, the prognosis has been greatly improved by >25
years [2]. B-thalassemia patients display severe systemic manifesta-
tions with damage to tissues or organs affecting mainly the spleen,
liver, kidneys, lungs, bone marrow and heart [3]. Characteristic
histopathologic anomalies in these various organs consist of iron
deposits and/or fibrosis [4]. In addition, the spleen is affected by
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entrapment of RBC and by increased extramedullary hematopoi-
esis to compensate erythroid cell destruction. Most importantly,
cardiac complications have been shown to be the most common
cause of death in patients with PB-thalassemia intermedia and
major [3,6].

Cardiac dysfunctions in B-thalassemia major have tradition-
ally been attributed to iron-overload [7] related to repeated
transfusions and increased intestinal absorption rate combined
with a sustained state of increased cardiac output. It has been
reported that the process of iron-related oxidative damage could
lead to cardiac hypertrophy, cardiomyocyte degeneration and
dysfunction associated with rhythm abnormalities [7,8]. How-
ever, heart remodeling and failure is persistent even with
optimal chelation in B-thalassemia major patients [9]. Unless
heart in B-thalassemia major is highly prone to iron deposits in
comparison to other organs, this raises the question of the
existence of another etiology for cardiac complications. Fur-
thermore, clinical studies in non-transfused B-thalassemia
intermedia patients describe cardiac complications with no
evidence of cardiac iron overload [10,11]. Such clinical
observation led us to hypothesize that B-thalassemia major
cardiac dysfunction can occur in absence of transfusion related
iron-overload and myocardial iron deposition.

Few mouse models of B-thalassemia have been developed and
closely reproduced human p-thalassemia major or intermedia
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diseases. These models were generated to characterize the
pathophysiology and to assess cell and gene therapy approaches.
Among the murine models, only one reproduces B-thalassemia
major (Hbb®™/43th 1 5mo-Bthal, and is the best-analyzed to
date [12]. The homo-fthal mice exhibit typical severe f-
thalassemia major phenotype with hematologic, histologic and
physio-pathologic features including reduced fertility and death at
early age [12,13]. However, no study so far in any of the B-
thalassemic mouse models has analyzed the functional and
structural cardiac physiology.

To gain insights into the progressive cellular and molecular
cardiac pathophysiology in B-thalassemia without the confound-
ing effect of therapies, we have undertaken a longitudinal study
from a cohort of untransfused homo-fthal mice from 6-months
of age till death by non-invasive transthoracic echocardiography.
These mice with virtual absence of cardiac iron deposition
develop early alteration of left ventricular morphology followed
by systolic dysfunction. Our results provide the first evidence
that PB-thalassemia major can induce iron-independent cardiac
anomalies that likely progress to decompensation and lead to
heart failure.

Methods

Mouse Strains

Experimental procedures were approved by the Animal Care
Committee of the Clinical Research Institute of Montreal in
accordance to the guidelines of the Canadian Council on Animal
Care. Homozygous P-thalassemic (Hbb®™™/ ™) donor mice
have a deletion of the murine B-globin major gene, in the globin
diffuse haplotype, leaving only the B-minor gene intact [12]. These
mice were backcrossed for >16 generations onto C57BL/6] and
are considered on a homogeneous background. Congenic C57BL/
6J-Gpil* donor and C57BL/6J-Gpil® recipient mice were
differentiated with the marker glucose phosphate isomerase isotype
(Gpil) and were obtained from Jackson Laboratories (ME).

Production of Bone Marrow Transplanted Mice

Bone marrow transplanted mice were produced as described
previously [13]. Briefly, bone marrow cells were harvested from
either homozygous B-thalassemic (homo-Bthal: Hbb™™/ 43ty o
wild-type C57BL6/J-Gpil® (Hbb%®) donors. Two month-old
male C57BL/6] recipients were exposed to a 8.75Gy lethal dose of
irradiation (Mark I-68A-1 Irradiator, CA) and injected with
1.8x10° hematopoietic cells from marrow of homo-Bthal or of
C57BL/6J-Gpil® controls (Hbb®®). Bone marrow engraftment
was evaluated in both mouse groups 2-5 months following
transplantation and occasionally within the following year to verify
sustained engraftment. Only recipients displaying complete
hematopoietic engraftment were included in the study: recipients
with the sole expression of either hemoglobin minor for homo-
Bthal mice (n=46) or the specific glucose phosphate isomerase
isotype marker Gpil“ for controls (n=37).

Hematological Analysis

Blood from transplanted homo-Bthal and control mice (n=28
from each group) as well as native homo-fthal (Hbp®3 /43ty 4nq
control (n=5 from both groups) was obtained from the
submandibule and collected in tubes containing EDTA (Terumo
Medical, Maryland). RBC and reticulocyte counts, hemoglobin
(Hb) and hematocrit (Hct) levels, mean cellular volume (MCV)
and mean cellular hemoglobin (MCH) were evaluated using an
Advia 120 (Bayer, NY) with analysis software version 2.2.06 as
previously [14-16].
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Echocardiography Examinations

Echocardiography was performed on male homo-Bthal and
control mice at 3 different ages: 6 months (n=23 and 18), 10
months (n=22 and 18), 14 months (n=19 and 18) whereas in
native homo-Bthal (Hbb®™/ ™, 1 = 3) analyzed at 14 months.
Cardiac morphology and function were evaluated i vivo in
anesthetized mice (0.0125 mL/g, Avertin 2.5%) by transthoracic
echocardiography using an ultrasound biomicroscope Vevo770
(Visualsonics, Ontario) equipped with a 35 MHz probe. In
addition, electrocardiogram (ECG) was monitored in all mice
and body temperature maintained at 37*1°C using rectal
thermometer (Indus Instruments, TX). Mean arterial blood
pressure (MAP) was measured using tail-cuff monitoring system
(XBP-1000, Kent Scientific, CT).

Left ventricle (LV) M-mode tracings were obtained at the level
of papillary muscles using the two-dimensional parasternal long-
axis view. Wall thickness and chamber dimensions measurements
were averaged over 5 cardiac cycles and according to the
American Society of Echocardiography guidelines [17]. End-
diastolic (d) and end-systolic (s) left ventricle internal diameters
(LVD), interventricular septum (IVS) and posterior wall (PW)
thicknesses were measured. LV fractional shortening (FS) was
calculated wusing the equation: FS(%)=[[LVDd—LVDs)/
LVDd] x100. Ejection fraction (EF) was calculated as: [[LVEDV-
LVESV)/LVEDV] based on LV end-diastole and end-systole
volumes (LVEDV and LVESV). These were determined from
Teichholtz’s formula [18]: LV volume = [7/(2.4+LVD)] x(LVD)®,
LV mass was estimated using the equation [19]: LV mas-
s=1.055 X [(IVSd+LVDd+PWd)’—(LVDd)’]. Relative wall thick-
ness was assessed as the ratio between wall thickness and LV
diameter: [IVSd+PWd)/LVDd].

Aortic diameter (AoD) were measured in systole and diastole
using M-mode tracings and averaged over 5 cardiac cycles.
Doppler velocity waveforms were recorded in the aortic root and
the velocity-time integral (VIT) was determined by semiautomatic
analysis. VI'T was averaged over 5 cardiac cycles. Cardiac output
(CO) was calculated as follows [20]: CO=(AoD/
2?xnxVTIxHR, were HR was the heart rate obtained directly
by ECG. Cardiac index (CI) was calculated by normalizing CO
for body weight (BW) and expressed in milliliters per minute per
gram of BW (mL-min™-g™").

Doppler ultrasound recordings were performed in the right
common carotid artery 1-2 mm before the carotid bifurcation to
measure peak systolic (S) and end-diastolic (D) velocities. Pourcelot
index (PI), a commonly used parameter reflecting local vascular
resistance to blood flow and vascular compliance was computed as
previously [13]: PI=(S-D)/S and averaged over 10 cardiac cycles.

Histopathological Examinations

Homo-Bthal and control mice were sacrificed for pathologic
analyses (n = 8 from each group) at 15 months and 7 months (n =4
and 3, respectively). Heart, liver, kidney, spleen and lungs were
excised and organ-to-BW ratios determined. Hearts, lungs,
kidneys and spleens were fixed overnight in 10% phosphate-
buffered formalin and paraffin-embedded. Tissue sections of 5 wm
thickness were stained with hematoxylin-cosin, Prussian blue
staining for iron analysis and Sirius red staining for interstitial
fibrosis evaluation. Semi-quantitative levels of iron and fibrosis
were evaluated from 8-10 photomicrographs per section at
magnification 100X at same light intensity and exposition settings
for each staining. Percentage of iron and collagen contents in each
field was evaluated automatically using a computer assisted color
threshold analysis using Matlab software (ver.7, MA).
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Statistical Analyses

Data are reported as means * standard errors of the mean
(SEM) over n observations, where n represents the number of mice
per group. Longitudinal comparisons of cardiovascular parameters
were assessed using a two-way ANOVA followed by a Student-
Newman-Keuls test for multiple comparisons. Student’s unpaired
t-test was used for comparison of hematological and histopatho-
logical parameters. All statistical analyses were performed using
Sigma Stat (Systat, CA) and considered significant at p<<0.05.

Results

Homo-Bthal Mouse Model Phenotype

Homo-Bthal mice deleted of both B-globin major genes were
generated from bone marrow transplantation in order to obtain
cohorts with several animals of same ages and same sex for
longitudinal analysis. Complete engraftment of homo-Bthal and
control bone marrow in transplanted mice was determined from
the hematologic glucose phosphate isomerase isotype marker and/
or the sole presence of hemoglobin minor. To verify persistent and
stable long-term engraftment, assessments were performed from 4
months of age onwards. Analysis of hematological profile was
evaluated in adult mice to assess severity of B-thalassemia. The
transplanted homo-fthal mice displayed features of B-thalassemia
major with severe anemia as evidenced by markedly decreased
RBC count, hemoglobin and hematocrit levels and consequently,
exhibit decreased blood viscosity (Table 1). Additionally, mean
cellular volume and mean cellular hemoglobin were significantly
lower in homo-Bthal mice (Table 1), correlating with erythrocyte
microcytosis and hypochromia (data not shown). Severe reticulo-
cytosis suggested increased erythropoiesis in homo-Bthal mice in
comparison to controls (Table 1). These hematologic parameters
in transplanted homo-fthal mice are similar to those in native
homo-Bthal mice (Table S1).

Consequent to complete engraftment of B-thalassemic hemato-
poietic stem cells, recipient mice showed significant decrease in
lifespan expectancy relative to controls. Indeed, only 39.1% of
transplanted homo-fthal mice were alive at 15 months whereas
91.9% of transplanted control mice were thriving at that age.
Transplanted homo-fthal mouse model reproduced the typical
hematological characteristics of severe P-thalassemia major [12]
affecting their survival rate as reported in human B-thalassemia
major [4].

Table 1. Hematologic parameters.

Control Homo-fithal
(n=8) (n=8)
RBC (10%/uL) 8.2+04 4.8+05
Hb (g/dI) 12.4+0.6 4.5+05"
Hct (%) 40.7+14 19.7+1.7"
MCV (f) 49.7+15 41.8+1.1
MCH (pg/RBC) 15.0+0.2 10.4+0.27
Retics (%) 6.6+1.1 31.2+1.5"

Values are means=+SEM. "p<<0.01; Tp<<0.001 vs. control mice. RBC, red blood cell
count; Hb, hemoglobin; Hct, hematocrit; MCV, mean RBC cellular volume; MCH,
mean RBC cellular hemoglobin; Retics, Reticulocytes.
doi:10.1371/journal.pone.0052128.t001
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Distinct Histopathology in Homo-fBthal Organs

Since B-thalassemia patients have hampered developmental
growth, we monitored body weight (BW) in homo-Bthal mice from
6 months of age (Figure 1). At 6 months, BW was slightly reduced
by ~5% in homo-fthal mice compared to control mice (p =0.2).
The decrease in BW of homo-Bthal mice dwindled further at 10
and 14 months of age by 10 and 14%, respectively in comparison
to age-matched controls. These findings of significant growth
impairment indicate a general physiological impact of the disease
in homo-Bthal mice from 10 months of age onwards.

Table 2 shows organ-to-BW ratios in both thalassemic and
control groups at ~15 months of age. All organ-to-BW ratios were
significantly higher (p<<0.05) in the target group and were
comparable to those of native homo-Bthal mice (data not shown).
As expected, the most notable organ enlargement was the spleen
by ~4.8-fold, a typical characteristic of severe murine f-
thalassemia [15]. While lungs- and liver-to-BW ratios were
increased by 1.2- to 1.3-fold respectively, the heart- and kidney-
to-BW ratios were markedly increased by 1.6- to 1.7-fold in homo-
Bthal mice (Table 2).

As an initial assessment in thalassemic and control groups, levels
of serum iron concentration were monitored. Evidence of iron
overload was provided by significantly higher plasma iron levels in
homo-fthal mice (39.124.0 umol/l; n=7) than controls
(27.5%3.1 umol/l; n=28; p<<0.04). Histopathological semi-quan-
titative analysis of heart, spleen, lungs, liver and kidney were
performed including specific stainings, Prussian blue for iron and
Sirius red for interstitial fibrosis (Table 3). Presence of abundant
iron in the spleen is a typical feature of severe B-thalassemia [15]
secondary to reticuloendothelial RBC destruction and extrame-
dullary hematopoiesis (Figure 2B, Table 3). Accordingly, impor-
tant splenic collagen deposition was measured in homo-fthal
mice, 1.9-fold above those of controls (Table 3, Figure S1). In the
lungs of homo-fthal mice, a significant 4-fold increase of iron
deposits was quantified throughout the tissue in comparison to
very low to undetectable levels in controls ($<<0.05) (Table 3).
However, no increase in interstitial fibrosis was detected in the
lungs of homo-fB-thal mice. Similarly to the lungs, the kidneys of
homo-fthal mice displayed no interstitial fibrosis but had high
levels of iron deposits, mainly localized to the cortical region
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Figure 1. Longitudinal analysis of body weight in homo-fthal
mice at 6, 10 and 14 months. Homo-Bthal mice (filled bars) have
significantly decreased body weight relative to controls (open bars) at
10 and 14 months (‘p<0.05, “p<<0.01). Within the control group, body
weight was increased at 10 and 14 months vs 6 months (°p<0.05,
bp<0.001), and 14 months vs 10 months (‘p<<0.05). Values are
means*+SEM and analyzed by two-way ANOVA.
doi:10.1371/journal.pone.0052128.g001
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Table 2. Organ-to-body ratios of homo-fthal mice.

Organ-to-body weight ratio (mg/g)

n Heart Liver Spleen Lungs Kidney

Control 8
Homo-fthal 8

5.5+03 45.0+12 2.5+02 6.2+03 6.6+03
8.8+0.5" 54.2+36 12.1+1.178.3+0.7* 11.7+1.5"

Organ-to-body weight ratios in 15 month-old control and homo-fthal mice.
Values are means*SEM. "p<0.05; 'p<<0.01; *p<<0.001 vs. control mice.
doi:10.1371/journal.pone.0052128.t002

(Figure 2D, Table 3). The presence of iron in proximal tubular
cells may be indicative of free hemoglobin renal reabsorption due
to chronic hemolysis. Tissue iron deposits were also quite
abundant in liver of homo-Bthal mice relative to controls
(Figure 2E, 2F). As illustrated in Figure 3A and 3B, homo-Pthal
mice exhibited marked cardiac hypertrophy. Importantly, this
enlargement was associated with a 1.7-fold increase in interstitial
collagen deposition diffusely distributed throughout the myocar-
dium when compared to controls (p<<0.001, Figs. 3C and 3D).
This increase in cardiac collagen content was characteristic of the
15 month-old homo-fthal mice (Table 3) since 7 month-old
homo-fthal mice exhibited similar low levels of fibrosis
(2.6%£0.5%; n=4) as in controls (2.6%£1.0%; n=3) (Figure S2).
In addition, iron deposits in the hearts of homo-fthal mice were
extremely sparse in contrast to all other organs. When detected,
these deposits in homo-Bthal hearts were located in focal region of
the outer layer of the myocardium or epicardium (Figure 3F,
Figure S2), were non-significant (>0.05) and comparable to those
of controls (Figure 3E) and to wild-type C57Bl/6] mice of same
genetic background (0.12*0.11%; n=9) (H.F. and M.T., 2007).
These results indicate that cardiac hypertrophy is not directly
linked to iron deposits but associated with progressive fibrosis at
later age in thalassemia.

Early Onset of Left Ventricle Structural Alterations in
Homo-fthal Mice

In addition to the molecular cardiac changes identified in
homo-Bthal mice by histopathological analysis, we investigated
cardiac morphology and function by echocardiography. Since
complete engraftment was observed at 5 months, our longitudinal
echocardiography analyses were initiated from 6 months of age.
Left ventricle (V) mass estimation and dimension measurements
were assessed by M-mode tracings (Figures 4A, 4B and Figure S3).
At 6 months, homo-fthal mice revealed a mild LV mass increase
of 13% compared to controls (p<<0.05), indicating early de-
velopment of LV hypertrophy. Despite no BW increase in homo-
Bthal mice, LV mass was significantly and progressively increased
i 10 and 14 month-old mice by 38% and 67%, respectively
(Figure 4A). This LV mass increase was similar to the 56%
increase at 14-month old in native homo-fthal mice (n=3).
Control mice displayed similar LV mass at 10 and 14 months with
a slight (~13%) decrease compared to 6 months. Consistent with
the LV mass increase in homo-fthal mice, detailed echocardio-
graphic measurements showed an important and significant
increase of LV diameters in both systole (LVDs) and diastole
(LVDd) at all ages (Figure 4B and Figure S3). In addition,
mterventricular septum (IVS) and posterior wall (PW) thicknesses
tended to increase in homo-fthal mice at 10 and 14 months of
age, further supporting age-dependent progression of LV hyper-
trophy. To evaluate geometric pattern of LV chamber dilation and
wall thickening, we calculated relative wall thickness with respect
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to LV cavity diameter (Figure 4C). Compared to controls, relative
wall thickness was decreased in homo-Pthal mice at all ages (~12
to ~9%), thereby characterizing the LV remodeling pattern as an
eccentric hypertrophy.

Progressive Cardiovascular Impairment in Homo-fthal
Mice

To investigate whether the cardiac hypertrophic alterations in
homo-Bthal mice were associated with functional impairment, we
evaluated cardiac index (CI) by normalizing the cardiac output to
BW and LV contractile function. The longitudinal CI analysis of
control mice displayed a mild but non-significant decrease. In
contrast, CI in homo-Bthal mice were significantly increased by
16% (p<<0.05), 35% (p<<0.001) and 39% (p<<0.001) at 6, 10 and 14
months, respectively, when compared with age-matched controls
(Figure 5A).

Cardiac function was evaluated by LV ejection fraction (EF)
and LV fractional shortening (I'S) calculations (Figures 5C and
5D). EF was decreased in all age groups of homo-Bthal mice and
declined further with age, up to 20% loss relative to controls. F'S
seemed unaffected in 6 month-old homo-Bthal mice, but was
considerably decreased by 10 months of age compared with age-
matched controls. The decrease in EF and F'S was comparable to
that of native homo-Bthal mice (n=3) by 12 and 14% respectively
at ~15 month of age. These results indicated the development of
a progressive left ventricle contractile dysfunction in homo-fthal
mice without evidence of hemosiderosis.

As shown in Figure 5B, mean arterial blood pressure (MAP) was
slightly lower ($<<0.05) in 6 month-old homo-Bthal mice when
compared with age-matched controls. At all other ages no
difference in MAP was observed. In addition, local common
carotid vascular hemodynamics was monitored to have insight into
vascular compliance and resistance to blood flow by using the
Pourcelot resistive index (PI). As shown in Figure 5E, homo-fthal
mice displayed significantly higher PI at 10 (p<<0.01) and 14
(»p<<0.05) months compared to age-matched controls, suggesting
impaired carotid vascular hemodynamics with increased arterial
resistance.

Discussion

Our longitudinal and systematic study of thalassemia heart
pathophysiology provides evidence of novel determinants for
progression of cardiac structure remodeling and dysfunction
leading to insufficiency. Herein, we demonstrate for the first time
that untreated B-thalassemia major mice display severe cardiac
complications. In addition to compensated left ventricular dilation
and hypertrophy, our thalassemic homo-Bthal mouse model
develops sequentially progressive contractile functional impair-
ment with decreased LV fractional shortenings. Importantly, this
process was associated with elevated interstitial fibrosis but
occurred independently of myocardial iron loading. Since our
homo-Bthal mouse dissociated the thalassemic cardiopathy from
presence of myocardial iron, these findings argue for the existence
of distinct mechanism(s) that are major contributors to thalassemic
cardiac pathogenesis.

Characterization of the primary events occurring in B-thalas-
semia major cardiac pathogenesis from our mouse model revealed
early onset of morphologic adverse changes. In response to
reduced oxygen-carrying potential of B-thalassemic erythrocytes
and tissue hypoxia in engrafted homo-fthal mice, a compensatory
mechanism is induced by increasing the cardiac index or output.
This normal hemodynamic adaptation mechanism results from
elevated cardiac preload and venous return and decreased
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Figure 2. Histopathologic analysis of iron deposition in 15-month mouse thalassemic tissues. Tissue sections were stained for iron
deposits with Prussian blue and counterstained with nuclear fast red. A) Spleen of control mice with well-organized white and red pulp displayed
mild iron deposits B) Spleen of homo-fthal showed numerous iron deposits throughout the parenchyma. C) Kidney of control mice did not exhibit
presence of iron. D) Kidney of homo-Bthal mice revealed iron deposits in proximal tubular cells of the cortical region. E) Liver of control mice did not
exhibit presence of iron. F) Liver of homo-fthal mice revealed iron deposits in Kupffer cells and in parenchymal cells. (Magnification x20; A-D: bars,
200 pum; E,F: bars, 100 um).

doi:10.1371/journal.pone.0052128.9002
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Control Homo-pthal

Figure 3. Macroscopic and microscopic alterations of murine thalassemic hearts. Representative cardiac macroscopic phenotype of 15-
months control (A) and homo-fthal (B) show important heart hypertrophy in homo-fthal mice; hematoxylin-eosin stain. Heart tissue sections of
control (C) in comparison to homo-fthal (D) stained with Sirius red revealed markedly enhanced collagen levels (arrow) in homo-Bthal hearts.
Histological cardiac analysis of control (E) and homo-fthal (F) sections were comparable with occasional detectable iron signals (arrowhead); Prussian
blue stain and nuclear fast red counterstain. (Magnification x40; Bars, 100 um).

doi:10.1371/journal.pone.0052128.g003

afterload via reduced blood viscosity and blood pressure as
detected in homo-fthal mice early on [21,22]. Within 4 months of
exposure to progressive anemia, the homo-fthal mice developed
a rapidly enhanced LV mass and decreased BW comparable to
that of the 12-weeks anemia-induced iron deficiency in rat [23]. In
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parallel, a gradual increase in LV diameter at diastole and systole
in homo-Pthal mice showed early dilatation consistent with
a sustained anemic state [24-26]. These morphologic alterations
lead in the initial phase to a typical eccentric LV pattern of
hypertrophy in the homo-Bthal mice. Interestingly, anemia-
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Table 3. Histopathologic assessment of homo-Bthal mice.

Novel Cardiopathogenic Mechanism in f-Thalassemia

Iron deposits (%)

Collagen content (%)

Organ Control Homo-fithal Hbbd3(th)/d3(th) Control Homo-fthal Hbbd3(th)/d3(th)
(n=5) (n=5) (n=3) (n=5) (n=5) (n=3)

Heart 0.25+0.19 0.12+0.03 0.21+0.11 4.0+03 6.9+0.3* 8.0+22

Spleen 3.60+1.46 17.68=4.14" 10.11£1.92 3.6+06 7.0-1.2" 9.0+2.0

Lungs 0.20+0.05 0.81+0.22" 0.66+0.12 5.4+0.6 4410 4.2+02

Kidney 0.54:+0.50 4.47+1.46 3.8+1.4 8.0+1.3 7.4+1.1 9.4+0.6

Liver 0.17+0.05 1.25+0.22* 0.53+0.07* 4.43+0.60 10.41+1.77 2.33+0.22

Values are means+SEM. "p<<0.05; “p<0.002; 'p<0.01; p<<0.001 vs. control mice.
doi:10.1371/journal.pone.0052128.t003

induced cardiomegaly has also been reported for other vertebrates
including a genetically-induced mutant in Zebrafish [27]. A
primary event in homo-fthal mice is early cardiac morphologic
remodeling presumably as a compensatory mechanism for the
anemia and/or ischemia. This physiologic mechanism should lead
to the apparent correction of the hypoxic state by stationary
increased cardiac index.

In contrast to findings in chronic anemia states [24,28,29], the
CI in homo-Bthal mice rose further and reached a maximum at 10
months of age. Moreover, a persistent increase in LV mass and
diameter demonstrate LV remodeling throughout life with pro-
gressive deterioration of the homo-fthal cardiac geometry/
structure. From 10 months of age, the homo-Pthal mice displayed
a combined pattern of eccentric LV hypertrophy and of wall
thickening. Such cardiac hypertrophy evolved to cardiac dysfunc-
tion in homo-Bthal mice, with gradual alteration and decline of
LV function. The mild decrease in cardiac function, as defined by
FS and EF, at 6 months with no major impact in hemodynamic
function indicated that LV hypertrophy in homo-fthal mice
preceded cardiovascular functional alterations. Notably by 10
months of age and onwards, significant degeneration of cardiac
function suggested that additional or secondary factors or events
are triggered at later stage. An important contributor to the
thalassemic pathophysiology of cardiac dysfunction is likely the
impaired circulatory flow hemodynamics as indicated by the mild
but significant increase in carotid resistance from the Pourcelot
index despite decreased blood viscosity. This process may arise
from vascular endothelial dysfunction and structural wall remodel-
ing. In addition, increased ventricular stress caused by cardiac
dilatation from anemia-induced conditions similar to homo-fthal
mice was associated with myocyte hypertrophy and hyperplasia
[25]. Long-term exposure to ventricular stress is likely to exert
adverse cellular and molecular effect as evidenced in later stage by
presence of substantial fibrosis in the myocardium of homo-thal.
Consequently, this interstitial fibrosis is expected to impact on
ventricular contractility and cause myocardial stiffness [30].
Importantly, our characterization of homo-Bthal mice showed
severe myocardial dysfunction despite virtual absence of cardiac
iron.

Our study uncovered the existence of a novel mechanism(s)
critical in B-thalassemia cardiac dysfunction independently from
myocardial iron loading. Until now, iron is considered the main
factor responsible for cardiac failure in the chronically transfused
human B-thalassemia major [4,7]. Consistently, lifespan in
thalassemic patients improved significantly upon iron-chelation
therapy [8,31]. Nevertheless, cardiac dysfunction was reported in
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some thalassemic patients under chelation and it was assumed to
result from low therapy compliance [32] and/or from differential
heart and liver iron-loading kinetics [33,34]. Impaired cardiac
function in these thalassemic patients supports our data of
additional mechanism(s) distinct from myocardial iron leading to
cardiac failure and also raises questions on iron assessment. In fact,
standard analysis of iron or ferritin levels in serum of patients do
not adequately reflect differential iron storage levels in different
organs and are limited by low reproducibility [35]. While only
direct tissue biopsy can quantify cardiac iron rigorously, the non-
invasive nuclear magnetic resonance relaxometry is sensitive to
detect iron in tissues [36,37] with 80% reliability in comparison to
heart biopsy [38] and the T2* approach is now favored to evaluate
chelator efficacy in patients [39]. Analogous to the human pattern
of iron organ distribution, homo-fthal mice had excess iron in
vital organs such as spleen, lungs and kidney, probably originating
from increased gastrointestinal absorption. Despite increased
plasma iron levels, absence of iron in the heart of homo-Bthal
mice highlighted the difference between organs for uptake and
storage of iron. This difference may reflect expression specificity of
transferrin receptor levels that are much lower in the heart than in
other organs [40,41]. Hence, our findings show that development
of LV hypertrophy and the later onset of LV dysfunction in homo-
Bthal mice occurs independently of myocardial iron deposition.
This murine thalassemic iron-independent LV dysfunction is also
consistent with the cardiac dysfunction reported in untransfused
thalassemia intermedia [11] and in occasional thalassemic major
transfused patients without cardiac siderosis [9]. Hence, a distinct
mechanism(s) is most likely responsible for the cardiac dysfunction
in these non-transfused homo-Pthal mice. Our results show that
additional critical determinant(s) are at the basis of the thalassemic
cardiac pathophysiology and argue that iron is a contributor and
likely a precipitating factor in human cardiac dysfunction.

An important finding from this longitudinal analysis is the
unraveling of a novel pathophysiologic mechanism independent of
direct myocardial iron deposition that leads to cardiac complica-
tions in P-thalassemia major and possibly, in B-thalassemia
intermedia. Our results show that the thalassemic heart primarily
adapts by increasing cardiac output state as in all anemias. The
chronic anemic state of thalassemia caused morphologic altera-
tions including LV dilation and hypertrophy. In thalassemia
however, a secondary response is induced: the cardiac function
progressively deteriorates to LV decompensation, dysfunction and
eventually heart failure. This process can result from the
contribution of various factors successively or cooperatively such
as vascular endothelial dysfunction and vasculopathy as described
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Figure 4. Longitudinal cardiac morphologic analysis of homo-fithal mice. A) Longitudinal evaluation of LV mass by echocardiography in
control (open bars) and homo-fthal mice (filled bars) at ages 6, 10 and 14 months show a progressive increase of LV mass in homo-fthal mice with
age. Values are means=SEM. Comparison of LV mass between homo-fthal and control mice ("p<0.05, and “p<<0.001) and within homo-Bthal mouse
groups at 10 vs14 months (7p<0.01) and at 6 vs 14 months (" Tp<0.001). B) Comparison of echocardiographic measurements at ages 6, 10 and 14
months in homo-Bthal (n =23, 22, 19) and control (n=18) mice. Cardiac parameters consist of LVDd, left ventricule diameter in diastole; LVDs, left
ventricule diameter in systole; IVS, interventricular septum; PW, posterior wall. Values are means+=SEM. Cardiac parameters were significantly
increased in homo-Bthal mice compared to same age controls ((p<<0.05, “p<<0.01 and “~“p<0.001) and within the homo-Bthal group, cardiac
parameters were increased at 10 and 14 months vs 6 months (Tp<0.05 and p<<0.01). C) Relative wall thickness of homo-thal (filled bars) relative to
control (open bars) mice was consistently diminished at the different analyzed ages 6, 10 and 14 months ('p<<0.05 “p<0.01).
doi:10.1371/journal.pone.0052128.9g004
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Figure 5. Impaired cardiac function in homo-fthal mice. A) Longitudinal measurements of cardiac index (Cl) in homo-fthal mice (filled bars) at
ages 6, 10 and 14 months relative to control (open bars) was increased. B) Mean arterial pressure (MAP) evaluated by tail-cuff approach was
comparable in control (open bars) and homo-fthal mice (filled bars). C) Left ventricular ejection fraction (EF) in homo-fthal mice (filled bars)
decreased relative to control (open bars) at all ages. D) Left ventricular fractional shortening (FS) in homo-Bthal mice (filled bars) declined at 10 and 14
months of age compare to control (open bars). E) Doppler Pourcelot indices (Pl, no units) of the common carotid artery in 6, 10 and 14 month-old
control (open bars) and homo-fthal mice (filled bars) indicated altered vascular hemodynamics in the homo-fithal mice. Values are means=SEM.
"p<0.05, "p<0.01 and Tp<0.001 vs. same age control mice.

doi:10.1371/journal.pone.0052128.g005
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in sickle cell disease another hemolytic condition [42—45] or as
compensated LV structural remodeling itself and/or loss of
contractile reserve due to myocardial stiffness (as indicated herein).
Most importantly, studies should be directed at characterization of
the molecular pathophysiologic determinants of thalassemic
cardiac pathogenesis. While major efforts for optimization of
chelation therapy are essential for B-thalassemia, our data predict
premature cardiac morbidity and mortality in thalassemic patients
despite strict lifelong optimal chelation therapy.

In summary, our study on B-thalassemic mouse models is the
first to show a cardiopathological mechanism with atypical fibrosis
that is independent of iron overload. These findings are likely to
revolutionize our cardiac B-thalassemia biomedical basic concepts
and influence clinical practice. Our B-thalassemia model also
provides a mean to investigate the molecular determinants
responsible for pathophysiologic structural and functional cardiac
anomalies and for assessment of innovative therapeutic interven-
tions that could be pertinent for RBC disorders at large and even
other cardiopathologies.

Supporting Information

Figure S1 Histopathologic analysis of interstitial fibro-
sis in 15-month mouse thalassemic tissues. Spleen of
control mice (A) stained with Sirius red has scattered and mild
fibrosis whereas the spleen of homo-Bthal mice (B) show elevated
levels of fibrosis (arrow) and presence of unstained iron (star).
Kidneys of control (C) and homo-Bthal (D) mice show no
difference in level of fibrosis.

References

1. Engle MA, Ehlers KH, O’Loughlin JE, Giardina PJ, Hilgartner MW (1985) Beta
thalassemia and heart disease: three decades of gradual progress. Trans Am Clin
Climatol Assoc 96: 24-33.

2. Modell B, Khan M, Darlison M, Westwood MA, Ingram D, et al. (2008)
Improved survival of thalassaemia major in the UK and relation to T2%
cardiovascular magnetic resonance. J Cardiovasc Magn Reson 10: 42.

3. Schrier SL, Angelucci E (2005) New strategies in the treatment of the
thalassemias. Annu Rev Med 56: 157-171.

4. Weatherhall DJ, Clegg JB, editors (2001) The Thalassemia Syndromes. Oxford.

5. Cunningham M]J, Macklin EA, Neufeld EJ, Cohen AR (2004) Complications of
beta-thalassemia major in North America. Blood 104: 34-39.

6. Habhalis G, Alexopoulos D, Kremastinos DT, Zoumbos NC (2005) Heart failure
in beta-thalassemia syndromes: a decade of progress. Am J Med 118: 957-967.

7. Brili SV, Tzonou Al, Castelanos SS, Aggeli CJ, Tentolouris CA, et al. (1997)
The effect of iron overload in the hearts of patients with beta-thalassemia. Clin
Cardiol 20: 541-546.

8. Acssopos A, Berdoukas V, Tsironi M (2008) The heart in transfusion dependent
homozygous thalassaemia today—prediction, prevention and management.
Eur J Haematol 80: 93-106.

9. Aessopos A, Farmakis D, Hatziliami A, Fragodimitri C, Karabatsos F, et al.
(2004) Cardiac status in well-treated patients with thalassemia major.
Eur J Haematol 73: 359-366.

10. Origa R, Barella S, Argiolas GM, Bina P, Agus A, et al. (2008) No evidence of
cardiac iron in 20 never- or minimally-transfused patients with thalassemia
intermedia. Haematologica 93: 1095-1096.

11. Aessopos A, Farmakis D, Deftercos S, Tsironi M, Tassiopoulos S, et al. (2005)
Thalassemia heart disease: a comparative evaluation of thalassemia major and
thalassemia intermedia. Chest 127: 1523-1530.

12. Skow LC, Burkhart BA, Johnson FM, Popp RA, Popp DM (1983) A mouse
model for beta-thalassemia. Cell 34: 1043-1052.

13. Stoyanova E, Trudel M, Felfly H, Garcia D, Cloutier G (2007) Characterization
of circulatory disorders in P-thalassemic mice by noninvasive ultrasound
biomicroscopy. Physiol Genomics 29: 84-90.

14. Felfly H, Trudel M (2010) Successful correction of murine sickle cell disease with
reduced stem cell requirements reinforced by fractionated marrow infusions.
Br J Haematol 148: 646-658.

15. Felfly H, Trudel M (2007) Long-term Correction of B-Thalassemia With
Minimal Cellular Requirement and Transplantation Modalities. Mol Ther 15:
1701-1709.

16. Beauchemin H, Blouin MJ, Trudel M (2004) Differential Regulatory and
Compensatory Responses in Hematopoiesis/Erythropoiesis in o- and B-Globin
Hemizygous Mice. J Biol Chem 279: 19471-19480.

PLOS ONE | www.plosone.org

Novel Cardiopathogenic Mechanism in f-Thalassemia

(TIF)

Figure S2 Histopathologic analysis of iron deposits and
interstitial fibrosis in 10-month mouse thalassemic
tissues. A, B) Hearts from both control mice and of homo-fthal
mice at ~10 months of age stained with Sirius red do not exhibit
presence of iron deposits. C, D) In comparison to the control
heart, heart of the homo-Pthal mice at ~10 months of age
displayed mild levels of fibrosis. E, ) Hearts from both control and
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levels of fibrosis.
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