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ABSTRACT

Introduction: Pulmonary hypertension (PH) is the commonest cardiac complication in B-thalassemia intermedia,
including p-thalassemia/hemoglobin E (B-thal/HbE), and is strongly associated with splenectomy. We aimed to
define the prevalence and comprehensively explore mechanisms of PH in B-thal/HbE patients receiving regular
transfusion and iron chelation, which were reported to alleviate PH.

Materials and methods: (-Thal/HDbE patients receiving regular transfusion and iron chelation over one year were
enrolled. Patients at risk for PH were defined by tricuspid-regurgitant-jet-velocity (TRV) = 2.5 m/s. Laboratory
and echocardiographic variables were compared with healthy controls.

Results: There were 68 -thal/HbE, including 31 (45.6%) splenectomized patients, and 38 controls included for
analysis. PH was detected in 29 -thal/HbE (42.6%). 3-Thal/HbE with PH had a significant reduction in nitric
oxide metabolites (NOx) but elevations in thrombin-antithrombin (TAT) complex, soluble thrombomodulin
(sTM), endothelin-1 (ET-1) and flow-mediated dilation (FMD) values compared to those without PH (all,
p < 0.05). TRV was significantly correlated with NOx, TAT, sTM, ET-1 and FMD values (r = —0.514,
r=0.281, r = 0.313, r = 0.245 and r = —0.474; all p < 0.05). Erythropoietic activity, serum ferritin, circu-
lating total tissue factor (TF) antigen, microparticle-associated TF activity, microparticle's procoagulant activity
and soluble p-selectin levels were not different between PH and non-PH subgroups. Notably, there were no
significant associations between splenectomy and PH.

Conclusions: PH remains prevalent in -thal/HbE patients receiving long-term transfusion and iron chelation. PH
is not associated with splenectomy status but correlated with NO depletion, TF-independent hypercoagulability
and endothelial perturbation.

1. Introduction

Most of the previous reports investigated pathophysiology of PH in f-
thalassemia patients with inadequate transfusion. Several cohorts

Pulmonary hypertension (PH) is the commonest cardiac complica-
tion in (-thalassemia, of which the prevalence evidenced by echo-
cardiography ranges from 10-75% [1]. The pathogenesis of PH in p-
thalassemia remains incompletely characterized and involves multiple
pathological processes, such as chronic hemolysis, reduced nitric oxide
bioavailability, iron overload and hypercoagulability [1,2]. To clearly
define mechanisms underlying PH-associated with p-thalassemia is
problematic due to highly diverse patient populations, which are varied
in genotypic and phenotypic severities and treatment heterogeneity.
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showed that splenectomy is the strongest risk for development of PH in
patients with (-thalassemia, while regular blood transfusion and iron
chelation may be protective factors [3-12].

Currently, B-thalassemia hemoglobin E ($-thal/HbE) is the com-
monest 3-thalassemia disease and accounts for approximately 50% of
severe -thalassemia worldwide [13]. Although this genotype was most
prevalent in Southeast Asia, a growth in international migration has
raised its global health burdens-associated with hemoglobinopathies
second only to sickle cell disease (SCD) [14]. Currently, B-thal/HbE has
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become the most common [3-thalassemia disease identified from many
newborn screening programs in the US and Europe [13]. Clinical
manifestations found in p-thal/HbE are related to ineffective ery-
thropoiesis, chronic hemolysis and iron overload. As most patients can
tolerate chronic severe anemia without regular transfusion, they are
usually classified as non-transfusion dependent thalassemia (NTDT) or
thalassemia intermedia (TI) [13,15]. A recent cohort study demon-
strated that the prevalence of several complications in non-transfused
B-thal/HbE patients were comparable with those of B-TI and differed
from those of p-thalassemia major (B-TM) [3,16,17]. Previously, [-
thal/HbE patients received only occasional transfusion to ameliorate
anemic symptoms and rarely obtained adequate iron chelation. These
patients were susceptible to thromboembolic complications relating to
hypercoagulability and endothelial dysfunction [18-20]. Currently,
regular transfusion and iron chelation are widely adopted in practice.
This may prevent or reverse the development of PH in this population.
In this study, we aimed to determine the prevalence and comprehen-
sively explore the mechanisms of PH in B-thal/HbE patients who re-
ceived regular transfusion concomitant with iron chelation, which
could modify natural history of disease. Our findings will provide
greater insights into pathophysiology of PH and identify targets for
management of persisting PH in fB-thalassemia after adequate tha-
lassemia-directed therapy.

2. Methods
2.1. Subjects

The cross-sectional study was conducted at King Chulalongkorn
Memorial Hospital between May and September 2015. Adult [3-thal/
HbE patients aged over 18 years who had received regular red cell
transfusion as defined by =1 units per month concomitant with any
form of iron chelating agents for at least one year were eligible for the
study. Enrolled patients required transfusion and recommended doses
of iron chelating agents as follows: deferiprone of 50-100 mg/kg/day,
deferasirox of 20-40 mg/kg/day or deferoxamine of 20-60 mg/kg/day
at least 8 months per year. The transfusion target was to maintain pre-
transfusion Hb = 7 g/dL following the institution policy. Patients with
signs and/or symptoms of decompensated cardiac failure, significant
structural heart diseases, uncontrolled arrhythmias, decompensated
chronic liver diseases, end stage renal disease, known risk factors for
secondary PH such as chronic lung diseases, chronic smoking, con-
nective tissue diseases, and human immunodeficiency virus infection,
taking medications affecting pulmonary arterial pressure (PAP), anti-
platelet or anticoagulant therapy, and pregnancy were excluded.
Healthy adults aged over 18 years without any underlying diseases or
taking any medications were recruited as normal controls.

Medical history and cardiovascular examinations were taken by
cardiologists. General laboratory results including complete blood
count, serum blood chemistry, serum ferritin and quantity of transfu-
sion were averaged from previous 12 months before the enrolment.
Blood samples for all biomarker assays were collected and performed at
Division of Hematology. Echocardiographic and hemodynamic profiles
were measured and analyzed at Division of Cardiology.

Informed consent was obtained from all participants. The study was
approved by the Institutional Review Board of Faculty of Medicine,
Chulalongkorn University and followed the Declaration of Helsinki.

2.2. Laboratory measurement

Blood samples were obtained on the same days of echocardiography
and collected in EDTA and citrate tubes as appropriate. Platelet-poor
plasma (PPP) from EDTA and citrate tubes was prepared by cen-
trifugation for 15 min at 1000g. Platelet-free plasma for microparticle
(MP) activity measurement was prepared using PPP from citrate tubes
by centrifugation for 2 min at 13,000g. All specimens were processed
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within 30 min after collection and stored at —80 °C until tested.

Kit assay tests were purchased as follows: growth differentiation
factor-15 (GDF-15), soluble transferrin receptor (sTfR), total nitric
oxide (NO), prostaglandin E, (PGE,), endothelin-1 (ET-1), soluble
thrombomodulin (sTM) and soluble p-selectin (sP-selectin) (R&D sys-
tems, Minneapolis, MN, USA); total tissue factor antigen (TFAg), mi-
croparticle-associated tissue factor activity (MP-TFAO and micro-
particles' procoagulant activity (MP-PCA) (Aniara Diagnostica, West
Chester, OH, USA) and thrombin-antithrombin complex (TAT) (Abcam,
Cambridge, MA, USA).

Circulating NO is rapidly metabolized to nitrite and nitrate.
Therefore, plasma NO levels was determined by a two-step procedure
for quantification of total endogenous NO metabolites (NOx) following
the kit instruction. Endogenous nitrate was converted to nitrite by ni-
trate reductase. The total nitrite was measured and represented plasma
NO levels.

2.3. Echocardiographic assessment

Echocardiography (IE33 or EPIQ 7C, Philips, Bothell, Seattle WA,
USA) was performed by cardiologists or experienced sonographers and
analyzed by cardiologists using Xcelera software version 3.2. Cardiac
structures and functions and PAP profiles were measured and de-
termined according to the guideline of American Society of
Echocardiography and European Association of Cardiovascular Imaging
[21]. Patients at risk for PH was defined by tricuspid-regurgitant-jet-
velocity (TRV) = 2.5m/s corresponding to an estimated pulmonary
artery systolic pressure (PASP) = 35mm Hg, which has been used in
most studies for comparison.

2.4. Assessment of endothelial function

We reviewed endothelial function from another cohort of 43 (3-thal/
HbE and 43 age-sex matched healthy subjects [20]. Patients and age-sex
matched controls with sufficient echocardiographic data were analyzed
to determine correlations between endothelial function and TRV. En-
dothelial function was examined using both endothelium-dependent
(flow-mediated dilation, FMD) and endothelium-independent (ni-
troglycerine-mediated dilation, NMD) of brachial artery according to
the guideline for the ultrasound assessment of endothelial-dependent
flow-mediated vasodilation of the brachial artery from the International
Brachial Artery Reactivity Task Force [22].

2.5. Statistical analysis

Normality of the data was tested using Shapiro-Wilk test.
Continuous data were presented as means ( + standard deviations, SD).
Comparisons of continuous data and categorical data were analyzed by
unpaired student t-test and Chi-square method, respectively, as appro-
priate. Correlations between variables were determined by Pearson
correlation coefficient. Statistical significance was considered when a p-
value was < 0.05. All statistical parameters were analyzed using SPSS
version 22.0 for Window (Chicago, SPSS Inc.).

3. Results
3.1. Patient characteristics

Sixty-nine regularly transfused B-thal/HbE patients were screened.
One patient was excluded due to rheumatic heart disease. There were
68 [-thal/HbE and 38 healthy controls for analysis. The ages
(mean * SD) were 34.1 *+ 12.6, ranging from 19 to 67 years, and
37.2 + 8.6years, ranging from 18 to 70years, respectively
(p = 0.136). Females were slightly predominant in 3-thal/HbE (58.8%),
while males were slightly predominant in the control group (55.3%).
Among 68 pB-thal/HbE, 6 (8.8%) were diagnosed as diabetes mellitus,
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and one (1.5%) had chronic hepatitis C. No patients had New York
Heart Association class III-IV or symptoms and signs of congestive heart
failure. PB-Thal/HbE patients received red cell transfusion of
22.3 * 9.6 units per year or 1.86 = 0.80units per month, and the
mean pre-transfusion Hb was 8.1 = 1.3 g/dL. The average regular
transfusion and iron chelation duration was 8.1 + 2.2years, ranging
from 2.2-10.6 years. Most of patients received deferiprone (82.1%)
followed by deferasirox (9.0%), deferoxamine (5.9%) and combined
therapy (2.9%). There were 31 (45.6%) splenectomized patients.
Hematological characteristics showed that p-thal/HbE patients had
significantly lower Hb levels but higher white blood cell (WBC) and
platelet counts than those of controls. Serum ferritin levels were sub-
stantially elevated in (3-thal/HbE patients. All B-thal/HbE patients had
eGFR = 60 mL/min/1.732 No B-thal/HbE patients had an elevation of
transaminases over 1.5 times of upper normal limit.

3.2. Echocardiographic assessment

B-Thal/HbE patients had significantly higher stroke volume and
enlarged right ventricular (RV) and left ventricular (LV) chambers
compared to controls. Both left and right ventricular systolic functions
were well-preserved, and no patients had LV ejection fraction < 55%.
Although B-thal/HbE patients had statistically higher E/e’ ratios com-
pared with controls, there were only 4 (5.9%) patients with LV diastolic
dysfunction (E/e’ ratio > 14). Remarkably, B-thal/HbE patients had
significantly elevated PAP compared to controls, and 29 (42.6%) B-
thal/HbE were at risk for PH. No patients underwent a right heart ca-
theterization (RHC). Among 29 having PH, 13 were splenectomized,
while 16 were non-splenectomized. There were no statistical differ-
ences in demographic data, quantity of transfusion, Hb levels, WBC and
platelet counts, serum ferritin levels and other echocardiographic pro-
files between PH and non-PH subgroups. Demographic data, basic la-
boratory and echocardiographic profiles were summarized in Table 1.

3.3. Biomarkers

3.3.1. Erythropoietic activity

B-Thal/HbE patients had markedly elevated GDF-15 and sTfR levels
indicating substantially increased erythropoietic activity in comparison
to controls. However, there were no statistical differences between
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these erythropoietic indices between PH and non-PH [3-thal/HDbE.

3.3.2. Activation of platelets and coagulation

MP-PCA and TAT were significantly elevated in B-thal/HbE pa-
tients, while MP-TFA, TFAg and sP-selectin levels were not significantly
different between patients and controls. In addition, B-thal/HbE pa-
tients with PH had a significant elevation in TAT compared to those
without PH, while other markers were not significantly different be-
tween PH and non-PH subgroups.

3.3.3. Nitric oxide metabolites, markers of inflammation and endothelial
activation/injury

Plasma NOx and PGE, were significantly reduced in B-thal/HbE
patients, while sTM levels were significantly elevated compared to
controls. Plasma ET-1 levels were not statistically different between
patients and controls. Among p-thal/HbE, plasma NOx levels were
significantly lower in patients with PH, while sTM and ET-1 levels were
significantly increased in those with PH. Although -thal/HbE with PH
had plasma PGE; levels lower than those without PH, the difference did
not reach statistical significance.

3.4. Endothelial function

We reviewed another B-thal/HbE cohort in which endothelial
functions were evaluated. There were 27 age-sex matched controls and
27 B-thal/HbE patients receiving regular transfusion and iron chelation
with available FMD, NMD and TRV for analysis. 3-Thal/HbE patients
demonstrated significantly lower FMD, while similar NMD values
compared to those of controls indicating endothelial dysfunction.
Notably, 9 B-thal/HbE with PH had significantly lower FMD compared
to 18 without PH indicating a greater degree of endothelial dysfunction
in patients having PH.

Data on biomarker variables and endothelial functions were sum-
marized in Table 2.

3.5. Splenectomy status
Splenectomized (-thal/HbE patients showed no statistical differ-

ences in age (33.0 = 10.8 vs. 35.1 *= 14.0years, p = 0.506), quantity
of transfusion (1.76 = 0.44 vs. 1.94 * 1.01 units per month,

Table 1
Clinical, laboratory and echocardiographic data among B-thalassemia hemoglobin E patients and healthy control subjects (mean = standard deviation).
Variables Healthy control B-Thal/HbE p values B-Thal/HbE B-Thal/HbE with PH p values
(N = 38) (N = 68) without PH (N =29)
(N =39)
Clinical characteristics
Age (years) 37.2 = 8.6 341 = 126 0.136 339 = 134 344 = 11.6 0.506
Number of transfusion (units/month) NA 1.86 = 0.80 NA 1.93 = 0.89 1.76 = 0.66 0.355
Baseline laboratory
Hb (g/dL) 13.57 = 1.33 8.13 = 1.33 < 0.001 8.00 = 1.32 8.34 = 1.33 0.255
WBC count (x 10%/uL) 6.85 = 1.68 17.05 = 18.31 < 0.001 15.77 = 15.59 18.78 = 21.61 0.406
Platelets (x 10%/uL) 260 = 60 454 = 215 < 0.001 474 = 213 425 = 217 0.253
Ferritin (ng/mL) 152.5 = 1289 2918.7 = 27329 < 0.001 3274.4 = 3242.3 2440.3 *+ 1786.5 0.118
Echocardiographic assessment
LVEDD (mm) 46.6 = 3.7 50.8 = 6.0 < 0.001 51.2 = 5.2 50.2 = 7.0 0.447
LVESD (mm) 27.3 = 3.8 29.6 = 5.9 0.043 289 = 5.8 30.5 = 6.1 0.246
SV (mL) 62.7 = 129 74.7 = 19.1 0.001 73.1 = 20.0 76.9 = 18.1 0.387
LVEF (%) 71.6 = 6.9 70.5 = 12.5 0.599 70.3 = 12.5 70.7 = 129 0.872
E/e’ 8.63 = 1.88 10.97 = 3.07 < 0.001 10.67 = 2.94 11.63 = 3.44 0.337
RVD (mm) 339 = 44 39.7 = 6.0 < 0.001 39.8 = 5.9 39.3 = 6.2 0.869
S’ (ecm/s) 143 + 9.6 14.4 + 25 0.964 139 + 21 149 + 29 0.540
TRV (m/s) 1.84 + 0.35 2.48 = 0.51 < 0.001 217 = 0.23 2.89 = 0.50 < 0.001
PASP (mm Hg) 20.2 = 54 35.6 = 12.6 < 0.001 29.1 = 4.0 44.3 = 14.8 < 0.001

NA = not applicable; B-thal/HbE = p-thalassemia hemoglobin E; PH = pulmonary hypertension; Hb = hemoglobin (pre-transfusion Hb for thalassemia patients);
WBC = white blood cell; LVEDD = left ventricular end-diastolic diameter; SV = stroke volume; LVEF = left ventricular ejection fraction; RVD = right ventricular
diameter; S’ = pulse tissue Doppler S wave; TRV = tricuspid regurgitant jet velocity; PASP = pulmonary arterial systolic pressure.
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Table 2

Biomarker and endothelial function characteristics among B-thalassemia hemoglobin E patients and healthy control subjects (mean =+ standard deviation).
Variables Healthy control B-Thal/HbE p values B-Thal/HbE without PH B-Thal/HbE with PH p values

(N = 38; 27)° (N = 68; 27)° (N = 39; 18)° (N = 29; 9)°

Erythropoietic activity
GDF-15 (pg/mL) 387.3 + 128.7 5950.8 *+ 1649.6 < 0.001 5819.8 + 1907.7 6126.9 + 1231.3 0.343
sTfR (ug/mL) 2.60 = 1.21 20.45 + 14.33 < 0.001 21.72 = 17.86 18.73 = 7.33 0.288
Hypercoagulable state
TAT (ng/mL) 5.05 = 2.17 8.85 = 5.05 < 0.001 8.03 + 3.24 9.95 + 6.00 0.046
MP-PCA (nM) 1.02 £ 0.73 3.00 = 3.75 < 0.001 3.58 = 4.71 2.21 = 1.54 0.064
MP-TFA (pg/mL) 0.40 = 0.16 0.44 = 0.66 0.755 0.45 = 0.80 0.42 = 0.42 0.836
TFAg (pg/mL) 46.56 + 20.75 52.92 + 130.42 0.760 57.60 + 163.26 46.62 + 66.73 0.670
sP-selectin (ng/mL) 31.18 + 11.32 29.75 + 15.43 0.325 29.18 + 15.83 30.62 + 15.13 0.708
Nitric oxide, inflammation and endothelial activation/injury
NOx (umol/L) 178.2 = 17.6 132.4 = 325 < 0.001 143.2 = 29.6 118.0 = 31.0 < 0.001
PGE,; (pg/mL) 1315.1 + 682.4 674.8 + 648.8 < 0.001 731.7 + 683.2 598.1 = 602.8 0.412
ET-1 (pg/mL) 1.47 £ 0.43 1.55 £ 0.73 0.468 1.37 £ 0.57 1.80 + 0.85 0.005
sTM (pg/mL) 3084.3 + 593.7 3969.5 *+ 3487.6 0.045 3323.4 + 1091.9 4838.4 + 5111.1 0.026
Endothelial function
FMD (%) 9.87 5.39 < 0.001 6.36 3.43 0.025
NMD (%) 17.77 19.96 0.514 20.49 18.84 0.612

2 (N, N) = (other variables, endothelial function); B-thal/HbE = B-thalassemia hemoglobin E; PH = pulmonary hypertension; GDF-15 = growth differentiation
factor-15; sTfR = soluble transferrin receptor; MP-TFA = microparticle-associated tissue factor activity; MP-PCA = microparticle's procoagulant activity;
TAT = thrombin-antithrombin complex; NOx = nitric oxide metabolites; PGE, = prostaglandin E,; ET-1 = endothelin-1; sTM = soluble thrombomodulin;

FMD = flow-mediated dilation; NMD = nitroglycerine-mediated dilation.

Table 3

Echocardiographic and biomarker profiles of splenectomized and non-sple-
nectomized [(-thalassemia hemoglobin E patients (mean *+ standard devia-
tion).

Variables Splenectomy (N = 31)  Non-splenectomy p values
(N=37)
Echocardiographic assessment
LVEDD (mm) 519 = 5.7 49.8 = 6.1 0.159
LVESD (mm) 30.9 = 4.2 283 = 7.0 0.083
SV (mL) 78.6 = 21.4 71.2 = 16.3 0.131
LVEF (%) 67.7 + 13.7 73.1 * 10.9 0.089
E/e’ 10.6 + 3.5 11.3 = 2.8 0.555
RVD (mm) 41.2 = 6.6 383 = 5.0 0.059
S’ (cm/s) 143 = 2.7 144 = 2.3 0.900
TRV (m/s) 241 * 0.44 2.52 *+ 0.57 0.399
PASP (mm Hg) 34.0 = 9.1 36.9 = 14.9 0.339
Erythropoietic activity
GDF-15 (pg/mL) 5973.2 = 14729 5932.0 = 1804.4 0.919
sTfR (ug/mL) 21.96 + 19.20 19.18 = 8.46 0.431
Hypercoagulable state
TAT (ng/mg) 8.56 = 3.97 9.09 = 5.24 0.646
MP-PCA (nM) 2.47 + 1.54 3.44 + 4.87 0.289
MP-TFA (pg/mL) 0.33 = 0.29 0.52 = 0.86 0.232
TFAg (pg/mL) 35.47 + 29.88 67.54 * 174.44 0.316
sP-selectin (ng/ 31.94 + 14.43 27.80 * 16.27 0.325
mL)
Nitric oxide, inflammation and endothelial activation/injury
NOx (umol/L) 134.2 = 31.5 130.9 = 33.6 0.680
PGE, (pg/mL) 571.9 + 591.8 760.9 + 689.1 0.234
ET-1 (pg/mL) 1.54 + 0.80 1.57 = 0.67 0.846
sTM (pg/mL) 4090.9 * 4036.7 3867.8 = 3005.8 0.795

B-thal/HbE = B-thalassemia hemoglobin E; SV = stroke volume; LVEF = left
ventricular ejection fraction; RVD = Right ventricular diameter; S’ = pulse
tissue Doppler S wave, TRV = tricuspid regurgitant jet velocity;
PASP = pulmonary arterial systolic pressure; GDF-15 = growth differentiation
factor-15; sTfR = soluble transferrin receptor; MP-TFA = microparticle-asso-
ciated tissue factor activity; MP-PCA = microparticle's procoagulant activity;
TAT = thrombin-antithrombin complex; NOx = nitric oxide metabolites;
PGE, = prostaglandin E,; ET-1 = endothelin-1; sTM = soluble thrombomo-
dulin.

p=0.355) and serum ferritin levels (2460.3 + 2092.0 vs.
3302.8 = 3149.7 ug/L, p = 0.193) compared to non-splenectomized
patients. Hb levels (8.5 = 1.1 vs. 7.8 * 1.4g/dL, p = 0.021), WBC
count (30.3 + 20.2 vs. 5.9 + 2.1 x 10°/L, p < 0.001) and platelet
count (641 * 144 vs. 297 = 114 X 109/L, p < 0.001) were sig-
nificantly higher in splenectomized patients. Surprisingly, there were
no statistical differences in all biomarker values and echocardiographic
profiles between splenectomized and non-splenectomized subgroups
(Table 3). The average interval from splenectomy to laboratory and
echocardiographic assessment was 20.1 * 9.2, ranging from 4 to
52years. The intervals from splenectomy to evaluation of pulmonary
pressure were not statistically different between PHT and non-PHT
subgroups (21.1 * 10.0years vs. 19.7 = 9.1years, p = 0.68). The
majority of patients were splenectomized before age of 20 years in both
PHT (81.8%) and non-PHT (77.8%) subgroups. Notably, there were no
significant associations between splenectomy status and PH
(x* = 0.012, p = 0.914).

3.6. Correlations between TRV and clinical data, biomarkers and
endothelial function

TRV was not significantly correlated with age and quantity of
transfusion. In contrast, TRV was significantly correlated with several
laboratory variables (Table 4), of which GDF-15 and NOx levels de-
monstrated the greatest positive and inverse correlations, respectively.
Notably, TRV was significantly correlated with NOx, TAT, sTM, ET-1
and FMD values, which demonstrated significant differences between
PH and non-PH {3-thal/HbE.

4. Discussion

PH is the major cardiovascular morbidity and mortality found in
both B-TM and B-TI [1]. However, the mechanisms underlying PH are
different between B-thalassemia types. Some studies demonstrated that
PH in 3-TM was a result of impaired LV systolic and diastolic functions
[23,24]. In contrast, 3-TI-associated PH was unrelated to LV dysfunc-
tion. Furthermore, a recent study using a RHC demonstrated the 5-fold
higher prevalence of PH in (3-TI than (3-TM approaching the prevalence
of PH in SCD [25,26]. Although B-thal/HbE patients have a great di-
versity of clinical manifestations, PH is frequently detected in (3-thal/
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Table 4
Correlations with tricuspid regurgitant jet velocity as measures by Pearson
correlation (N = 106).

Variables Correlation (r) p values

Variables showing significant differences between PH and non-PH f-thal/HbE

NOx -0.514 < 0.001
TAT 0.281 0.004
sTM 0.313 0.001
ET-1 0.245 0.012
FMD* —0.474 < 0.001

Variables showing significant differences between controls and f-thal/HbE but no significant
differences between PH and non-PH -thal/HbE

Hb —0.497 < 0.001
WBC 0.203 0.039
platelet count 0.283 0.004
Ferritin 0.287 0.003
GDF-15 0.565 < 0.001
sTfR 0.336 < 0.001
MP-PCA 0.068 0.491
PGE, —-0.180 0.066

? N = 54; B-thal/HbE = B-thalassemia hemoglobin E; PH = pulmonary hy-
pertension; Hb = hemoglobin (pre-transfusion Hb for thalassemia patients);
WBC = white blood cell; GDF-15 = growth differentiation factor-15;
sTfR = soluble transferrin receptor; MP-PCA = microparticle's procoagulant
activity; TAT = thrombin-antithrombin complex; NOx = nitric oxide metabo-
lites; PGE, = prostaglandin E,; ET-1 = endothelin-1; sSTM = soluble thrombo-
modulin; FMD = flow-mediated dilation.

HbE patients with well-preserved LV functions resembling B-TI
[3,12-16]. Notably, a large cohort study demonstrated that 3-thal/HbE
conferred the highest risk for PH compared to homozygous f-tha-
lassemia and HbH disease [7]. In contrast to other previous studies, we
attempted to elucidate mechanisms underlying PH in (3-thal/HbE pa-
tients who received regular transfusion and iron chelation. This geno-
typically homogeneous population under similar therapeutic protocol
would reduce multiple confounding factors and allow us to accurately
define pathological processes of PH in [(-thalassemia receiving long-
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term thalassemia-directed treatment.

The prevalence (42.6%) of PH in -thal/HbE patients who received
regular transfusion and iron chelation over one year was comparable
with previous reports of (3-thal/HbE with occasional transfusion, ran-
ging from 33 to 50% [6-8]. Two recent studies demonstrated that
regular transfusion with a target of pre-transfusion Hb = 7 g/dL and
administration of deferiprone could significantly decrease PAP in -
thal/HbE after one year of treatment regardless of serum ferritin levels
[9,10]. Among 68 B-thal/HDbE in this current study, there were 39 pa-
tients who obtained echocardiographic assessment from another study
in 2011 and identified 21 (53.8%) with PH [27]. Although PH may be
partially reversible by chronic transfusion and iron chelation, it is ap-
parent that PH persists in this population and requires other treatment
modalities.

In this study, we detected several significant alterations in labora-
tory and biomarker profiles-related to pathogenesis of thalassemia and
PH in the homogeneous cohort of B-thal/HbE patients receiving regular
transfusion and chelating therapy. TRV showed significant associations
with multiple variables suggesting multifactorial processes influencing
elevated PAP in (-thal/HbE. Notably, we found that NOx, TAT, sTM,
ET-1 and FMD values were significantly different between PH and non-
PH subgroups, and all these variables showed significant correlations
with TRV.

Ineffective erythropoiesis is an initial key pathogenesis of [-tha-
lassemia resulting in severe anemia. Elevated GDF-15 and sTfR levels,
which represent an increase in erythropoietic activity in bone marrow,
are significantly correlated with the degree of ineffective erythropoiesis
in thalassemia patients [28-30]. Additionally, GDF-15 and sTfR levels
are significantly correlated with increased PAP and poorer outcomes in
idiopathic PH [31,32]. We found that Hb, GDF-15 and sTfR levels were
remarkably different between p-thal/HbE and control groups. In addi-
tion, TRV was significantly correlated with GDF-15 and sTfR levels
implicating the influence of ineffective erythropoiesis on elevated PAP
in B-thal/HbE. However, there were no differences of Hb, GDF-15 and
STfR levels between PH and non-PH [-thal/HbE. Therefore, regular

Ineffective

P 4 erythropoiesis
\/

Intramedullary

apoptosis
pop Chronic anemia — | Increased HR,
Splenectomy SV and CO
~ 1

Elevated GDF-15 and sTfR
but suppressed hepcidin

Increased Gl iron absorption

|

Free Hb
¥

Incr d ferritin and NTBI

I but decreased PGE, !

_____________ ~
\ v

Z

v
Platelet activation

Vascular stiffness,
vasoconstriction and increased
pulmonary vascular resistance

—|

v

Pulmonary hypertension

Fig. 1. Proposed pathophysiology of pulmonary hypertension associated with B-thalassemia and potential therapeutic targets for treatment in patients receiving

regular transfusion and iron chelation (dashed line).

CO = cardiac output; EC = endothelial cell; ET-1 = endothelin-1; GDF-15 = growth differentiation factor-15; GI = gastrointestinal; Hb = hemoglobin; HR = heart

rate; MP = microparticle; NO = nitric  oxide;

NTBI = non-transferrin-bound

iron;  PE = phosphatidylethanolamine; =~ PGE, = prostaglandin  E,;

PS = phosphatidylserine; RBC = red blood cell; sTM = soluble thrombomodulin; sTfR = soluble transferrin receptor; SV = stroke volume.

108



N. Uaprasert et al )
Thrombosis Research 174 (2019) 104-112
p.

iesis on
ive erythropoies
of ineffective
iminish the effects in tha-
diminis ical state
ion may . athologic lent in B-
, nsfusio nized p . revale
PR tra f PH. 1l-recog highly p 0-
% ent o I we are hig : of pr
cL25 developm gulability is ab mbolic events TL Mechanisms o ted
= 29 coa; o€ in B-TL investigated.
®wE D Hyper s. Throm found in ively inv .
S5y ) dromes. ently fo extensiv . d iron
ESk& ssemia syn st frequ ia have been ) lysis an
e = £ & ?}llalassemia and fno[ﬁ-thalassemla ha ith chronic 1?emﬁo};pholill'ids on
2 g ic state in . ether w nionic p d ac-
= 5] botic iesis tog ion of a . increase
B wv © s throm thropoie: Xpressio letion, i d
> [S=] ive ery . sed exp ic oxide deple 5 m an
S tive X crea : xide syste
¥ ZE18 Ineffec nan in itric o lation sy: ;
g 25 . esults i branes, n S coagu leading
g T 8 L load r em ell a X lants,
& - T E over 11 (RBC) m ents as w ticoagu sed
g Zeg blood ce llular elem f natural an 4]. Increa:
S~ g2 & red al ce ion o . i 33’3 : :
§ z 5 g g tivation of Siﬁgs while supprisstic complications Latidylserme (I;SC);
- = = = : ) 0 . hosp i1 f R
£ = 0S5 g eration o isk of throm . ticular p ability o
TS g .5 generat ed ris in par in aggreg tate
- E E 5] increas ipid exposure, ement in ulable s
= B g e g to an holipid e . enhanc hypercoag ients
E . =3 =29 ionic phosp ults in an itionally, hy, ized patie
s 5 £ 5 = g anion ic RBCs res 71. Additi in splenectomiz ts
g = =g T oy B halassemic ion [35-37]. nd in sp lar elements,
§ o g2 S ont in eenerati rofou 1 cellu s-
g z 8 2o in g more proto orma . e su
& g & & o g s = | T S5 and throm]lzotic burdens are in circulating abil ts, which increas
- = 13 3 .
g5, E BB oz 22 2873 and throm bstantial increase d reactive Platﬁ ton. [57,38]. tivated
E g E-g g £3 ) EZ 8 | & g due to a su d RBCs an complic rious ac
o ERR ER 5 yET8 ] & ueto damage d vascular ived from va esence
g - s S5 5 EEZE |2 3 ecially botic an icles derive by the pr
= =] g L 5 £= S &8 Se | ¥ =~ esp throm sicles . sed by ted
3 - =26 ibility to ve ity is increa tra
e L) z i ¢ g g T £ 29 E ) ceptibility small membranelant activity is 1nal studies demoél ° elop-
a >N e 3] - L=l 2 ] < o are . oagu Sever i eV
3 E2E 0§ 3 =< £ B g5 7 MPs ir proc [39]. f MPs in i
= |5%2 ¢ 5 38 = ¢ EE 5 and the d/or TF ivity o idiopathic
= {6 o o B ; S es inid an ctiv: ing idiop
'—‘E gy 3 30 & a 8 20 g cell typ ié phospholipid ? d Procoagulan;-aorders including ligniﬁcant
& Z < S f anion f elevate lar dis d as ;
> =0 g o t roles o ic and vascu demonstrate dothelial
S Z .8 importan 1 thrombotic sessment lets and en i
o v : tele botic
8 Ao & of severa metric as RBCs, pla d throm
g a -z ment low cyto ived from PH an t
E == 40]. Flo ily derive tions to s not ye
1] . ° o & H [39, imarily heir rela R f MPs ha: .
$ 28 2o =) P ion in MPs pr X d the i 0 ig-
E ° 3] 2 g = > u,‘ g E elevation in I\I/ISSelTlia patlents anocoagulant acnvlty In this Stud}ll;l N ign
£ L 5 in B-thala T . ients. e
£ fg222 = = £ g cells lnﬁlth42] Flowever, the procoagul e ol ot Lep.
8 p = = 41,42]. in els Ag an
= = o o ElESE vents [ luated PCA levi FA. TF
B Lo : g 2 9 e irectly eva d MP- ile MP-TFA, ased
) N = 3 |8 c b directly AT an . while Is. Incre
S g 2 S|lEE° been direc reased T bE patients, hy  controls. eral
o A, Az p w2 ificantly inc -thal/H healthy d in sevi
s T = F s s, ifica: d B from . ly foun .
= Qg g < £ = n ansfuse ifferent istently in ly,
4 = 3 8 = Z |5 E & reg‘ﬂarlyltr els were not Slﬁfassemia o T [33]. I“tereséA e
[te} I - 7 ; Vv in B-thal . ivai . -P
S g2 &8 = 2| g <} ctin le ion in B-t n activ MP
< & s E E < = E 8 = :ﬁlimbin generauo.nc reased coagUIaU,(f)icant increaseh 1ln/ HbE patients.
o N E . Q9 g = 7 53 I 7 1n igni . : -tha
g = = E s - & % 2w z @‘% - reports Suggesuréimonstrated ab_snggeneratlon n .[3 ificantly elevaFed
s S EregE « SERA 33 first hrombi t significar fusion
s ST STRd — 5 8 have dent thr € no trans
8 ES ST S £5a 59 we -depen els we ith chronic t
Qg = . v c a
2 S-fdciq o & gm presenting MP TFA and TFAg le p-thal/HbE WIthP_SeleCtin levels th .
~ S & g : E However, MP- rcoagulabﬂity l;F Furthermore, s increased compare
- iy = .5 . e . . . 1y in non-
o = g5z sting hyp irculating ignificantly ized and
2 I e 2 E5 | sugge dent of cir e not sig ectomize ich pa-
T > s 2 g, indepen ivation wer n splen which p.
N - = 8 as in tiva . twee . orts
g @ g g & g £ g Wﬂected platelet scdid not differ be d in previous Tf] Remarkably,
bt o 3 g N ;2 3 & . re 1s an bserve . [43 : be-
o s & 8 2 : . rols as o on ’ ifferent
g z &£ £ : - B % a8 ';; - £ 8 with cont ized subgroups regular transfusi ignificantly dlflfetr d with
k| g £ 35 Fitg=9 R lenectom on non-regul riable s correlate
z so2 B 2 22855 3 r- i sp mostly botic variable ificantly corre reduc-
g P ZgEE9 z g% & ients were othrom as sign ion in a
8 ANENZ = 2Es Tol I g tien only pr and w nsfusio 1 as
= NSEN 5 = ST = 28§ as the bgroups fits of tra ion as we
g | No g ° S|=%58 2 TAT w n-PH su bene . mation ..
£S5 |8388% & - flafzs tween PH and eports demonstrated Jation and lnﬂasm 47). Our findings
=t = RN e u . — . ion
g~ ° E : . Sy 5 TRV. Several o of platelet, assemia patients d[4 endent coagulat
£ g T @ PO R ion in activati in B-thalas . F-indep
g g g 2 & g o Z 51SE S g tion in ation of PAP in Eween persistent lT/HbE patients. f PH in B-
= Y B O B liora ion be -tha ism o
gl o il & - E| 2585 2 ame lation ed 3 hanism . -
Y = Q, Iy < ~ N Q g D O S corre ansfus mec 1d1Y de
@ g o2 A o9 1 T8 g9 est a in well-tr s a key hich rap
g| = So S Y- EueS & ges > suggest and PH in idered a er w n-
= N A s © : < o nsi aveng inuously sy
E|l & Bl o o £g5 AL & s S| §£2 5 activation lysis is co nt NO sc continuo
2%, | go L¢5 _Eivg 2%s23g B BE oY nic hemo as a pote luble gas cial roles
| 5o Bt a SEegEsd 5L Chro Hb acts is a so lays cru .
S| BT s o@..\—0~~> g &2 ia. Free NO i . nd play: inhibition
= | & g g — ™oy T~ = 5o mia. ,49]. um a s nhi
SR EEEERE ¥z g thalasSeirculating NO 14 ly from endothﬂing Vas"dﬂanon’kl cyte mi-
5 E in . o
E|l=z¢8 22 g |2 f: S5 Pletes ¢ d released ma eostasis, inclu ession of leu lation of
§| = 22 2 ££ Z 255 g thesized and g vascular hom egation, supP; lium and regula d in
Z| g g 2 28 =R €8 g in maintaining vas nd aggr ndothe umente
S| E 2222 =2 a8 B g 15 In ma ivation a ion to e n doc f
S| & 2228 S5 5] ¥~ 8 let activ. adhesi ion has bee irment o
el g 5 5 CRCRS! n (<) = 8 f platele . cellular letion . d impair .
o 2 2yt O © = o rious NO dep is an tion
&l 2 2 Zs@*E ion and va ion [50]. f hemolys ial dysfunc
= T = e g ration iferation nee o elial dy: . o
15 = = | & E%5 8 rolife eque ndoth S sig
o i £ % = a |z 55 local cell prolif ts as a conseq dary to e letion and it
= - A 3] tien . con e .. tl
] T Oz 405z 1 £8 3 : halassemia pa nthesis se firmed NO dep e significantly
S - A s | & tha . Sy’ irm wer E
g E o o« o g = g g 1 NO her con: levels hal/Hb
E| @ o8 % S g B E 29 8 dothelia we furt ients. NOx in B-t
2|8 : 2 E . 2 i da & é's £ (E;O 51-53]. Here B-thal/HbE patle; greater d‘sl"—’letef[1 ongest inverse
2 EEEE & A, =sd > in PH in pB- - an he str
gl & BREEE 2 E’ba“-l ificance in P atients howed t
S| < A A, b, ch, 5 - nifican 1/HbE P els sho .
ol & @, _ _ > = in B-tha NOx lev 1 relation. ced by
3| & K o) s 5 o s duced in more, ir causal r d is produ
B z = S &3 re Further ting their K ans an
E £ § g = TlEL2% ving PH. V sugges id in hum
= = s T = E g s 9 ha . ith TR icosano
P 25 oe. _ :c & ag e comelation with TRV suggestin
==& = - s 2 =) .
= gaf ¢ i€ E P2 i|rsst PGE st
[~ ) < o =
5 THEERT ALERCAFLES
PR IR
n s = & © O <=
L e DB <
2 E|&
)
© O
& O

109



N. Uaprasert et al.

most cell types including endothelial cells. PGE, has multiple biological
properties including vasodilation, smooth muscle relaxation and mod-
ulation of inflammation [54]. Patients with SCD had strikingly elevated
ET-1 and PGE, levels at the onset of acute vaso-occlusive crisis, and
their levels were reduced within 1-3 weeks after discharge but re-
mained significantly higher than healthy controls reflecting persistent
microvascular ischemia and chronic inflammation in SCD [55]. Inter-
estingly, we previously demonstrated a significant reduction in PGE,
levels in association with endothelial dysfunction in another well-
transfused [(-thal/HbE cohort suggesting impaired endothelial PGE,
synthesis that was diverse from pathophysiological changes in SCD
[20]. In this study, B-thal/HbE patients had significantly decreased
PGE; levels compared to controls. Although PGE; levels in -thal/HbE
with PH was lower than in those without PH, their differences did not
reach statistical significance. In addition, there were no significant
correlations between PGE, levels and TVR. Therefore, PGE, may in-
volve in the development of endothelial dysfunction, but its role in
pathogenesis of PH could not be demonstrated in this study.

ET-1 is the most potent endogenous vasoconstrictor, which is
mainly synthesized and secreted by endothelial cells. Recently, a large
African American cohort study demonstrated an association of elevated
ET-1 levels with PH, heart failure and mortality, with the highest risk in
the subgroup having PH and high ET-1 levels [56]. Although ET-1 was
remarkably elevated in SCD patients, its levels were slightly increased
in pediatric B-thal/HbE patients and returned to normal values within
one week after transfusion [57]. In this study, we found that ET-1 levels
in adult p-thal/HbE patients did not differ from healthy controls.
However, ET-1 levels were significantly elevated in (3-thal/HbE having
PH compared to either p-thal/HbE without PH or controls. Ad-
ditionally, TRV was significantly associated with ET-1 levels. These
findings suggest a significant role of ET-1 in development of PH in -
thal/HbE patients.

TM is a membrane protein distributed in broad cell and tissue types.
On endothelial surface, its primary function serves as a cofactor of
thrombin to convert a natural anticoagulant protein C to activated
protein C which inhibits coagulation factor V and VIII as well as sti-
mulates intracellular signaling to prevent apoptosis and suppresses in-
flammation on endothelium [58,59]. Circulating TM represents de-
tached TM from endothelial surface through endothelial cell injury
and/or activation. Several studies demonstrated an association between
elevated sTM and several cardiovascular disorders and organ failures
[60,61]. In this cohort, sSTM levels were significantly elevated in 3-thal/
HbE patients and greater elevated in the PH subgroup. A significant
association between sTM and TRV was observed and suggested the risk
for PH in B-thal/HbE with elevated sTM levels.

Endothelial dysfunction is an early systemic pathological change
prior to development of atherosclerosis and symptomatic cardiovas-
cular disorders. Impaired nitric oxide bioavailability is the crucial evi-
dence representing endothelial dysfunction [62]. We recently reported
a significant correlation between NO depletion and endothelial dys-
function in (-thal/HbE [20]. In this study, we observed an association
of TRV with NO depletion as well as elevated ET-1 and sTM levels
which highly suggested endothelial dysfunction in these patients.
Therefore, we anticipated a significant correlation between TRV and
endothelial dysfunction. FMD values represent an endothelium-depen-
dent vasodilation mediated by endogenous endothelium-derived NO
response to the shearing flow. Impaired NO bioavailability is confirmed
by NMD indicating normal vascular smooth muscle function in response
to exogenous NO from nitroglycerine administration. From our recently
published cohort [20], endothelial dysfunction was detected in (3-thal/
HbE patients with the greatest impairment in the PH subgroup. In ad-
dition, TRV was significantly correlated with FMD values. Therefore,
endothelial dysfunction appears to be an early vasculopathic event
before development of PH in [-thalassemia.

Surprisingly, we did not find significant differences in all clinical
variables, biomarker values and echocardiographic profiles between
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splenectomized and non-splenectomized (-thal/HbE. Although Hb le-
vels, WBC counts which were substantially increased due to a marked
elevation in circulating nucleated RBCs, and platelet counts were sig-
nificantly higher in splenectomized patients, these parameters were not
significantly associated with pulmonary pressure. Splenectomy has
been assumed to be the strongest risk factor for PH in B-thalassemia
[3,6,7]. However, several reports did not confirm this observation,
especially in regularly transfused patients [5,9,12,24]. The main me-
chanisms of how splenectomy contributes to the development of PH in
thalassemia patients mainly rely on the evidence of hypercoagulability
[1,2]. Circulating RBCs from splenectomized [3-thalassemia patients
show significantly increased PS exposure causing an increase in red cell
aggregation as well as thrombin generation [35,37,38]. Additionally,
splenectomized thalassemia patients have significantly elevated plate-
lets which showed increased reactivity to various platelet agonists [47].
Red cell transfusion supplies normal RBCs, while suppresses ineffective
erythropoiesis resulting in a reduction in circulating PS-exposed RBCs
which in turn ameliorates red cell aggregation and attenuates platelet,
coagulation and inflammation activation both in vitro and in vivo
[35,45-47]. Notably, we did not observe any statistical differences of
TAT, MP-PCA, MP-TFA, TFAg and sP-selectin between splenectomized
and non-splenectomized subgroups in this cohort in which patients had
received regular transfusion and iron chelation. Taken together, these
findings suggest that chronic transfusion concomitant with iron chela-
tion could abrogate deleterious effects of splenectomy, including hy-
percoagulability, in 3-thal/HbE.

Collectively, we observed significant differences in NOx, sTM, ET-1,
FMD and TAT values between PH and non-PH B-thal/HbE subgroups
representing endothelial perturbation and increased thrombin genera-
tion. As circulating MP-MCA, MP-TFA and TFAg as well as sP-selectin
were not different between PH and non-PH subgroups, microparticles
and tissue factor were unlikely to be involved. We hypothesized that
increased coagulation activation in regularly transfused 3-thal/HbE was
secondary to increased thrombin generation on activated endothelial
cell surface. Previous studies reporting endothelial dysfunction in pe-
diatric 3-thal/HbE patients suggested that vasculopathy in B-thal/HbE
patients had started since early life [63,64]. Therefore, intervention to
prevent development of PH in 3-thalassemia patients may require early
implementation since childhood.

Currently, management of hemoglobinopathy-associated PH is
based on evidence primarily derived from idiopathic PH, case series,
case reports and expert opinion [1,2]. Transfusion and iron chelation
are generally recommended as the first-line approach but the current
study demonstrates that PH persists despite this treatment. On the basis
of our findings, restoration of NO bioavailability, inhibition of ET-1 and
anticoagulation are reasonable therapeutic options for future studies.
Although there are several approved PH-specific agents, the long-term
outcomes, especially a survival benefit, remain unsatisfying. Novel
treatments are required for improving outcomes in (-thalassemia-as-
sociated PH. As we demonstrate that endothelial dysfunction is central
to the pathophysiology of PH, treatment to improve endothelial func-
tion or regenerate functional endothelium is interesting. There is
growing evidence supporting this concept, and several strategies tar-
geting endothelial function are being investigated in both early phase
clinical studies and animal models [65,66].

Taken together, we propose a new mechanistic model of p-tha-
lassemia-associated PH and potential therapeutic targets for PH in pa-
tients receiving regular transfusion and iron chelation (Fig. 1).

There were some limitations in our study. No patients underwent a
RHC to confirm PH. However, a RHC is not suitable for screening
clinically asymptomatic PH. In addition, echocardiography demon-
strated reliable diagnostic performance and a good correlation to RHC
in meta-analysis and a large patient population [67,68]. Therefore,
most studies have employed echocardiography for investigating PH-
associated with thalassemia syndromes [3-12,16,24]. We investigated
the mechanisms underlying PH in [-thal/HbE patients to reduce
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genotypic confounders, but this homogeneous population may limit the
generalization to different B-thalassemia populations. However, several
studies demonstrated common phenotypes, including hypercoagul-
ability and PH, among [3-thal/HbE and other B-TI patients indicating
overlapped mechanisms underlying their complications [3-12,16-18].

Epidemiologic data and biomarker profiles among studies were
summarized for comparison (Table 5). In this current study, PH re-
mained common in regularly transfused 3-thal/HbE patients. Although
these patients did not receive hypertransfusion to maintain pre-trans-
fusion Hb above 9-10.5 g/dL to normalize ineffective erythropoiesis
[69], several studies suggested that the protective effect of transfusion
for PH may depend on the onset of transfusion rather than Hb levels
[4,9,11,12,24,25]. Studies in p-thal/HbE demonstrated that regular
transfusion with a target pretransfusion Hb = 7 g/dL could reduce PAP
and hypercoagulability [9,45]. In contrast, PH remained detectable in
thalassemia patients receiving hypertransfusion but was absent or un-
common in a subgroup which regular transfusion had been initiated
since early childhood [4,11,12,24]. This emphasizes the necessity of
early intervention for prevention of PH in thalassemia syndrome.

In conclusion, PH remains prevalent in f-thal/HbE patients re-
ceiving long-term transfusion and iron chelation. In these patients, PH
is not associated with splenectomy status. NO depletion, circulating TF-
independent hypercoagulability and endothelial dysfunction are sig-
nificantly associated with PH in this population. Our findings identify
pathophysiologically relevant biomarkers and novel potential targets
for treatment of PH arising in P-thalassemia despite appropriate
transfusion and chelation therapy.
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