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PULMONARY HYPERTENSION 

 

Pulmonary hypertension (PH) is a lung disease characterised by high blood pressure in the 

pulmonary circulation. Normally, the pulmonary circulation is, in contrast to the systemic 

circulation, a low pressure system with a mean pulmonary artery pressure of approximately 

15 mmHg. Pulmonary hypertension is diagnosed when patients have a mean pulmonary 

artery pressure of 25 mmHg or higher at rest, measured by right heart catheterisation.1 

Because symptoms of the disease are very a-specific and mostly consist of fatigue, 

decreasing exercise tolerance and dyspnea, the disease is often diagnosed in a late stage.  

 

PH can develop in the course of several diseases such as chronic lung disease or left heart 

failure.1 However, there is a large subgroup of patients in whom an underlying cause cannot 

be found. This type of PH is called idiopathic pulmonary arterial hypertension (IPAH) and is 

characterised by remodelling of the small pulmonary arteries: medial hypertrophy, intimal 

proliferation and adventitial thickening.2 The right ventricle (RV), which pumps blood into the 

pulmonary circulation, has to adapt to the increasing pressure, and hypertrophies. In a later 

stage, the RV becomes dilated and right heart failure develops. Therefore, although PH is a 

lung disease, the most common cause of death in PH patients is failing of the heart.1  

 

Until now, PH specific therapy is mainly targeted to inhibit pulmonary vascular remodelling 

and stimulate vasodilatation.3 Although PH specific therapies can improve symptoms after 

diagnosis, no curative options exist and prognosis is still very poor.4;5 Therefore, PH research 

is mainly focussed on two major goals: 1) maintaining exercise capacity, cardiac function, 

and quality of life, and 2) increasing knowledge about PH pathogenesis and pathophysiology 

to develop new PH specific therapies.  

 

Meanwhile, until PH can be cured, other treatment strategies for PH patients, aimed to 

maintain everyday quality of life, have gained importance. In this perspective, interest was 

directed to iron deficiency which was found to be highly prevalent in patients with left heart 

failure (without PH).6;7 Interestingly, after restoring iron levels with intravenous iron treatment, 

large improvements in quality of life, exercise capacity and the New York Heart Association 

functional class were observed in these patients.8-11 Whether iron deficiency also plays a role 

in patients with PH and thus right heart failure, however, is still unknown. 

 

 

IRON METABOLISM 

 

To better understand why iron deficiency might influence PH, first general iron metabolism is 

described. Nutritional iron is absorbed by duodenal enterocytes (Figure 1).12 Iron is released 

by the cell via the ferroportin-1 transporter, which is the only known iron exporter. Thereafter, 

iron is quickly bound to the iron transporter protein, transferrin. Transferrin has two binding 

sites for iron in its ferric form and releases the iron where needed by binding to the transferrin 

receptor (TfR).12;13 Normally, plasma transferrin is around 30% saturated with iron.12 When 

circulating iron levels are high, iron can be stored as ferritin in the liver or within 
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macrophages in spleen, liver and bone marrow. Every ferritin protein contains many iron 

molecules and the amount of circulating ferritin in the blood is a rough estimate for the stored 

ferritin and thus body iron content.12 

 

A very important regulator of iron metabolism is hepcidin, which is produced in the liver.14-17 

Hepcidin production is stimulated by inflammation and by high iron levels and causes 

internalisation of the ferroportin-1 exporter with subsequent degradation.16;18 As a result, iron 

cannot be released by the cells and systemic iron levels drop. The opposite occurs when iron 

levels are low or more iron is needed: high erythropoietic activity inhibits hepcidin production 

resulting in translocation of ferroportin back to the cell membrane after which iron is released 

in the bloodstream and more iron becomes available.17  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic overview of iron metabolism and regulation. Iron is released from iron-
containing cells in duodenal enterocytes, the liver or macrophages, in its ferrous form (Fe2+) via the 
ferroportin-1 (FPT) iron exporter. Directly thereafter, hephaestin (HH) converts the ferrous iron to ferric 
iron (Fe3+). Fe3+ can bind to circulating transferrin, which transports iron to places were iron is needed, 
e.g. the bone marrow. Upon destination, transferrin binds to the transferrin receptor (TfR) and releases 
iron. Hepcidin is produced in the liver and regulates iron metabolism via binding to the ferroportin-1 
exporter. After binding, ferroportin-1 translocates into the cell and is degradated, thereby decreasing 
iron release into the circulation. 
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IRON DEFICIENCY: CAUSES AND CONSEQUENCES 

 

Iron deficiency can develop due to several causes which can be categorised into 1) lower 

intake or absorption of iron, 2) more loss of iron or higher iron turnover, and 3) disturbed iron 

handling.19 Low intake of iron is the largest cause of iron deficiency in developing countries 

where food is scarce, but also in patients with a chronic disease food intake can be difficult to 

maintain iron levels.20;21 Chronic (occult) blood loss from the gastrointestinal or 

gynaecological tract results in iron deficiency,22 as well as conditions in which iron is highly 

needed and used such as hypoxia-driven erythropoiesis.23;24 Finally, disturbed iron handling 

can occur due to inappropriately high hepcidin levels, where iron cannot be released from 

iron-containing cells.12;14-17  

 

Iron has many functions which are mainly important in oxygen transport and oxidative 

metabolism. It is an important cofactor for haemoglobin and myoglobin, which transports 

oxygen in blood and facilitates oxygen diffusion transport in muscle tissue, respectively. Iron 

is also required in several mitochondrial oxidative enzymes and the respiratory chain.25;26 As 

a consequence, iron deficiency has effects throughout the entire body. When body iron levels 

decrease, haemoglobin production is favoured over other iron-containing proteins. However, 

when iron stores decrease, erythropoiesis is reduced and iron deficiency anaemia 

develops.13 Furthermore, iron deficiency has been associated with lower exercise capacity in 

humans,25;27-30 and compensatory higher cardiac output in iron deficient rats.31 Finally, iron 

directly affects the pulmonary vasculature, since an increase in pulmonary artery pressure 

was observed after induction of iron deficiency in healthy subjects under hypoxic conditions 

or at high altitude.32;33 The presence of iron deficiency could thus have many detrimental 

effects in PH patients.  

 

 

INCREASING INSIGHT IN PATHOGENESIS AND MONITORING OF PH 

 

Besides maintaining clinical performance, another important part of PH research is focussed 

on PH pathogenesis. Although knowledge about the pathophysiology of PH is increasing, 

detailed studies in human tissue are difficult to perform since either the materials or the 

methods are suboptimal. Therefore, it is important to optimise the available research 

methods and to develop new methods. Until now, a lot of PH research at the cellular level is 

performed in animal models, or tissue from autopsies or transplantations from PH patients.34-

36 However, animal models always need validation in the human situation. Exact knowledge 

about the models itself, and the potential differences with the human situation, are of major 

importance to understand what results can be extrapolated to the human situation. Since 

human tissue from autopsies or transplantations only represent end-stage disease, methods 

to obtain tissue from living patients are potentially interesting. Finally, the gold standard for 

diagnosis and follow-up of PH patients is right heart catheterisation.1 However, this is an 

invasive test and is preferably not performed too frequently. For measuring cardiac changes 

in PH, cardiac magnetic resonance imaging has been developed and shown to be a useful 
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tool.37;38 However, methods to non-invasively measure pulmonary vascular disease in PH are 

still lacking.  

 

 

AIMS AND OUTLINE OF THIS THESIS 

 

The aims of this thesis were first, to investigate the role of iron (deficiency) in PH, and 

second, to study different approaches of measuring PH disease progression.  

Part I of this thesis was aimed to investigate the presence and consequences of iron 

deficiency in patients with PH. To study whether iron deficiency was present in PH patients, 

in Chapter 2 we measured the iron status in a cohort of IPAH patients in relation with clinical 

disease parameters. A similar study was performed in Chapter 3 in patients with systemic 

sclerosis-associated PH. Since iron is important in oxygen transport, we further investigated 

cellular oxygen supply parameters in the PH heart. To understand what changes occur in 

cardiac oxygen supply due to PH itself, we studied oxygen metabolism without iron 

deficiency in hearts from PH patients and PH rats in Chapter 4. In Chapter 5 we studied the 

effects of intravenous iron therapy on exercise capacity, quality of life, cardiac function and 

skeletal muscle oxygen handling in a clinical trial with iron deficient IPAH patients and in a 

PH rat model.  

In Part II of this thesis, different approaches to study PH were investigated. Characteristics of 

the monocrotaline PH rat model with a long follow-up time were critically studied in Chapter 

6. In Chapter 7, the interventricular septum was studied via non-invasive imaging techniques 

in living PH patients and cellular alterations were measured in PH rats. Finally, a non-

invasive method to measure pulmonary hypertensive disease in the lungs was studied in 

Chapter 8 with a radioactive labelled glucose analogue and positron emission tomography. 

All results from this thesis are discussed in Chapter 9 together with future research 

directions and summarised in Chapter 10.  
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ABSTRACT 

 

Introduction 

The aims of this study were to assess the prevalence of iron deficiency in idiopathic 

pulmonary arterial hypertension (IPAH) and investigate whether oral iron supplementation 

has effects in iron-deficient patients. 

 

Methods 

Iron parameters were measured for all IPAH patients attending our centre (VU University 

Medical Center, Amsterdam, the Netherlands) between May 2009 and February 2010. Iron 

data were related to clinical parameters, including 6-min walking distance (6MWD), and 

haemodynamic parameters measured during right heart catheterisation. In a subset of iron-

deficient patients, the uptake of iron from the bowel was studied after administering oral iron 

for 4 weeks.  

 

Results 

Iron deficiency was found in 30 (43%) out of 70 patients. 6MWD was reduced in iron-

deficient patients compared with iron-sufficient patients (mean ± SD 390 ± 138 versus 460 ± 

143 m; p<0.05) irrespective of the existence of anaemia. In a subset of 18 patients that 

received oral iron, ferritin levels were significantly increased, although eight patients only 

slightly increased their iron storage. 

 

Conclusions 

This study shows that iron deficiency is frequently present in IPAH and is associated with a 

lower exercise capacity. The small response to oral iron in 44% of the treated patients 

suggests impaired iron absorption in these patients. 
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INTRODUCTION 

 

Iron is an important cofactor in oxygen transport; it is needed to produce haemoglobin in 

erythrocytes, and myoglobin in the heart and skeletal muscles, which facilitates oxygen 

diffusion and oxygen storage. Moreover, iron functions in several mitochondrial oxidative 

enzymes and the respiratory chain. Consequently, when iron deficiency occurs, oxygen 

supply to the heart and skeletal muscles is reduced, resulting in decreased exercise 

performance.1-5  

Iron deficiency is frequently encountered in chronic left heart failure.6-9 The cause of iron 

depletion is thought to be inflammation-mediated and/or due to renal failure. Both conditions 

cause an increase in hepcidin concentration (increased production in the liver or reduced 

breakdown by the kidney), which causes a downregulation of iron release from storage sites 

and decreased uptake of iron from the gut mucosa.10-13 It has also been shown that restoring 

iron levels improves quality of life and New York Health Association (NYHA) functional class 

in iron-deficient patients with chronic left heart failure.6-9 In contrast to iron deficiency in left 

ventricular failure, no clinical data exist for right ventricular failure, although Krasuski et al.14 

reported that anaemia in pulmonary hypertension decreased survival. Pulmonary 

hypertension is the most common cause of right ventricular failure. Since iron is important in 

increasing oxidative metabolism of the hypertrophied right ventricle to cope with the 

increased afterload and for skeletal muscles to perform physical exercise, iron deficiency 

might thus have detrimental effects in pulmonary hypertension. However, data are lacking 

about the prevalence and effect of iron deficiency in right heart failure.  

Therefore, we performed a study that aimed to determine the prevalence of iron deficiency in 

idiopathic pulmonary arterial hypertension (IPAH) patients. In addition, we compared iron-

deficient with iron-sufficient IPAH patients to investigate whether iron deficiency is related to 

disease severity and exercise capacity. Finally, we studied whether digestive uptake of oral 

iron is impaired in iron-deficient IPAH patients. 

 

 

METHODS 

 

In this observational descriptive study, iron status was determined for all consecutive IPAH 

patients attending the VU University Medical Center outpatient clinic (Amsterdam, the 

Netherlands) for their annual or 4-month check-up visit, and all hospitalised IPAH patients 

between May 2009 and February 2010. Haemoglobin (Hb), haematocrit (Ht), mean 

corpuscular volume (MCV), kidney function and N-terminal pro-brain natriuretic peptide (NT-

proBNP) are routinely measured during every visit in our clinic. Assessment of iron status, 

including serum iron, transferrin saturation, total iron binding capacity (TIBC) and serum 

ferritin levels, was performed from the same material of the routinely drawn blood samples. 

Hb and MCV were measured spectrophotometrically (Cell-Dyn Sapphire; Abbott, Hoofddorp, 

the Netherlands), with Ht calculated from the product of MCV and erythrocyte number. 

Serum ferritin and NT-proBNP were determined using sandwich immunoassays with 

electrochemical luminescence technology (Modular E170 system; Roche, Almere, the 

Netherlands). Serum creatinine, iron and TIBC were measured using photometry, and 
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transferrin saturation was calculated from serum iron divided by TIBC (Modular P800 system; 

Roche).  

Iron deficiency was defined as serum iron <10 μmol.L-1 and decreased transferrin saturation 

(<15% in females and <20% in males) irrespective of the coexistence of anaemia (Hb <12 

g.dL-1 in females and <13 g.dL-1 in males).8,9,15 Serum ferritin was not used to define iron 

deficiency because of possible false-high values due to increased inflammatory markers.  

In cases of iron deficiency, patients were questioned about pathological blood loss 

(gastrointestinal or menstrual), known haematological comorbidities and previous anaemia to 

obtain information about possible causes for the iron deficiency. Standard oral iron treatment 

was started in the newly diagnosed iron-deficient IPAH patients as part of good clinical 

practice. These patients (n=21; all females with or without anaemia) received oral iron (200 

mg ferrous fumarate t.i.d. for 4 weeks; Teva Pharmaceuticals Industries, Utrecht, the 

Netherlands). Patients were encouraged to complete these 4 weeks of treatment through 

telephone calls from specialised pulmonary hypertension nurses. After 4 weeks of treatment, 

iron parameters were measured again.  

Iron data were related to simultaneously measured clinical parameters (age, sex, NYHA 

functional class, body mass index (BMI), current treatment and NT-proBNP). Haemodynamic 

parameters from right heart catheterisation (mean pulmonary artery pressure, mean right 

atrial pressure, cardiac output, pulmonary vascular resistance, and arterial and mixed venous 

saturation) and 6-min walking distance (6MWD) were obtained <1 yr before iron 

measurement.  

The study protocol was approved by the Institutional Review Board on Research Involving 

Human Subjects (Amsterdam, the Netherlands) and it was stated that this protocol did not 

require informed consent, as all measurements were performed within the routine 

measurements and oral iron was given after clinical indication.  

 

Statistical analysis  

In order to compare parameters between iron-deficient and iron-sufficient patients, normal 

distribution of the data was tested with D’Agostino–Pearson testing and unpaired t-tests were 

performed. Paired t-tests were used to determine the effects of oral iron and nonparametric 

Mann–Whitney U-tests were performed to compare iron-deficient anaemic with iron-deficient 

nonanaemic patients. In order to compare categorical data, Fisher’s exact tests or Chi-

squared tests were performed. All data are presented as mean ± SD, unless otherwise 

stated, with a p-value <0.05 taken as statistically significant.  Analyses were performed with 

SPSS 15.0 (SPSS Inc., Chicago, IL, USA).  

 

 

RESULTS 

 

Iron parameters and baseline characteristics for 70 IPAH patients (15 males and 55 females) 

are shown in table 1. The haemodynamic characteristics of the patients showed that the 

patients had pulmonary hypertension with a mean ± SD pulmonary artery pressure of 50.2 ± 

14.1 mmHg and a pulmonary vascular resistance of 786 ± 500 dyn.s.cm-5. All patients were 

treated with pulmonary hypertension medication and 61 patients used oral anticoagulants.  
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 All patients Iron-sufficient Iron-deficient p-value* 

Subjects (n) 70 40 30  

Clinical parameters     

   Age (yrs) 52.2 ± 15.6 51.8 ± 16.6 52.8 ± 14.5 NS 

   Males / females (n) 15 / 55 11 / 29 4 / 26 NS 

   NYHA classification II / III / IV (n) 34 / 29 / 7 22 / 16 / 2 12 / 13 / 5 NS 

   Body mass index (kg.m-2) 26.1 ± 5.3 26.4 ± 5.1 25.7 ± 5.8 NS 

   OAC (VKA/PAI/unknown/none) (n) 58 / 3 / 8 / 1 32 / 2 / 6 / 0 26 / 1 / 2 / 1 NS 

   Single / combination treatment† (n) 25 / 45 18 / 22 7 / 23 NS 

   Duration of treatment (months) 156 ± 130 128 ± 87 193 ± 165 NS#

Haemodynamic parameters     

   Mean pulmonary arterial pressure (mmHg)  50.2 ± 14.1 51.0 ± 13.6 49.1 ± 14.9 NS 

   Mean right atrial pressure (mmHg) 6.9 ± 5.6 6.6 ± 6.5 7.3± 4.2 NS#

   Pulmonary vascular resistance (dyn.s.cm-5)  786 ± 500 808 ± 516 751 ± 484 NS#

   Cardiac output (L.min-1) 5.3 ± 1.7 5.2 ± 1.4 5.6 ±2.1 NS 

   Cardiac Index (L.min.m-2) 2.7 ± 0.9 2.6 ± 0.8 2.9 ± 0.9 NS 

   Arterial saturation (%) 93 ± 4 93 ± 3 93 ± 5 NS 

   Mixed venous saturation (%) 65 ± 8 66 ± 8 63 ± 9 NS 

   6MWD (m)  431 ± 144 460 ±143 390 ± 138 <0.05 

   NT-proBNP (ng.L-1) 1022 ± 1592 941 ± 1717 1128 ± 1435 NS#

Haematological parameters     

   Hb (g.dL-1) 13.9 ± 1.9 14.9 ± 1.4 12.6 ± 1.6 <0.05 

   Ht 0.42 ± 0.05 0.45 ± 0.04 0.39 ± 0.05 <0.05 

   MCV (fl) 86 ± 12 91 ± 5 80 ± 16 <0.05 

   Serum iron (μmol.L-1) 12 ± 6 16 ± 5 7 ± 3 <0.05 

   TIBC (μmol.L-1) 72 ± 13 68 ± 9 77 ± 16 <0.05 

   Transferrin saturation (%) 17 ± 9 23 ± 7 10 ± 5 <0.05 

   Ferritin (μg.L-1) 43 ± 38 66 ± 37 12 ± 6 <0.05 

   Creatinin in males/females (μmol.L-1)  98±22/75±18 103±24/79±21 87±8/71±14 NS 

 
Table 1. Patient characteristics. Data are presented as mean ± SD, unless otherwise stated. NYHA: 
New York Heart Association; OAC: oral anticoagulant use; VKA: vitamin K antagonist, PAI: platelet 
aggregation inhibitor, 6MWD: 6-min walking distance; NT-proBNP: N-terminal pro-brain natriuretic 
peptide; Hb: haemoglobin; Ht: haematocrit; MCV: mean corpuscular volume; TIBC: total iron binding 
capacity; NS: nonsignificant. * independent sample t-testing to compare iron-sufficient with iron-
deficient IPAH patients and Fisher’s exact or Chi-square testing for categorical data; †type of IPAH 
treatment (number of iron-sufficient/ deficient patients): endothelin receptor antagonists (24 / 19), 
phospodiesterase 5 inhibitor (20 / 26), prostanoids (14 / 16); # independent sample t-testing after log 
transformation to obtain normal distribution 

 

Iron deficiency was found in 30 (43%) patients. None of these patients reported current or 

past pathological gastrointestinal or abnormal gynaecological blood loss. The female patients 

were pre- (n=28) or postmenopausal (n=27) with a mean age of 39.1 and 62.9 yrs, 

respectively. There were no significant differences in iron deficiency incidence between these 
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groups: of the pre-menopausal patients, 50% were iron-deficient versus 44% in the 

postmenopausal group (p=0.8).  

 

Right heart catheterisation information and 6MWD data were available in 67 (39 iron-

sufficient and 28 iron-deficient patients) and 68 patients (40 iron-sufficient and 28 iron-

deficient patients), respectively. In two patients, no 6MWD data were available because one 

patient declined to perform the 6MWD in recent years and data were missing for the second 

patient. As presented in table 1, Hb and Ht were significantly lower in the iron-deficient 

patients, although anaemia was only present in 12 out of 30 iron-deficient patients. There 

were no significant differences in haemodynamic data between the iron-deficient and the 

non-sufficient groups. However, 6MWD was significantly lower in iron-deficient patients 

compared with iron-sufficient patients (390 ± 138 versus 460 ± 143 m; p<0.05), but similar in 

iron-deficient anaemic (n=12) and nonanaemic (n=18) patients (397 ± 132 versus 385 ± 147 

m; p=0.82) (fig. 1). There was no difference in the clinical and haemodynamic parameters 

between iron-deficient anaemic and nonanaemic patients.  
 

Figure 1. The 6-min walking distance (6MWD) of A) idiopathic pulmonary arterial hypertension 
patients with (n=30) and without (n=40) iron deficiency and B) iron deficient patients subdivided into 
anaemic (haemoglobin <12 g.dL-1 in females and <13 g.dL-1 in males; n=12) and nonanaemic (n=18) 
groups. Data presented as mean±SEM. *p<0.05. 
 

 

Oral iron uptake in iron-deficient IPAH patients  

Of the 21 patients who received oral iron treatment, 18 patients completed the 4 weeks of 

treatment. The other three patients did not complete the course due to side-effects 

secondary to oral iron intake consisting of gastrointestinal constipation and nausea. Baseline 

characteristics of the 18 patients showed that they were representative for the iron-deficient 

group. In figure 2, iron parameters are shown before and after 4 weeks of oral iron. Only two 

patients increased their serum iron levels significantly and 14 patients did not reach normal 

transferrin saturation values (9 ± 3 versus 12 ± 4%). Serum ferritin levels were significantly 

increased after 4 weeks (12 ± 7 versus 32 ± 20 μg.L-1; p<0.05). Despite this overall increase 

in serum ferritin, a subset of the patients (n=8; 44%) was not able to significantly increase 

serum ferritin and did not reach normal serum ferritin values (11 ± 5 versus 19 ± 14 μg.L-1; 

p=0.09), while the other 56% did, despite similar haemodynamic, clinical and haematological 

parameters. 
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Figure 2. Effects of 4 weeks of oral iron on A) haemoglobin (Hb) concentration, B) haematocrit (Ht), 
C) serum iron concentration, D) total iron binding capacity (TIBC), E) transferrin saturation and F) 
serum ferritin. Each data point represents one patient with a connecting line between the values for 
before and after treatment (n=18). *p<0.05. 
 

 

DISCUSSION 

 

To the best of our knowledge, this is the first study that describes iron deficiency in IPAH. We 

demonstrated that iron deficiency is a common feature (43%) in IPAH patients and is 

associated with a decreased 6MWD regardless of the presence of anaemia. After 

administration of oral iron, eight out of 18 patients did not restore ferritin levels to normal 

values.  
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Patients 

This study was performed in IPAH patients, as those patients have pulmonary hypertension 

without comorbidities that might explain iron deficiency. The population was predominantly 

female (15 males and 55 females); however, no significant differences were found between 

sexes in the iron-deficient and iron-sufficient groups. 

The 43% prevalence of iron deficiency in this study corresponds to data from chronic left 

heart failure patients, where iron deficiency prevalence varies between 15% and 61% in 

anaemic, and 20% and 43% in nonanaemic patients, depending on the definition of iron 

deficiency.16-20 

 

Possible mechanisms of iron deficiency in IPAH 

IPAH patients can become iron deficient by reduced intake, increased loss or impaired 

uptake. Although BMI values were normal, we cannot exclude reduced iron intake as a 

cause of iron deficiency. Also, 61 patients were known to use anticoagulants, indicating that 

increased blood (iron) loss might be considered a possible cause, but no significant 

differences in iron deficiency incidence were found between pre- and postmenopausal 

females.21 Concerning iron uptake, we found that eight out of 18 patients who received oral 

iron did not seem to increase serum ferritin levels as much as the other 10 patients.11 

Although doses and clinical and haemodynamic parameters were similar, iron absorption 

may be different between the patients, resulting in the reduced response to oral iron. This 

impaired iron absorption could be due to both gastrointestinal oedema, although right atrial 

pressures were similar, and decreased iron release from storage sites or enterocytes due to 

inflammation. In IPAH, interleukin (IL)-6 levels are known to be increased, and IL-6 induces 

hepcidin release from the liver, which reduces iron release from iron storage cells and 

duodenal cells.22-26 Whether this contributes to iron deficiency in IPAH has yet to be 

determined. 

 

Iron deficiency and exercise capacity 

The significantly reduced 6MWD in iron-deficient IPAH patients indicates that iron plays an 

important role in maintaining exercise performance. The decreased 6MWD cannot be 

explained by differences in disease severity, as haemodynamic characteristics of both 

groups were similar. However, it cannot be decided whether iron deficiency has an effect on 

right ventricular function, skeletal muscle function or both. Additionally, Smith and co-workers 

showed that iron supplementation in healthy humans with iron deficiency and hypoxia-

induced pulmonary hypertension at high altitude decreased mean pulmonary artery 

pressure.27,28  Whether iron treatment also has effects on the pulmonary vasculature in 

patients with IPAH is unknown. However, data from iron deficiency in left heart failure 

showed that administration of intravenous iron improved both quality of life and NYHA 

functional class.6-9 Anker et al. also showed that 6MWD significantly increased after 

intravenous iron administration.9 The present data cannot answer the question whether iron 

deficiency is a cause of more advanced symptoms or if it results from a more severe disease 

state. However, it appears that iron deficiency is the cause for the reduced 6MWD, as all 

other parameters are similar between the iron-deficient and iron-sufficient groups. Our 

findings warrant further research aimed at studying the effects of restoration of iron levels, for 
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instance by means of intravenous iron supplementation in iron deficient IPAH patients on 

exercise capacity. 

 

Limitations 

This study is an observational prospective study that, therefore, has several limitations. 

There is no information about the inflammatory status of the patients, as C-reactive protein is 

not routinely measured in our IPAH patients. Also, haemodynamic measurements were not 

measured at the same time as iron status determination. Since right heart catheterisation 

was not repeated, implying no change in clinical condition, we assumed that the right heart 

catheterisation data provided are representative of the clinical state. Additionally, NT-proBNP 

values obtained at the same time of iron measurement and at the time of right heart 

catheterisation were used as markers of disease progression. Because of the design of the 

study, no clinical measurements were repeated after the oral iron administration. 

 

 

CONCLUSION 

 

In this study, iron deficiency is described for the first time in IPAH with a prevalence of 43%. 

The small response to oral iron in 44% of the patients suggests problems with iron 

absorption or release. The exact mechanisms of the iron deficiency in IPAH and whether 

intravenous iron administration is useful has yet to be determined. 
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ABSTRACT 

 

Objectives  

Systemic sclerosis-associated pulmonary hypertension (SSc-PH) has a worse prognosis 

compared with systemic sclerosis without PH (SSc-nonPH). Iron deficiency (ID) was 

previously associated with worse clinical outcome and survival in other types of PH, but ID 

effects in SSc-PH are unknown. Therefore we investigated the prevalence and clinical 

significance of ID in systemic sclerosis patients with and without PH.  

 

Methods 

Body iron status was determined in SSc-PH (n=47) and SSc-nonPH patients (n=122). ID was 

defined by circulating soluble transferrin receptor (sTfR) levels > 28.1 nmol/L. Clinical and 

exercise parameters were compared between the groups. Four-year survival after iron 

measurements was determined. 

 

Results 

ID prevalence was 46.1% in SSc-PH compared with 16.4% in SSc-nonPH (p<0.001). Overall 

hepcidin levels were high compared with reference values and related to sTfR but not with 

interleukin-6 (p=0.82). Six-minute walking distance and maximal achieved work at ergometry 

was lower in SSc-PH compared with SSc-nonPH patients (p<0.001 and p<0.01, respectively) 

and was even further reduced in case of ID (pinteraction<0.05). In addition, ID SSc-PH patients 

had a poorer survival compared with non-ID patients (HR 0.34, 95% CI 0.14 – 0.82, p<0.05) 

and a similar trend was observed in SSc-nonPH patients (HR 0.16, 95% CI 0.02 – 1.11, 

p=0.06). 

 

Conclusions 

ID is more prevalent in SSc-PH than in SSc-nonPH patients and is associated with exercise 

impairment in both SSc-PH and SSc-nonPH. In addition, ID SSc-PH patients have a 

significant worse survival compared with non-ID patients.  
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INTRODUCTION 

 

Systemic sclerosis is a chronic disease characterised by progressive collagen production, 

endothelium dysfunction, chronic inflammation and autoantibody production.1,2 Pulmonary 

hypertension (PH) can develop in the course of this disease and is currently the leading 

cause of death in systemic sclerosis patients, with a reported 3-year survival of 47 – 56%, 

despite therapy.3-7 Also, compared with other types of PH, systemic sclerosis-associated PH 

(SSc-PH) has a more severe manifestation and poorer prognosis and current therapy is 

primarily aimed at improving quality of life and right ventricular function.1,8 Recently, there 

has been increasing interest in improving exercise capacity with iron supplementation in iron 

deficient idiopathic pulmonary arterial hypertension (IPAH) patients.9 This has evolved from 

the finding that IPAH patients have a high prevalence of iron deficiency (ID) which is 

associated with poor survival and worse clinical performance and exercise capacity.10-12 The 

development of ID in IPAH has been related to disproportionately high hepcidin levels, which 

reduces iron absorption from the gut and iron release from iron containing cells.13 Hepcidin is 

produced in the liver and is regulated via different pathways by extra- and intracellular iron 

levels.13 Normally when ID is present, hepcidin production in the liver is inhibited, thereby 

increasing iron release from iron-containing cells.13 However, whether ID is also common in 

SSc-PH, is related with hepcidin levels and has detrimental effects on clinical outcome is 

unknown. 

Therefore the aim of this study was 2-fold: 1) to investigate the prevalence of ID in SSc-PH 

compared with systemic sclerosis patients without PH (SSc-nonPH) in relation to hepcidin 

levels and 2) to assess the impact of ID on clinical performance and outcome in an important 

clinical subtype of PH.  

 

 

METHODS 

 

Patient inclusion 

Patients with systemic sclerosis from whom a plasma sample was collected in heparin and 

EDTA tubes between June 2005 and April 2011 and stored in the biobank of the department 

of Rheumatology at –80°C were considered for the present study. In addition, systemic 

sclerosis patients who were primarily referred to the department of Pulmonology for 

investigation of PH were also included. The study was approved by the local medical ethics 

committee (Institutional Review Board on Research Involving Human Subjects, Amsterdam, 

The Netherlands) and all patients gave written informed consent according to the Declaration 

of Helsinki. 

Samples were included for the current analysis when the patients were classified with limited 

cutaneous systemic sclerosis (LcSSc) or diffuse cutaneous systemic sclerosis (DcSSc) 

according to the criteria of LeRoy et al.14 Patients had to be clinically stable in the previous 

three months and haematology lab results of at least haemoglobin, haematocrit and mean 

corpuscular volume were required. Patients with overt iron-causing comorbidities such as 

gastrointestinal blood loss as observed with upper endoscopy or coloscopy, gynaecological 

blood loss or the presence of other haematological diseases at the time of sampling were 
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excluded. The diagnosis of PH was defined by mean pulmonary arterial pressure >25 mmHg, 

measured by right heart catheterisation.15  

One hundred and sixty-nine patients were classified as systemic sclerosis and met the 

inclusion criteria. Medical charts were systematically assessed and systemic sclerosis 

characteristics, comorbidities, as well as medical treatment were recorded. Right heart 

catheterisation data, 6-min walking distance (6MWD) from a 6-min walking test (6MWT), 

pulmonary function test data and cardiopulmonary exercise testing (CPET) data at the time 

of plasma sampling were collected. 

 

Serum iron parameters 

From 82 patients, serum iron parameters [serum iron, total iron binding capacity (TIBC), 

transferrin saturation and serum ferritin levels] were measured at the time of blood sampling. 

From the remaining 87 patients, retrospective iron measurements were performed. Serum 

iron and TIBC were determined using photometry (Modular P800 system, Roche, Almere, 

The Netherlands). Transferrin saturation was calculated from serum iron divided by TIBC. 

Sandwich immunoassays with electrochemical luminescence technology were used to 

measure serum ferritin levels (Modular E170 system, Roche). From all patients circulating 

soluble transferrin receptor (sTfR), interleukin-6 (IL-6) and serum hepcidin levels were 

measured in EDTA samples. sTfR and IL-6 were measured with ELISA (R&D Systems 

Europe, Abingdon, Oxfordshire, UK) and hepcidin concentration was determined by a 

competitive radioimmunoassay.16 ID was defined as sTfR levels >28.1 nmol/L as described 

previously.10 This parameter provides a more reliable method to determine ID than serum 

ferritin, since the production of the receptor is not influenced by inflammation or infection.17  

 

Statistical analysis 

All data were verified for normal distribution and transformed when necessary. For 

comparisons, two-tailed unpaired Student t-tests, Fisher’s exact tests or chi-square tests 

were performed. Two-way analysis of variance with Bonferroni post hoc tests was done to 

measure differences between the ID and non-iron deficient (non-ID) SSc-PH and SSc-nonPH 

patients. Correlations were carried out with Pearson’s linear regression. The association of 

PH and other parameters with ID was tested with univariate logistic regression analysis with 

subsequent correction for confounding effects. Kaplan-Meier survival was stratified by the 

presence or absence of ID and compared by log-rank tests within the SSc-PH and SSc-

nonPH patients. Survival was measured from the time of sampling to the 48-month follow-up. 

Analyses were performed with GraphPad Prism 5.00 (GraphPad Software, San Diego, CA, 

USA) or SPSS 20.0 (SPSS Inc., Chicago, IL, USA). All data are represented as mean ± SD 

unless stated otherwise and a p-value <0.05 is considered statistically significant. 

 

 

RESULTS 

 

ID is more prevalent in SSc-PH than in SSc-nonPH 

PH was present in 27.8% (47 of 169) of patients with systemic sclerosis. Detailed clinical 

data on SSc-PH and SSc-nonPH patients are shown in table 1. Compared with SSc-nonPH, 
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SSc-PH patients were more often diagnosed with LcSSc, were older, had longer duration of 

Raynaud phenomenon and systemic sclerosis disease, and had a lower Rodnan skin score, 

as expected. The percentage of systemic sclerosis organ involvement was similar in the two 

groups. More often SSc-PH patients had anti-centromere antibodies and less often anti-Scl-

70 antibodies compared with SSc-nonPH patients.  

 

  SSc-nonPH
n=122 

SSc-PH 
n=47 p-value 

General characteristics    

     LcSSc / DcSSc (%) 74.6 / 25.4 95.7 / 4.3 0.002 

     Sex m/f (n) 24 / 98 5 / 42 0.163 

     Age (yrs) 55.8 ± 12.9 67.8 ± 10.4 <0.001* 

     Body mass index (m2/kg) 25.0 ± 5.3 25.0 ± 5.2 0.978* 

SSc characteristics    

     Raynaud disease duration#$ (yrs) 5.8 ± 7.4 11.5 ± 15.5 0.002* 

     Systemic sclerosis disease duration#$ (yrs) 4.6 ± 6.0 6.8 ± 7.6 0.003* 

     Modified Rodnan skin score#  13.2 ± 10.2 10.3 ± 5.4 0.031* 

     Raynaud phenomenon (%) 92 98 0.185 

     Pulmonary fibrosis on CT (%) 57.8 63.2 0.694 

     Cardiac involvement& (%) 9.2 8.5 0.894 

     Cardiac arrhythmias (%) 16.7 27.7 0.131 

     Gastrointestinal involvement** (%) 75.2 72.3 0.844 

Antibody profile    

     Anti-centromere (%) 41.3 60.0 0.037 

     Anti-SCL 70 (%) 23.1 6.7 0.023 

     Anti-nuclear antibody (%) 91.7 84.4 0.247 

Medication    

     Anticoagulants (%) 24.8 44.7 0.015 

     NSAIDs (%) 26.7 10.9 0.036 

     Immune suppression (%) 25.8 21.3 0.538 

     Proton pump inhibitors (%) 85.1 74.5 0.105 

Haemodynamics  n=46  

     Mean pulmonary artery pressure (mmHg)  37 ± 14  

     Pulmonary capillary wedge pressure (mmHg)  9.1 ± 4.1  

     Heart rate (bpm)  79 ± 15  

     Stroke volume (ml)  68 ± 22  

     Cardiac output (L/min)  5.3 ± 1.9  

     Cardiac index (L/min/m2)  3.2 ± 1.1  

     Arterial O2 saturation (%)  93 ± 4  

     Mixed venous O2 saturation (%)  66 ± 10  

     Pulmonary vascular resistance (dynes/s/cm5)  459 ± 272  

     Mean right atrial pressure (mmHg)  5.9 ± 4.2  

 
Table 1. Patient characteristics at time of blood sampling. Comparisons performed with 
independent samples student t-testing* or Chi-square testing. #Log transformated data. Computed 
tomography (CT) was available from 90 SSc-nonPH and 38 SSc-PH patients. $Time from diagnosis 
until time of blood sampling. &Includes pericardial effusion, pericarditis, cardiomyopathy or
cardiomyositis. **Includes oesophageal motility dysfunction, pyrosis, ructus, or watermelon stomach
(only 2 patients). Anti-SLC 70: anti-topoisomerase I; NSAIDS: Non-steroidal anti-inflammatory drugs. 
Immune suppression includes: methotraxate, oral steroids, mycofenolate azathioprine, 
cyclophosphamide, sulfasalazine. Data is presented as mean ± SD or as a percentage. 
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ID was more prevalent in SSc-PH (22 of 47 patients, 46.1%) compared with SSc-nonPH (20 

of 122 patients, 16.4%, p<0.001 vs SSc-PH). In addition, PH was associated with a higher 

risk of having ID (OR 4.49, 95% CI 2.13 – 9.47, p<0.001) as well as age, oxygen saturation, 

use of anticoagulants, hepcidin and IL-6 values (table 2). After correction for significant 

confounding effects of age and serum hepcidin concentration, PH was still associated with a 

higher risk of ID (OR 2.49, 95% CI 1.03 – 6.00, p<0.05). Furthermore, ID patients had a 

significantly poorer survival in the SSc-PH group compared with the non-ID patients (HR 

0.34, 95% CI 0.14 – 0.82, p<0.05) (figure 1). A similar trend was observed in SSc-nonPH 

patients (HR 0.16, 95% CI 0.02 – 1.11, p=0.06). 

 

 

Univariate Logistic Regression Analysis 

 Variable    Odds ratio   95% CI   p-value 

 PH    4.488    2.126 – 9.473    <0.001 

 Gender    1.327    0.500 – 3.518    0.570 

 Age    1.043    1.013 – 1.074    0.004 

 LcSSc vs DcSSc    0.777    0.310 – 1.947    0.590 

 Disease duration    1.002    0.950 – 1.057    0.935 

 GI involvement    0.919    0.413 – 2.042    0.835 

 Anticoagulant use    3.913    1.866 – 8.206    <0.001 

 NSAIDs use    0.836    0.347 – 2.014    0.690 

 Oxygen saturation    0.814    0.814 – 0.983    0.020 

 Hepcidin#    0.494    0.361 – 0.675    <0.001 

 Interleukin-6#    1.464    1.071 – 2.002    0.017 

 Logistic regression analysis corrected for age (yrs) 

 PH    3.460    1.536 – 7.798    0.003 

 Logistic regression analysis corrected for hepcidin concentration* (ng/ml) 

 PH    3.497    1.570 – 7.786    0.002 

 Logistic regression analysis corrected for both age & hepcidin concentration* 

 PH    2.491    1.034 – 5.999    0.042 

 
Table 2. Iron deficiency causing factors. Outcome parameter: presence or absence of ID. 
Univariate logistic regression analysis was performed on parameters that interfere with the iron status.
The influence of PH on development of ID was tested with univariate logistic regression analysis with
subsequent correction for confounding effects. Only age and hepcidin concentration were significant
confounders on the effect of PH on ID. #Log transformed data. 95% CI: 95% confidence interval, GI 
involvement: gastrointestinal involvement. Other abbreviations similar to Table 1. 
 

 

ID is associated with hepcidin levels  

Table 3 shows serum iron parameters from SSc-PH and SSc-nonPH patients divided by the 

presence or absence of ID. As expected, both ID groups had significantly higher sTfR levels 

and lower serum iron, transferrin saturation and ferritin levels compared with non-ID patients. 

Mean hepcidin values were significantly lower in both ID groups compared with non-ID 

patients (figure 2A) and IL-6 values were similar in all groups (figure 2B). Higher sTfR levels 

were associated with a lower hepcidin concentration (figure 2C). Interestingly, there was no 

correlation between hepcidin concentration and IL-6 values (R=0.012, p=0.90, figure 2D) or 

with hepcidin and CRP levels (R=0.049, p=0.57, figure 2E).  
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Figure 1. Kaplan-Meier survival plot of all patients with a total follow-up time of 48 months and t=0 at 
moment of blood sampling. ID SSc-PH patients had a worse survival compared with non-ID patients 
(HR 0.34, 95% CI 0.14 – 0.82, p<0.05) with a similar trend in SSc-nonPH patients (HR 0.16, 95% CI 
0.02 – 1.11, p=0.06). 
 

Figure 2. Hepcidin, interleukin-6 (IL-6), and soluble transferrin receptor (sTfR) levels A) Hepcidin 
values are lower in the ID groups compared to the non-ID patients. Note that many non-ID SSc-nonPH 
patients have hepcidin levels above the upper limit of normal. B) Although IL-6 levels are not different 
between the groups, the majority of the patients have increased IL-6 levels. C) Higher sTfR (thus more 
iron deficiency) is associated with a reduction of hepcidin levels in both SSc-nonPH and SSc-PH 
patients. D) Hepcidin concentration is not related to IL-6 levels or E) CRP-values. Every dot 
represents one patient. The dotted line represents the upper limit of normal. *p<0.05, *** p<0.001.  
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  SSc-nonPH SSc-PH  

  
non-ID
n=102 

ID
n=20 

non-ID
n=25 

ID 
n=22 pinteraction 

C-reactive protein (mg/L) 11.6 ± 26.0 14.3 ± 19.5 5.8 ± 4.1 12.5 ± 13.5 0.72 

Haemoglobin (g/dL) 13.0 ± 1.4 12.0 ± 2.2 12.8 ± 1.6 12.0 ± 1.8 0.67 

Haematocrit (L/L) 0.39 ± 0.04 0.36 ± 0.06 0.38 ± 0.05 0.37 ± 0.05 0.40 

Mean corpuscular volume (fl) 89.9 ± 4.7 85.3 ± 6.4 88.1 ± 18.0 85.9 ± 7.9 0.50 

Creatinin (μmol/L) 72 ± 17 83 ± 33 93 ± 33 96 ± 40 0.45 

eGFR (mL/min/1.73m2) 82 ±12 76 ± 15 65 ± 25 61 ± 27 0.78 

NT-proBNP# (ng/L) 348 ± 653 1074 ± 2422 1516 ± 1832 3686 ± 4216 0.98 

Serum iron# (μmol/L) 13.3 ± 5.7 7.9 ± 4.3*** 12.2 ± 3.7 8.2 ± 5.3** 0.66 

Total iron binding capacity# (μmol/L) 63.5 ± 10.4 67.5 ± 12.1 64.5 ± 10.2 74.4 ± 14.8* 0.25 

Transferrin saturation# (%) 21.2 ± 9.1 12.0 ± 6.9*** 19.3 ± 6.8 12.0 ± 8.6*** 0.92 

Serum ferritin# (μg/L) 106 ± 100 51 ± 42* 51 ± 38 39 ± 46 0.60 

Soluble transferrin receptor# (nmol/L) 20.4 ± 4.3 34.5 ± 5.0*** 21.9 ± 9.8 45.1 ± 14.7*** 0.07 

 
Table 3. Serum iron parameters. nID: non iron deficient, ID: iron deficient, eGFR: estimated
glomerular filtration rate, NT-proBNP: N-terminall prohormone of brain natriuretic peptide. #Log 
transformed data. All data was tested with two-way ANOVA. * p<0.05, **p<0.01, ***p<0.001 vs non-ID 
patients. 

 

 

Cardiac function in SSc-PH is unaffected by ID 

Right heart catheterisation data was available from 46 of 47 SSc-PH patients with a median 

of 3 days before or after blood sampling (table 1). Five patients had a pulmonary capillary 

wedge pressure >15 mmHg (range 16-19 mmHg). Except for heart rate, which was higher in 

ID compared with non-ID SSc-PH patients (84 ± 16 vs 74 ± 13 bpm, p<0.05), all 

haemodynamic parameters were similar for non-ID and ID patients (details are provided in 

Appendix table 1) with a trend (p=0.09) towards a higher cardiac output in the ID patients. 

Eight ID and 11 non-ID SSc-PH patients were PH treatment naive. Prescriptions for 

prostanoids (1 vs 0), endothelin receptor antagonists (6 vs 6), phosphodiesterase type 5 

inhibitors (4 vs 2), and combination or triple therapy (3 vs 6) were similar in ID vs non-ID 

SSc-PH patients. 

 

Exercise capacity is reduced in ID in both SSc-nonPH and SSc-PH 

Pulmonary function tests show that SSc-PH patients had worse pulmonary function 

compared with SSc-nonPH patients (details are presented in Appendix table 2). In addition, 

CPET revealed lower maximum achieved work, maximal oxygen consumption, maximal 

heart rate, oxygen pulse and saturation with higher minute ventilation as a percentage of 

predicted in SSc-PH compared with SSc-nonPH patients (Appendix table 2). Furthermore, 

SSc-PH patients had a significantly lower 6MWD compared with SSc-nonPH (316 ± 137 vs 

474 ± 120 m, p<0.001).  

In SSc-nonPH, but not in SSc-PH patients, ID was associated with a further reduction in 

pulmonary function (Appendix table 3). ID resulted in lower maximal work in SSc-nonPH 

(non-ID 74.9 ± 29.9 vs ID 43.3 ± 24.4 W, p<0.01), but not in SSc-PH patients (non-ID 55.1 ± 

24.5 vs ID 39.8 ± 19.5 W). After correction for age, gender and BMI, maximal work was also 
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decreased in SSc-PH with ID (non-ID 60.2 ± 30.1 vs ID 41.2 ± 18.9 % of predicted, p<0.05) 

but not in SSc-nonPH (non-ID 66.2 ± 29.7 vs ID 52.7 ± 31.5 % of predicted). (fig 3AB; 

Appendix table 3). ID patients were shown to have further reduced 6MWD in both SSc-

nonPH (non-ID 489 ± 113 vs ID 396 ± 128 m, p<0.05) and SSc-PH patients (non-ID 356 ± 

118 vs ID 270 ± 145 m, p<0.05). After correction for age, gender and BMI, ID SSc-PH 

patients still had a worse outcome compared with non-ID SSc-PH patients (55.2 ± 28.2 vs 

75.2 ± 21.0 % of predicted, p<0.05) (fig 3CD). Furthermore, it was demonstrated that a lower 

6MWD is associated with higher sTfR levels (r=0.48, p<0.001). 

 

 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 

 
 
Figure 3. Effects of ID on exercise capacity. A) ID reduced the maximum achieved amount of work at 
CPET in SSc-nonPH patients, but not in SSc-PH patients. B) After correction for age, gender and 
body mass index, ID reduced the maximal work as a percentage of predicted in ID SSc-PH patients 
compared to non-ID SSc-PH. C) Although SSc-PH patients in general had a lower 6MWD compared 
to SSc-nonPH patients, ID significantly reduced 6MWD in both SSc-nonPH and SSc-PH patients. D) 
When corrected for age, gender and body mass index ID SSc-PH patients had still lower 6MWD 
compared to non-ID SSc-PH. *p<0.05, ** p<0.01. # comparison of SSc-PH with SSc-nonPH. 
 

 

DISCUSSION 

 

This study demonstrates a higher prevalence of ID in SSc-PH compared with SSc-nonPH 

patients, accompanied by a worse survival rate after 4 years. In addition, ID is associated 

with lower exercise capacity in cycling and walking tests in all systemic sclerosis patients 

irrespective of the presence of PH. The present study suggests that iron supplementation 
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may also be important in iron deficient SSc-PH and SSc-nonPH patients to improve clinical 

performance. 

The prevalence of SSc-PH patients in the current cohort of systemic sclerosis patients is 

greater than the 10% reported in literature,4,18 which is most likely due to referral bias since 

our centre is a tertiary PH referral centre. The found prevalence of ID in SSc-PH patients of 

46.1% is consistent with the reported prevalence of ID in IPAH (43-63%).10,12  

 

Exercise capacity is reduced in iron deficiency 

Maximal work at CPET and the 6MWD was significantly reduced in SSc-PH compared with 

SSc-nonPH patients. Also, diffusion capacity was shown to be more severely reduced in 

SSc-PH, representing a greater right ventricular afterload and thereby impeding exercise. 

However, in both groups ID was associated with a reduction in exercise capacity, as was 

previously described in IPAH.11 In the absence of haemodynamic differences between ID 

and non-ID SSc-PH patients, we postulate that the lower exercise capacity is caused by 

changes in oxygen handling of the skeletal muscle. Skeletal muscle myoglobin, which is an 

iron-containing oxygen transporter, was shown to be decreased in the case of high 

erythropoietic iron-demand at high altitude in healthy volunteers.19 Robach et al. concluded 

that in iron deficient circumstances, myoglobin releases iron in favour of haemoglobin 

production and tissue oxidative capacity reduces.19 It has been shown that ID anaemia 

reduced aerobic work capacity in animal and human studies.20 In addition, also ID without 

anaemia impaired adaptation in endurance capacity, thereby implicating that exercise 

capacity is indeed diminished in ID.21  

 

Iron deficiency-inducing factors 

Several mechanisms are important in the development of ID, including low iron intake or 

uptake from the gut and increased iron loss or high iron use due to increased erythropoiesis. 

Since many systemic sclerosis patients have a broad spectrum of symptoms due to 

gastrointestinal (GI) involvement of the disease (e.g. oesophagitis, dysmotility of the GI tract, 

watermelon stomach or gastric antral vascular ectasia, teleangiectasia of the colon), it is 

plausible that they have lower iron intake or uptake and more GI iron loss.22 Although we 

demonstrated that the percentage of patients with GI involvement of systemic sclerosis was 

similar in SSc-nonPH and SSc-PH patients and all patients with known blood loss were 

excluded, this does not rule out that GI vascular telangiectasia or bleeding may be more 

severe in SSc-PH patients. In addition, anticoagulants were more often used by SSc-PH 

patients, possibly increasing the risk of iron loss from silent GI bleeding. However, to 

investigate whether the GI tract is indeed (partially) responsible for the high ID prevalence in 

SSc-PH patients requires a full GI physical exam and remains to be elucidated in the future. 

Increased hepcidin levels alone are already associated with ID.23 Normally hepcidin 

production in the liver results in reduced iron release from iron-containing cells and thereby 

lowers serum iron levels. Opposing mechanisms occur in case of low serum iron or high 

erythropoietic iron demand; hepcidin production is downregulated, enabling iron release into 

the blood.13 In the present study, a large number of patients showed increased levels of 

serum hepcidin, which may be driving the high ID prevalence. As expected, the ID patients 



Iron deficiency in systemic sclerosis patients with and without pulmonary hypertension  

 37

had lower mean hepcidin values, although a substantial number of ID patients showed 

hepcidin levels above the upper limit of normal, which further limits iron availability.  

 

Possible mechanisms of high hepcidin in systemic sclerosis 

The present study shows for the first time that hepcidin levels are increased in a systemic 

sclerosis population. The mechanisms of this phenomenon need to be further elucidated. 

Hepcidin is produced in the liver, and although the liver can be affected in systemic sclerosis, 

it was rare in the present cohort (n=3). Furthermore, endothelin receptor antagonists are 

used in PH treatment are known to alter liver function which could indirectly influence 

hepcidin production. However, this does not explain the high hepcidin levels in SSc-nonPH 

patients. Hepcidin secretion is regulated by inflammation, particularly IL-6/signal transducer 

and activator of transcription 3 (STAT3),24 and bone morphogenetic protein (BMP)/SMAD 

signalling,25 which are both perturbed in IPAH.26,27 In addition, IPAH patients with BMP type 2 

receptor (BMPR-2) mutations appear to have a higher prevalence of ID compared with 

patients without a BMPR-2 mutation.12 Although BMPR-2 mutations have not been found in 

SSc-PH patients, BMP signalling is shown to be generally perturbed in PH and may therefore 

contribute to high hepcidin levels.27-29 On the other hand, inflammation-induced hepcidin 

expression might be important since IL-6 levels were increased in all patients.24 Although it is 

possible that hepcidin expression may be stimulated by other inflammatory mediators, IL-6 is 

the only cytokine generally accepted to induce hepcidin expression in vitro and in vivo.13,30 

Interestingly, although both IL-6 and hepcidin values were elevated, there was no association 

between the two factors in the current study population, as noted previously in IPAH.10,12 A 

possible explanation might be that erythropoietic inhibition of hepcidin overrules the 

inflammatory-mediated hepcidin production when both phenomena are present. This was 

previously shown by Theurl et al. who found similar IL-6 levels in humans with high and low 

hepcidin with different types of anaemia31 and in IPAH where high erythropoietin levels 

corresponded with lower hepcidin levels.10  

Furthermore, chronic inflammatory diseases (i.e. systemic sclerosis) are often accompanied 

by anaemia of chronic disease.32 As part of this phenomenon, erythropoiesis is stimulated 

but iron incorporation into haemoglobin is disturbed and the life span of red blood cells is 

shortened, all factors that can contribute to the development of ID.32 Finally, myeloid 

abnormalities have been described in IPAH and associated PAH patients, possibly leading to 

disturbed erythropoiesis and iron use.33  

 

Limitations 

The study design did not permit conclusions about causal relations between PH and the 

presence of ID. In addition, the 6MWT is not an ideal test for exercise capacity in systemic 

sclerosis since pain and musculoskeletal dysfunction confound the utility of the test.34 

However, despite the difficulties with this test CPET measures were also significantly worse, 

thereby supporting the 6MWT findings.  
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CONCLUSION 

 

From this study it is apparent that ID is more prevalent and reduced survival in SSc-PH 

compared with SSc-nonPH patients. In addition, ID is associated with lower exercise 

capacity in both SSc-PH and SSc-nonPH patients. Future studies are needed to investigate 

the causes of ID in SSc-PH and to reveal whether iron therapy can improve exercise 

capacity in ID systemic sclerosis patients. 
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APPENDIX CHAPTER 3 

 

 

 
non-ID
n=24 

ID 
N=22 

p-value 

Mean pulmonary artery pressure (mmHg) 36 ± 15 38 ± 13 0.62 

Pulmonary capillary wedge pressure (mmHg) 8.4 ± 3.8 10.2 ± 4.5 0.15 

Heart frequency (bpm) 74 ± 13 84 ± 16 <0.05 

Stroke volume (ml) 64 ± 20 71 ± 23 0.28 

Cardiac output# (L/min) 4.8 ± 1.2 5.8 ± 2.2 0.09 

Cardiac index (L/min/m2) 2.9 ± 0.7 3.3 ± 1.3 0.29 

Arterial O2 saturation (%) 94 ± 3 93 ± 4 0.64 

Mixed venous O2 saturation (%) 66 ± 16 63 ± 9 0.44 

Pulmonary vascular resistance# (dynes/s/cm5) 523 ± 371 455 ± 293 0.78 

Mean right atrial pressure# (mmHg) 5.3 ± 3.8 7.1 ± 4.7 0.15 

 
Appendix table 1. Haemodynamic data of SSc-PH patients. All measurements were obtained by 
right heart catheterization. Comparisons performed with independent samples student t-testing. Data 
is presented as mean ± SD. #Log transformation is performed to obtain a normal distribution. 
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 SSc-nonPH SSc-PH p-value 

Spirometry and diffusion n=117 n=45  

     FVC (L) 3.48 ± 1.14 2.53 ± 0.88 <0.001 

     FVC (% pred) 106.4 ± 25.5 93.2 ± 23.6 0.003 

     FEV1 (L) 2.62 ± 0.85 1.85 ± 0.60 <0.001 

     FEV1 (% pred) 95.5 ± 22.1 82.3 ± 19.4 0.001 

     Tiffeneau index (%) 74.4 ± 9.5 73.0 ± 10.0 0.399 

     Tiffeneau index (% pred) 95.0 ± 11.8 95.8 ± 13.0 0.705 

     TLC (L) 5.01 ± 1.34 4.13 ± 1.17 0.002 

     TLC (% pred) 89.4 ± 18.3 78.7 ± 15.5 0.005 

     VC (L) 3.55 ± 1.14 2.57 ± 0.88 <0.001 

     VC (% pred) 107.9 ± 25.4 94.0 ± 23.4 0.002 

     ERV (L) 1.20 ± 0.58 0.87 ± 0.42 <0.001 

     DLco# (mmol/kPa.min) 5.59 ± 2.01 3.01 ± 1.15 <0.001 

     DLco (% pred) 64.9 ± 18.3 40.1 ± 12.8 <0.001 

     DLcoVA
# (DLCO/L) 1.37 ± 0.85 1.04 ± 0.75 <0.001 

     DLcoVA (% pred) 78.8 ± 17.6 60.7 ± 21.0 <0.001 

 Cardiopulmonary exercise testing n=44 n=40 p-value 

     Max work (Watts) 68.5 ± 31.4 44.2 ± 27.2 <0.001 

     Max work % pred 64.5 ± 30.5 49.3 ± 29.4 0.041 

     VO2 (L/min) 1.04 ± 0.33 0.71 ± 0.31 <0.001 

     VO2 (L/min) % pred 75.2 ± 32.1 61.0 ± 26.4 0.029 

     VO2
# (kg) 16.3 ± 7.6 10.7 ± 4.6 <0.001 

     VO2 (kg) % pred 63.4 ± 23.8 45.9 ± 17.2 <0.001 

     Hrmax (bmp) 131 ± 27 120 ± 22 0.045 

     HRmax % pred 81.8 ± 15.4 78.5 ± 13.0 0.292 

     O2 pulse (ml/beat) 8.08 ± 2.28 5.91 ± 1.88 <0.001 

     O2 pulse# % pred 93.4 ± 37.4 83.0 ± 31.7 0.242 

     Sat O2 pulse % pred 95.6 ± 6.4 91.8 ± 6.4 0.009 

     VE_BTPS 42.9 ± 13.5 43.7 ± 16.8 0.814 

     VE_BTPS % pred 51.2 ± 17.1 59.1 ± 17.9 0.037 

 
Appendix table 2. Spirometry, diffusion and cardiopulmonary exercise testing.  #Log 
transformation performed to obtain normal distribution of the data. FVC: Forced vital capacity; FEV1: 
forced expiratory volume in 1 second; Tiffeneau index: FEV1/VC; TLC: total lung capacity; VC: vital 
capacity; ERV: expiratory respiratory volume; DLco: diffusion capacity; DLcoVA : diffusion capacity 
corrected for alveolar volume. Groups are compared using independent samples t-testing. Data is 
presented as mean ± SD. 
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  SSc-nonPH SSc-PH  

Spirometry and diffusion 
non-ID 
n=98 

ID
n=19 

non-ID
n=25 

ID 
n=20 pinteraction 

    FVC (L) 3.61 ± 1.15 2.78 ± 0.85** 2.43 ± 0.67 2.66 ± 1.08 0.014 

    FVC (% pred) 107.3 ± 2.60 101.5 ± 5.8 96.0 ± 22.2 89.7 ± 25.3 0.961 

    FEV1 (L) 2.71 ± 0.85 2.12 ± 0.63** 1.79 ± 0.42 1.93 ± 0.78 0.015 

    FEV1 (% pred) 96.0 ± 22.1 92.9 ± 22.4 85.6 ± 16.3 79.4 ± 22.8 0.718 

    Tiffeneau index (%) 74.4 ± 10.0 74.6 ± 6.2  73.2 ± 7.2 72.8 ± 12.8 0.873 

    Tiffeneau index (% pred) 94.7 ± 12.4 96.4 ± 8.0 96.4 ± 9.7 95.0 ± 16.4 0.501 

    TLC$ (L) 5.15 ± 1.38 4.43 ± 1.05 4.01 ± 0.80 4.26 ± 1.50 0.104 

    TLC$ (% pred) 90.5 ± 19.0 84.9 ± 14.8 80.7 ± 12.9 76.4 ± 18.2 0.874 

    VC(L) 3.68 ± 1.15 2.86 ± 0.86** 2.47 ± 0.68 2.70 ± 1.09 0.012 

    VC (% pred) 108.6 ± 25.5 104.6 ± 25.7 98.3 ± 22.6 87.9 ± 23.9 0.517 

    ERV (L) 1.27 ± 0.59 0.82 ± 0.34** 0.87 ± 0.38 0.86 ± 0.49 0.034 

    DLco$# (mmol/kPa.min) 5.85 ± 2.02 4.31 ± 1.38** 2.88 ± 0.95 3.16 ± 1.35 0.011 

    DLco (% pred) 66.5 ±18.2 56.9 ± 17.0* 39.9 ± 11.4 40.4 ± 14.6 0.139 

    DLcoVA
# (DLCO/L) 1.41 ± 0.92 1.20 ± 0.41 0.97 ± 0.68 1.11 ± 0.89 0.188 

    DLcoVA (% pred) 79.1 ± 18.0 77.1 ± 17.6 58.1 ± 13.8 63.6 ± 26.9 0.681 

Cardiopulmonary 
exercise testing 

non-ID 
n=33 

ID
n=12 

non-ID
n=24 

ID 
n=18 

pinteraction 

    Max work (Watts) 74.9 ± 29.9 43.3 ± 25.4** 55.1 ± 24.5 39.8 ± 19.5 0.104 

    Max work % pred 66.2 ± 29.7 52.7 ± 31.5 60.2 ± 30.1 41.2 ± 18.9* 0.694 

    VO2 (L/min) 1.11 ± 0.32 0.87 ± 0.31 0.70 ± 0.31 0.71 ± 0.31 0.104 

    VO2 (L/min) % pred 72.5 ± 32.3 82.6 ± 31.7 64.0 ± 27.1 57.2 ± 25.6 0.218 

    VO2
# (kg) 17.4 ± 8.3 13.4 ± 4.2 11.1 ± 5.1 10.2 ± 3.9 0.402 

    VO2 (kg) % pred 66.2 ± 24.7 56.0 ± 20.6 48.5 ± 18.7 42.4 ± 14.9 0.782 

    HRmax (bpm) 137 ± 24 113 ± 27** 119 ± 22 122 ± 22 0.015 

    HRmax % pred 85.6 ± 13.4 71.7 ± 16.3** 77.4 ± 14.0 80.1 ± 11.5 0.011 

    O2 pulse (ml/beat) 8.15 ± 1.99 7.88 ± 3.04 6.00 ± 1.84 5.78 ± 2.01 0.952 

    O2 pulse# % pred 93.2 ± 51.3 109.6 ± 44.8 92.5 ± 41.3 75.5 ± 32.6 0.057 

    Sat O2 pulse % pred 95.5 ± 1.17 95.8 ± 1.8 92.5 ± 1.3 90.9 ± 1.6 0.536 

    VE_BTPS 44.9 ± 13.5 37.5 ± 12.4 42.5 ± 15.6 45.3 ± 18.6 0.143 

    VE_BTPS % pred 50.3 ± 17.7 53.5 ± 15.8 59.1 ± 18.5 59.2 ± 17.7 0.694 

 
Appendix table 3.  ID effects on spirometry, bodybox, diffusion and cardiopulmonary exercise
parameters. Non-ID: non iron deficient. ID: iron deficient. #Log transformation performed to obtain 
normal distribution. All data was tested with two-way analysis of variance. *p<0.05. **p<0.01. 
***p<0.001. $Total lung capcity measurements were not performed in all patients: non-ID SSc-nonPH 
n=58, ID SSc-nonPH n=14, non-ID SSc-PH n=17, ID SSc-PH n=15. In 4 of the 98 non-ID SSc-nonPH 
patients who underwent spirometry, no diffusion measurements were performed. In addition, also 3
out of 25 non-ID SSc-PH patients had no DLCO measurements. 
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ABSTRACT 

 

Background 

In pulmonary arterial hypertension (PAH), high right ventricular (RV) power output requires 

increased myocardial oxygen consumption. Oxygen supply, however, does not increase in 

proportion. It is unknown what cellular mechanisms underlie this lack of adaptation. We 

therefore determined oxygen supply parameters in RV tissue slices of deceased PAH 

patients and compared them with RV tissue of patients who died from left ventricular 

myocardial infarction (MI). Because autopsy tissue only reflects end-stage disease, rat 

models with stable and progressive pulmonary hypertension (PH) were studied as well. 

 

Methods 

Myocardial tissue of 10 PAH and 10 MI patients was collected at autopsy. In rats, stable PH 

(n=6) and progressive PH (n=6) was induced by 40 or 60 mg/kg monocrotaline, respectively. 

Six rats were used as controls. 

 

Results 

RV cardiomyocyte cross-sectional area was strongly increased in PAH compared with MI 

patients (p< 0.001), whereas capillary density decreased (p<0.01). Rat data showed similar 

RV hypertrophy in stable and progressive PH, and RV capillary density was decreased in 

both (p<0.01 and p<0.0001 vs control rats, respectively). RV myoglobin protein content and 

functional concentration were reduced in both human and rat PH RVs. In rats, this results 

from a lack of increase in myoglobin mRNA transcription per cardiomyocyte nucleus. 

 

Conclusions 

All measured cellular oxygen supply parameters are decreased in the failing human and rat 

pulmonary hypertensive RV. In contrast to stable PH rats, compensatory adaptations do not 

occur in end-stage PAH, despite higher myocardial oxygen consumption. 
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INTRODUCTION 

 

Results from pre-clinical studies strongly suggest that, in pulmonary arterial hypertension 

(PAH), disturbances of the balance between oxygen supply and demand of the right 

ventricular (RV) myocardium underlies the transition from RV adaptation to failure.1-4 A 

clinical study in PAH patients revealed that RV myocardial oxygen consumption is 

significantly increased.5,6 This is due to increased RV power secondary to high RV afterload 

but also due to decreased RV mechanical efficiency in the failing RV.5,6 On the other hand, 

oxygen supply measured as myocardial perfusion per gram myocardial tissue is decreased 

in end-stage disease.7,8 These results show that, especially in end-stage RV failure, oxygen 

consumption is increased but not compensated by an increased blood supply.7-9 It remains 

unknown what adaptations in oxygen supply occur at the cellular level in oxygen supply 

parameters such as capillarization and the intracellular oxygen transporter myoglobin. For 

this reason, we investigated these parameters in tissue of autopsy hearts from patients who 

died from end-stage right heart failure due to PAH. In addition, to investigate the change in 

these parameters from stable disease to RV failure, we made use of a stable, non-failing 

pulmonary hypertension (PH) rat model and an end-stage disease PH model.  

  

 

METHODS 

 

Human autopsy material  

Myocardial tissue was collected during autopsy of 10 PAH patients who died from end-stage 

right heart failure. Myocardial tissue from 10 patients who died from an acute left ventricular 

(LV) myocardial infarction (MI) was used for comparison. From all patients, both LV and RV 

tissue was sampled and frozen in liquid nitrogen and stored at -80°C. Written consent to 

obtain body material for research purposes was obtained simultaneously with consent for 

autopsy from the closest relative.  

 

Rat autopsy material 

Rat tissue was obtained from animals previously used in a study with another research goal, 

by Handoko et al.10 The study was approved by the local animal ethics committee. 

Monocrotaline (MCT) was injected subcutaneously in male Wistar rats to induce PH. Stable 

PH was induced with a dose of 40 mg/kg MCT (n=6) and severe progressive PH resulting in 

RV failure was induced after injection of 60 mg/kg MCT (n=6). Six healthy rats were used as 

controls. Three weeks after MCT injection or when heart failure (defined by >10% body 

weight loss per day for 2 consecutive days) was obviously present, cardiac function was 

measured with echocardiography before the rats were euthanized and the heart was 

harvested. The heart was perfused with Tyrode solution (120 mmol/liter NaCl, 5 mmol/liter 

KCl, 1.2 mmol/liter MgSO4, 2.0 mmol/liter Na2HPO4, 27 mmol/liter NaHCO3, 1 mmol/liter 

CaCl2, 10 mmol/liter glucose and 20 mmol/liter 2,3-butanedione monoxime, equilibrated with 

95%/5% O2/CO2 at 10ºC and pH 7.6) to remove the blood, frozen in liquid nitrogen and 

stored at -80°C.11 Rat cardiac function data prior to killing have been described in detail by 
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Handoko et al.10 Stable PH rats had a preserved cardiac output, whereas the progressive PH 

rats developed right heart failure.10  

 

To assess the cellular determinants of oxygen supply, we measured the following 

parameters: cardiomyocyte cross-sectional area (CSA); capillary density; myoglobin protein 

content and functional concentration; and myoglobin mRNA levels. Furthermore, we 

measured p53 and vascular endothelial growth factor (VEGF) protein levels to gain more 

insight in the pathways that lead to changes in the oxygen supply determinants. Cryostat 

sections of 5-μm thickness were cut from the human myocardial tissue and rat heart apex 

before storage at -80°C.  

Cardiomyocyte cross sectional area (CSA) was determined in hematoxylin and eosin (H&E)-

stained cryostat sections. CSA was measured in 20 cardiomyocytes, which were cut 

perpendicularly to their longitudinal axis.  

Capillaries were demonstrated using Von Willebrand factor staining. Due to freezing damage 

it was difficult to clearly demonstrate capillaries in the cryostat sections from PAH patients. 

Therefore, the staining was performed on paraffin-embedded tissue in PAH patients. From 

MI patients and rat hearts, cryostat sections were used because there was less freezing 

damage and no paraffin-embedded slices were available from these groups. Cryostat 

sections were fixed with 4% formaldehyde before incubation in subsequently 10 minutes 1% 

Triton, 7 minutes 3% H2O2 and 20 minutes in 3 ml 5% normal swine serum in phosphate-

buffered saline. The paraffin sections were treated with citrate at 94°C before incubation with 

the normal swine serum. Then sections were incubated overnight at 4°C with anti-human von 

Willebrand factor (Dako Denmark A/S, Glostrup, Denmark). After washing in phosphate 

buffered saline, the sections were incubated for 30 minutes with a secondary biotin-labeled 

antibody and for 30 minutes in avidin-biotin complex, followed by 10 minutes 3,3’-

diaminobenzidine staining. Capillaries were counted and expressed as number per 

cardiomyocyte and per area. 

Myoglobin, p53 and VEGF protein content. Human myocardial tissue and rat ventricles were 

homogenized and protein analysis was performed with gel electrophoresis (4% to 15% 

acrylamide gels) and western blotting. Myoglobin protein was demonstrated with a primary 

polyclonal rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA)  and secondary 

polyclonal goat anti-rabbit antibody (Dako, Denmark A/S). p53 was identified with primary 

mouse monoclonal antibody (Cell Signalling, Merck Millipore, Darmstadt, Germany) and 

secondary goat anti-mouse antibody (Calbiochem, Merck Millipore, Darmstadt, Germany). 

VEGF was demonstrated with primary mouse monoclonal antibody (Santa Cruz 

Biotechnology) and secondary goat anti-mouse antibody (Calbiochem). All signals were 

normalized to α-actin with primary monoclonal anti-actin mouse antibody (Sigma Aldrich, St. 

Louis, MO) and secondary polyclonal goat anti-mouse antibody (Calbiochem). AIDA software 

was used for quantification of the signals (AIDA, 4.21.033, Raytest, Strau-Benhardt 

Germany). 

Functional myoglobin concentration was calculated from myoglobin peroxidase activity in 

individual cardiomyocytes as described in detail before.11,12 Briefly, cryostat sections were 

freeze-dried and vapor-fixed with paraformaldehyde for 60 minutes at 70°C. Then the 
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sections were fixed for 10 minutes at room temperature in 2.5% glutaraldehyde in 0.07 

mol/liter sodium phosphate buffer, and then incubated for 1 hour in a medium consisting of 

59 ml 50 mmol/liter Tris/80 mmol/liter KCl buffer with 25 mg ortho-tolidine (Sigma Aldrich) in 

2 ml 96% ethanol and 1.43 ml 70% tertiary-butyl-hydroperoxide (Fluka Chemie, Buchs, 

Switzerland). The functional myoglobin concentration was calculated using sections cut from 

gelatine blocks containing known concentrations of equine myoglobin as standards. 

Interstitial space was measured in sections incubated for succinate dehydrogenase activity 

as described in detail elsewhere.13  

Image analyses. Images were obtained as described elsewhere11 and analyzed with 

IMAGEJ, version 1.39a for Windows (National Institutes of Health, Bethesda MD), taking the 

pixel:aspect ratio into account.  

Quantitative polymerase chain reaction (qPCR) Ribonucleic acid (RNA) extraction and real-

time PCR analysis were carried out as described elsewhere.14 Briefly, small parts (mean 

weight 38.9 mg) were dissected from the frozen rat hearts. Total RNA was extracted using 

RiboPure kit (Applied Biosystem, Carlsbad, CA) and processed according to the 

manufacturer’s instructions. RNA concentration and purity (260/280 nm mean ratio 2.02, 

range 1.9 to 2.05) were measured using spectroscopy (Nanodrop Technologies, Wilmington, 

DE). Total RNA concentration was expressed in micrograms of RNA per milligram of muscle 

tissue. Five hundred nanogram of total RNA per muscle was reverse transcribed using the 

high-capacity RNA-to-cDNA kit (Applied Biosystems). For each PCR target, 5 µl of the RT 

reaction product was amplified in triplicate using Fast SYBR Green mastermix (Applied 

Biosystems). The following transcripts were targeted: 18S ribosomal RNA (18S rRNA) and 

myoglobin messenger RNA (mRNA). Primers used were: for 18rRNA 5’-

GTAACCCGTTGAACCCCATT3’ (forward) and 5´CCATCCAATCGGTAGTAGCG3’ (reverse) 

and for myoglobin 5’ GACAACATGCTGCTGAGATCCA 3’ (forward) and 5’ 

TTGACCGGGATCTTGTGCTT3’ (reverse). Real-time PCR was performed on a StepOne 

Real-Time PCR system (Applied Biosystems). The amplification efficiency of the primers 

used was 91.7% to 102.0%, and melting curve analysis demonstrated specific amplification. 

The range of cycle threshold values was 17 to 25. For 18S rRNA, mean cycle threshold 

values were converted into relative concentrations by 2-Ct. For myoglobin mRNA, 18S rRNA 

cycle threshold was subtracted from the mean cycle threshold value of myoglobin ∆Ct and 

converted into relative concentrations by 2-∆Ct. For comparison of the myoglobin 

concentration (i.e., myoglobin mRNA per milligram heart tissue), the ratio myoglobin 

mRNA/18S RNA was multiplied by total RNA per milligram of heart tissue corrected for the 

fraction of interstitial space. To determine whether the myoglobin mRNA content per nucleus 

was changed, the myoglobin concentration was multiplied by the mean CSA of the 

cardiomyocytes.15 

 

Statistical analysis  

Clinical parameters and LV or RV data of PAH and MI patients were compared using a 2-

tailed, non-paired t-test. For comparison within the MI or PAH-group, paired t-test was 

performed. For the rats, 1-way analysis of variance (ANOVA) with Bonferroni’s post hoc test 

was done on the mean values for each rat to compare the 3 groups. LV and RV data within 1 
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group were tested with paired t-tests. All analyses were performed with GraphPad PRISM 

version 5.00 (GraphPad Software, San Diego, CA). All data are presented as mean ± 

standard deviation, unless stated otherwise. p<0.05 was considered statistically significant.  

 

 

RESULTS 

 

Human data 

Regardless the different etiology within the PAH group, all patients died from end-stage right 

heart failure, as is shown in Table 1. The two patients with connective tissue disease had 

limited scleroderma without significant pulmonary fibrosis on high-resolution computed 

tomography.  

 

 

Patient 
Age of 
death (y) 

Cause of death Diagnosis 

Pulmonary arterial hypertension patients 

1 61 End-stage right heart failure Portopulmonary hypertension 

2 66 End-stage right heart failure Connective tissue disease PAH 

3 32 End-stage right heart failure Shunt-related PAH 

4 65 End-stage right heart failure Connective tissue disease PAH 

5 55 End-stage right heart failure Idiopathic PAH 

6 47 End-stage right heart failure with cardiac 
decompensation after acute pulmonary embolism 

Idiopathic PAH 

7 73 End-stage right heart failure complicated with 
pneumonia and LV infarction  

Pulmonary venous occlusive disease 

8 61 End-stage right heart failure complicated by 
acute LV MI  

Idiopathic PAH 

9 84 End-stage right heart failure after complicated 
bowel surgery 

Pulmonary hypertension with atrial 
septal defect 

10 58 End-stage right heart failure complicated with 
pancreatitis 

Idiopathic PAH 

Myocardial infarction patients 

11 34 LV MI after asystole in epileptic insult Epilepsia 

12 54 Septal MI Coronary artery disease 

13 56 LV postero-septal MI Non-small-cell lung carcinoma 

14 64 LV posterior MI in multiple organ failure  Pneumonia with sepsis 

15 74 LV postero-lateral MI Aortic stenosis and CAD 

16 78 LV postero-septal MI Bowel infarction 

17 57 LV posterior MI Coronary artery disease 

18 69 LV lateral MI Aortic rupture 

19 62 LV postero-septal MI Coronary artery disease 

20 81 LV anterior MI Bronchus carcinoma 

 
Table 1. Patient characteristics. PAH: pulmonary arterial hypertension, LV: left ventricular, MI: 
myocardial infarction 
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Age of death of PAH patients was 60.2 ± 14.2 years (1 male, 9 females). The MI patients 

died at a mean age of 62.9 ± 10.3 years (4 males, 6 females). Although underlying diseases 

differed in the MI group, acute LV myocardial infarction was the cause of death in all patients. 

Mean time from death to autopsy was 0.9 ± 0.7 day in PAH and 0.8 ± 0.7 day in MIpatients. 

Hemoglobin and hematocrit levels were 6.9 ± 1.1 mmol/liter and 0.35 ± 0.05 liter/liter in PAH 

patients compared with 6.4 ± 1.4 mmol/liter and 0.32 ± 0.07 liter/liter in MI patients (both 

p>0.05), measured 7.7 ± 16.3 and 1.1 ± 1.6 days before death, respectively. 

 

 

 Baseline Last available measurement 

# PAP PVR CO CI SaO2 SvO2 mwd PAP PVR CO CI SaO2 SvO2 mwd 

2 47 427 5.8 2.7 95 63  28 314 5.9 3.0 96 65  

3 73 993 4.8 3.1 92 63 275 64 924 5.1 3.2 92 63 300 

4 57 831 4.8 2.7 95 66 273 57 831 4.8 2.7 95 66 304 

6 66 864 5.5 2.6 95 65 434 65 859 6.1 3.0 93 66 459 

7 53 954 2.9 1.7 96 66 160 53 954 2.8 1.7 93 66 77 

8 53 615 5.8 2.9 97 57 151 53 615 5.6 2.9 97 57 260 

9 46 490 2.7 3.4 84 63 204 46 490 2.7 3.4 84 63 204 

10 67 1744 2.9 1.9 90 54 310 49 875 4.9 2.5 95 63 294 

 
Table 2. Individual clinical characteristics of the PAH patients For Patients # 1 and 5, 
catheterisation and 6MWD data were not available at our centre. PAP: mean pulmonary arterial 
pressure (mmHg), PVR: pulmonary vascular resistance (dyn.s.cm-5), CO: cardiac output (L/min), CI: 
cardiac index (L/min.m2), SaO2: arterial saturation (%), SvO2: mixed venous saturation (%), mwd: 6 
minute walking distance (m). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Human cardiomyocyte cross-sectional area. 
RV cardiomyoyctes were significantly larger in PAH 
patients compared with MI RV and PAH LV, indicating 
RV hypertrophy. Typical examples of control (B) and 
PAH RV cardiomyoyctes (C) with hematoxylin and eosin 
staining. Data are presented as mean ± SEM. 
***p<0.001, ###p<0.001 vs LV. 
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Right heart catheterisation data and 6-minute walking distance (6MWD) in our center at time 

of PAH diagnosis were available from 8 PAH patients and individual data are shown in Table 

2. From these patients, the last available hemodynamic and walking distance data are also 

represented in Table 2. At time of PAH diagnosis, mean pulmonary artery pressure was 58 ± 

8 mmHg and mean pulmonary vascular resistance 865 ± 274 dynes/cm5 with mean cardiac 

output 4.1 ± 1.3 liters/min and mean cardiac index 2.6 ± 0.4 liters/min/kg. Arterial saturation 

was 93 ± 4 % and mixed venous saturation 62 ± 3 %. The 6MWD was 283 ± 88 m, which 

was 51% of the predicted distance. Mean duration of pulmonary hypertensive disease from 

diagnosis until death was 38 ± 22 months. 

 

RV cardiomyocyte CSA in PAH patients was significantly larger than in RV of MI patients 

(p<0.001) and also compared with LV CSA in PAH (p<0.001) (figure 1). Because the number 

of capillaries per cardiomyocyte remained similar, capillary density decreased in RV PAH 

compared with MI RV (p<0.01) and also compared with PAH LV(p<0.01) (figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Human  myocardial capillarization. (A)The number of capillaries per cardiomyocyte was 
similar in PAH and MI for both the LV and RV. (B) Due to the increased RV cross-sectional area, the 
capillary density decreased significantly in RV PAH compared with MI RV (p<0.01) and PAH LV 
(p<0.01). Typical examples of capillaries in MI (C) and PAH RV (D) The arrows indicate a capillary. 
Data are presented as mean ± SEM.  *p<0.05,  **p<0.01, ##p<0.01 vs LV. 
 

 

Both RV myoglobin protein content and functional myoglobin concentration were significantly 

reduced in PAH compared with MI RV (p<0.05) (figure 3). In addition, a large heterogeneity 

in myoglobin peroxidase activity was seen among cardiomyocytes in the RV of PAH patients. 

Higher RV p53 protein content in PAH patients compared with MI RVs was shown without 

changes in VEGF protein levels (figure 4). For the LV, cardiomyocyte CSA was similar in 



Right ventricular oxygen supply parameters are decreased in human and experimental pulmonary hypertension 

 51

PAH and MI patients (p=0.15) but capillary density  was higher in PAH compared with MI 

(p<0.05). No differences  in myoglobin protein content and functional concentration or p53 

and VEGF were found in LV.  

 

 

 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3. Human cardiomyocyte myoglobin. Both myoglobin protein content (A) and functional 
myoglobin concentration per cell (B) were significantly reduced in human PAH RVs compared with MI 
patients. (C) Typical example of western blotting of the myoglobin protein. Myoglobin peroxidase 
activity staining in MI (D) and PAH (E) patients showing reduced activity (lower functional myoglobin 
concentration) and more heterogeneity in PAH RV cardiomyocytes. All data are presented as mean± 
SEM. *p<0.05. 
 

 

Figure 4. Human p53 and VEGF protein content. (A) The oncogenic factor p53 is upregulated in RVs 
of human PAH patients compared with MI patients. There were no significant changes in VEGF 
protein between the different groups (B). All data are presented as mean ± SEM. *p<0.05. 
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Rat model 

RV cardiomyocyte CSA was increased to the same extent in both stable PH (594 ± 142 µm2) 

and progressive PH rats (604 ± 111 µm2) compared with control RV (339 ± 115 µm2, 

p<0.001), as reported previously.10 The number of capillaries per cardiomyocyte remained 

similar in the three groups for  both LV and RV (figure 5A). Due to the large increase in RV 

CSA, the RV capillary density was thus significantly reduced in both stable PH (p<0.01) and 

progressive PH (p<0.001) compared with control RV. RV capillary density in progressive PH 

was also significantly lower compared with LV (p<0.05) (figure 5B).  

 

 
Figure 5. Rat myocardial capillarization. (A) The number of capillaries per cardiomyocyte remained 
similar in the different groups in the LV and RV. (B) Capillary density was lower in the RV of stable PH 
and even more decreased in progressive PH compared with control RV. The LV showed a similar 
pattern. Data are presented as mean ± SEM. **p<0.01,  ***p<0.001, #p< 0.05 vs LV. 
 

 

Figure 6A and 6B shows significantly decreased myoglobin protein content (p<0.05) and 

functional myoglobin concentration (p<0.001) in progressive PH RV compared with control. 

This may be due to reduced myoglobin mRNA. As is demonstrated in figure 6C, the RV 

myoglobin mRNA concentration per milligram of heart was unaltered in PH. However, the 

amount of RV myoglobin mRNA per cardiomyocyte nucleus was significantly increased in 

stable PH compared with control (p<0.05) (figure 6D). In progressive PH, the RV myoglobin 

mRNA value per nucleus was not different from either controls or stable PH rats (figure 6D). 

Although not statistically significant, figure 7A shows a trend towards p53 upregulation in 

progressive PH RVs. Similar to the human data, no changes in VEGF protein levels were 

found (figure 7B). 
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Figure 6. Rat cardiomyocyte myoglobin. (A) RV myoglobin protein content (measured by western 
blotting) decreased significantly in progressive PH rats compared with control. The LV showed a 
similar pattern. (B) RV functional myoglobin concentration (measured as myoglobin peroxidase 
activity) decreased significantly in progressive PH rats compared with control and compared with 
stable PH rats. In the LV, functional myoglobin concentration was unchanged. (C) Myoglobin mRNA 
concentration per milligram of heart was not significantly different between the groups. (D) However, 
RV myoglobin mRNA per nucleus was significantly increased in stable PH compared with control, but 
was unchanged in progressive PH right ventricle. Data are presented as mean ± SEM. *p<0.05, 
**p<0.01, ##p<0.01 vs LV. 
 

 
Figure 7. Rat cardiomyocyte p53 and VEGF protein content. (A) Although there seems to be a trend 
toward upregulation of p53 in progressive PH rat right ventricles, this did not reach statistical 
significance. (B) No differences in VEGF could be seen in any of the PH rat groups. Data are 
presented as mean ± SEM. 
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DISCUSSION 
 

To the best of our knowledge the present study is the first to show that, in human end-stage 

PAH, oxygen supply parameters at the cellular level are decreased rather than increased. 

Because it has been previously shown that oxygen consumption is increased in PAH, this 

indicates a mismatch between oxygen supply and demand, which could contribute to the 

development of right heart failure in the progression of the disease. 

 

Unlike the left ventricle where systemic pressure may rise by about 50%, the RV in PAH 

often faces a 4-fold increase in mean pulmonary artery pressure. This results in higher heart 

rate, increased RV power output and reduced mechanical efficiency.5,6 Accordingly, the RV 

needs to hypertrophy to a greater extent.16 Whereas, in the healthy RV myocardial oxygen 

consumption per gram is normally about 4 to 5 ml O2/(min/100g)17, in PAH it is higher, at 7 to 

9ml O2/(min/100g).5 As a consequence, oxygen supply to the RV myocardium should 

increase as well. However, van Wolferen et al. showed that in IPAH and chronic 

thromboembolic PH-patients, systolic right coronary artery flow is lower compared with 

healthy controls, and this effect was more pronounced in patients with severe pulmonary 

hypertension.9 In addition, Vogel-Claussen et al. showed that myocardial perfusion reserve 

indexes were lower in PAH patients compared with healthy controls.7  

 

In the present study we gave more insight in the cellular mechanisms of the clinically 

described reduced oxygen supply to the RV myocardium in PAH. We showed that RV 

cardiomyocyte CSA is indeed largely increased in both human and animal end-stage PAH. 

Interestingly, the amount of hypertrophy was similar in stable and progressive P -rats. This 

indicates that the amount of hypertrophy itself does not cause problems in oxygen transport. 

However, a decrease in capillary density could contribute to lower oxygen supply. Our finding 

of more severe capillary density loss in progressive failing PH compared with adaptive, 

stable PH offers insight into why RV oxygen supply becomes compromised in failing PAH. 

This seems to be a heart failure-specific phenomenon as this phenomenon as it was 

confirmed in human heart tissue and has been described in sugen-hypoxia-induced PAH rats 

and rats with LV MI.18,19 In addition, we demonstrated that RV p53, which is a strong hypoxia-

inducible factor 1α (HIF-1α) inhibitor, was upregulated in human PAH, with a similar trend 

shown in progressive PH rats. Despite high p53, VEGF levels were not significantly reduced 

in the current data set. To increase angiogenesis, mechanical signals, such as capillary flow 

and stretch of the vessels, are necessary together with increased levels of VEGF.20 Thus, a 

lack of increase in VEGF levels in combination with the cardiomyocyte hypertrophy may 

explain the reduced RV capillary density. This could underlie the lower RV myocardial 

perfusion in failing PAH and suggest that stimulating heart specific capillary angiogenesis 

may improve oxygen supply in the RV. 

 

Due to hypertrophy of the cardiomyocytes, the oxygen diffusion distance from the 

sarcolemma to the mitochondria in the PAH RV is increased. Increased facilitated oxygen 

diffusion to the mitochondria by myoglobin could compensate the increased diffusion 

distance,21 but we found that myoglobin was decreased in human PAH and progressive PH 
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rat RV failure. However, in the stable PH-rats, myoglobin concentration and content was still 

preserved. This indicates that a reduction in myoglobin could contribute to development of 

heart failure. This is supported by the increased amount of RV myoglobin mRNA per nucleus 

in stable PH rats, but not in progressive PH. Although mRNA levels are similar between 

controls and progressive PH rats, the CSA is much larger in progressive PH, thereby 

decreasing the myoglobin protein content and concentration. Lower myoglobin in heart 

failure has not been described previously, neither in right nor left heart failure, although some 

suggestions in this direction have been made.22,23 The novelty of the current research 

implicates that oxygen supply to the mitochondria could be improved by either increasing 

myoglobin synthesis or decreasing degradation. It remains unknown whether the latter plays 

a role in heart failure. Stimulating myoglobin synthesis however, could be a therapeutic 

strategy. This may be done with iron supplementation as iron is an important cofactor for 

myoglobin.24,25 Recent studies showed that iron deficiency is common in IPAH patients, and 

can decrease myoglobin concentration.26-29 In the case of low iron, hemoglobin is favored, 

thereby decreasing myoglobin synthesis even further.30 This highlights iron supplementation 

as a possible treatment to improve myoglobin-facilitated oxygen transport. 

 

Finally, it has been shown previously in experimental PH that the critical extracellular oxygen 

tension to prevent intracellular hypoxia is increased, requiring unphysiologically high capillary 

oxygen tension to prevent hypoxia in the cardiomyocytes.31 A similar calculation in the 

Appendix indicates that there is not enough oxygen available to prevent hypoxia of the 

cardiomyocytes in the human PAH heart when mitochondria are maximally stimulated. In 

addition, our study may explain the recent findings in severe IPAH patients, showing that 

oxygen extraction fraction, as measured by means of a radioactive oxygen tracer, is already 

maximal in resting conditions and thus cannot further increase during exercise.6,8,17 

 

To further explore the mechanisms that connect cardiac hypertrophy, reduced myoglobin 

levels and the lack of capillary angiogenesis, we demonstrate a schematic overview of 

proposed mechanisms in Appendix figure 1. Pressure overload results in increased 

intracellular calcium concentration and calcineurin upregulation. Subsequently, calcineurin 

dephosphorylates myocyte enhancer factor 2 (MEF2) and nuclear factor of activated T cells 

(NFAT), thereby initiating both the hypertrophy gene program as well as myoglobin gene 

transcription.21,32,33 In the current study, stable and progressive PH rats resembled similar 

hypertrophy. Thus hypertrophy cannot increase any further in progressive PH and is 

accompanied by lower myoglobin mRNA transcription. However, it remains unknown 

whether this is mediated via decreased MEF2 and NFAT signalling and it should be 

investigated in the future. Interestingly, myoglobin gene transcription requires not only 

increased intracellular calcium concentration, but also low oxygen levels, as was shown by 

Kanatous et al.34 However, low oxygen availability leads not only to activation of the 

calcineurin-MEF2/NFAT pathway but also stabilizes HIF-1α. Stabilization of HIF-1α is, along 

with other factors, needed for VEGF-induced angiogenesis. Sano et al. demonstrated that 

oncogenic factor p53 is upregulated during LV pressure overload.35 This resulted in inhibition 

of HIF-1α stabilization and lower VEGF-induced angiogenesis. In this study, we confirmed 
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these findings by showing higher p53 in PAH patients and rats and a lack of increase of 

VEGF levels, which could partly explain the reduced RV capillary density in end-stage PAH.  

VEGF can also directly stimulate myoglobin gene transcription via a currently undefined 

mechanism.36 van Weel et al. showed that VEGF gene therapy in ischemic mice could 

increase skeletal muscle myoglobin expression. They also demonstrated VEGF and 

myoglobin coexpression in human biopsies of ischemic hindlimb muscles and direct 

myoglobin mRNA expression upregulation upon human VEGF recombinant protein 

administration in cultured myotubes.36 This strongly suggests a direct role of VEGF in 

myoglobin expression and may represent the link between myoglobin content and 

capillarization.  

We suggest that increased p53 expression in PAH inhibits HIF-1α and blocks increasing 

VEGF production. As a result, VEGF-induced angiogenesis and myoglobin gene 

transcription are blunted and transition from adaptive RV hypertrophy to right heart failure 

occurs.  

 

Limitations 

A limitation of this study is that RV tissue from patients who died from an acute LV MI were 

used as a reference group. It can be postulated that these hearts are metabolically and 

mechanically challenged and therefore not the best reference. However, comparison with 

healthy controls would give more pronounced differences because the LV MI samples could 

have contributed to the lower LV MI capillary density compared with PAH LV, as it is known 

from experimental studies that MI is associated with reduced capillary density.19 In addition, it 

should be emphasised that the complications that occurred before death in some of the PAH 

patients, might have influenced our results.  

We did not count inflammatory cells, although the monocrotaline rat model with systemic 

vascular inflammation might raise some concern about RV inflammation. However, the small 

increase in inflammation in progressive PH rats has been shown to be restricted to the RV 

myocardium and not the left ventricle.10 This suggests that inflammation due to 

monocrotaline does not play a role in this study. In addition, in human PAH, no differences in 

RV inflammation have been described for IPAH patients compared with controls.37,38 

 

 

CONCLUSION 

 

Initial compensatory mechanisms at the cellular level to improve myocardial oxygen supply in 

the RV, as seen in a stable PH model, starts to fail when progressive PH develops in both 

rats and humans, despite higher myocardial oxygen consumption.  
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Appendix figure 1. Schematic overview of the proposed pathways that show the connection 

between hypertrophy, myoglobin and capillarisation. Motor nerve activity and low oxygen 

cause an increase in intracellular calcium content. Consequently, calcineurin is upregulated 

and dephosphorylates myocyte enhancer factor 2 (MEF2) and nuclear factor of activated T 

cells (NFAT). Dephosphorylated MEF2 and NFAT translocate into the nucleus and become 

important cofactors in both transcription of the myoglobin gene and (when NFAT forms a 

complex with GATA4), and in the transcription of the cardiac gene hypertrophy program. At 

the same time, low oxygen levels stabilise hypoxia inducible factor 1α (HIF-1α), leading to 

production of vascular endothelial growth factor (VEGF). VEGF is necessary for induction of 

angiogenesis, but can also directly induce myoglobin gene transcription via a currently 

undefined mechanism. However, in PAH, p53 is upregulated. p53 inhibits HIF-1α, thereby 

reducing the ability to increase VEGF production and thereby inhibiting both myoglobin gene 

transcription and angiogenesis. In addition, hypertrophy is similar in stable and progressive 

PH rats in the current study. Thus hypertrophy cannot increase any further in progressive PH 

and is accompanied by lower myoglobin mRNA transcription. Whether this is mediated via 

decreased MEF2 and NFAT signalling remains unknown and should be investigated in the 

future. The figure is composed from references 21, 33-36 from Chapter 4. 
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SUPPLEMENTARY DATA 

 

Capillary oxygen tension required to prevent hypoxia in hypertrophied 

cardiomyocytes 

It cannot be demonstrated directly that hypertrophied cardiomyocytes become hypoxic during 

exercise because it is impossible to measure oxygen tension (PO2) in the centre of 

cardiomyocytes in vivo. Here we calculate whether hypoxia can occur in hypertrophied 

cardiomyocytes using the autopsy data, a Hill type diffusion model taking myoglobin-

facilitated diffusion into account1 and Fick’s law. To do so, an estimate of the maximum rate 

of oxygen consumption of human cardiomyocytes (MVO2max) is also required. This can be 

calculated assuming that MVO2max is proportional to volume density of mitochondria in 

mammals and the maximum rate of oxygen consumption of different mammalian myocardial 

preparations in vitro.2  

Three independent estimates of human MVO2max can be made from: 1) the maximum rate of 

oxygen consumption of the dog heart, which has a similar volume density of mitochondria as 

the human heart (24% and 25% of the cardiomyocyte volume, respectively).3 During 

maximum exercise MVO2max of the dog is about 60 mlO2/100g/min, which corresponds to 

0.46 mM/s (for references and discussion see Elzinga and van der Laarse).4 2) MVO2max of 

rat myocardial trabeculae (0.58 mM/s)5 corrected for mitochondrial density (rat 32%, human 

25%)(3): human MVO2max = 25/32 x 0.58= 0.46 mM/s, 3) Mootha et al., who found MVO2max = 

0.47 mM/s in the dog, corresponding to 25/24 x 0.47= 0.49 in man, and 0.38 mM/s in pig 

heart, which has the same mitochondrial volume density as man.3,6 Based on these 

estimates, we take the normal human MVO2max = 0.45 mM/s. We found no significant 

difference of succinate dehydrogenase activity (determined as described by des Tombe et 

al.)7, between the RV (RV) and left ventricle of myocardial infarction and pulmonary arterial 

hypertension (PAH) patients in the present study (result not shown), indicating that PAH 

does not affect mean mitochondrial density in the RV.7 We conclude that RV MVO2max of 

PAH patients under hyperoxic conditions equals 0.45 mM/s. 

Using this MVO2, the cross-sectional area (Fig.1, Chapter 4), the myoglobin concentration 

(Fig. 3, Chapter 4), the diffusion coefficients for oxygen and myoglobin, and the P50 for 

myoglobin (for references and discussion see Bekedam et al.8), we calculate that the mean 

interstitial oxygen tension required to prevent hypoxia (PO2crit) equals 2.4 mmHg for control 

myocytes and 10.0 mmHg for hypertrophied cardiomyocytes. 

Assuming that oxygen supply is limiting MVO2max by a negligible percentage in normal 

muscle6,9, it is possible to calculate the permeability of the capillary endothelium and the 

interstitial space for oxygen using Fick’s law, because in the steady state the flux of oxygen 

entering the cardiomyocytes equals the flux of oxygen crossing the capillary endothelium. 

This flux per mm myocyte length is: 

 

CSA MVO2max = Dcap (PO2cap-PO2crit), 

 

where CSA is the cross-sectional area of the myocyte (325 10-6 mm2, Fig 1, Chapter 4), 

MVO2max = 0.45 mM/s (see above), Dcap is the permeability of capillary endothelium and 

interstitium (in nmol mm-1
myocyte s

-1 mmHg-1), PO2cap is the average capillary oxygen tension 
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and PO2crit is the interstitial oxygen tension required to prevent hypoxic cores in myocytes 

(2.4 mmHg). The average capillary PO2 used in the calculation is 40 mmHg, which equals 

P50 of the blood during maximum exercise in humans10 and approximates the mean of 

capillary arterial and venous PO2  in the hypertrophied RV.11 In control RV, we find Dcap = 3.9 

fmol mm-1
myocyte s

-1 mmHg-1. 

Because the number of capillaries per myocyte does not change in PAH (Fig. 2, Chapter 4), 

this value can also estimate capillary and interstitial permeability for oxygen in the 

hypertrophied RV. We calculate the required mean capillary PO2 in hypertrophied RV using 

Ficks’s law taking RV CSA = 824 10-6 mm2 (Fig. 1, Chapter 4) and PO2crit = 10.0 mmHg in 

hypertrophied myocytes. The result is that the mean capillary PO2 required to prevent 

hypoxia in hypertrophied myocytes is 105 mmHg. 

This is an unphysiological myocardial capillary PO2, indicating that the hypertrophied 

cardiomyocytes must become hypoxic when their mitochondria are maximally activated. 

Consequently, RV oxygen supply limits cardiac output under these conditions. 
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ABSTRACT 

 

Introduction 

In patients with pulmonary hypertension (PH), iron deficiency (ID) has been associated with 

reduced exercise capacity and worse survival. The underlying mechanisms and whether this 

can be reversed by iron supplementation are unknown. We examined the effects of 

intravenous iron therapy on exercise capacity, skeletal muscle cellular alterations and right 

ventricular function in iron deficient PH patients and further investigated possible 

mechanisms in a rat model of PH. 

 

Methods 

Fifteen patients with idiopathic pulmonary arterial hypertension (IPAH) and ID (serum iron 

<10 μmol/l, transferrin saturation <15% and serum ferritin levels below 100 μg/l) were 

included. Patients underwent a six-minute walk test, maximal and submaximal (75% of max) 

cardiopulmonary exercise tests, cardiac magnetic resonance imaging and a quadriceps 

muscle biopsy before receiving 1000 mg of intravenous ferric carboxymaltose. Twelve weeks 

later, all tests were repeated. In ID rats with monocrotaline-induced PH, iron supplementation 

effects on cardiac and skeletal muscle histology were measured. 

 

Results 

Exercise endurance capacity was increased (<0.05) and time of reaching anaerobic 

threshold was postponed after 12 weeks iron therapy (p<0.001). These improvements 

coincided with improved oxygen handling in high oxidative quadriceps muscle cells, although 

cardiac function at rest and VO2max were unchanged. A trend towards improved six-minute 

walking distance was found 12 weeks after iron therapy in IPAH patients (p=0.07). In ID PH 

rats, iron supplementation increased oxygen handling parameters in cardiomyocytes and 

skeletal muscle cells. 

 

Conclusion 

Intravenous iron therapy in ID IPAH patients improves exercise endurance capacity without 

altering cardiac function. This is associated with increased quadriceps muscle oxygen 

handling, as confirmed in an ID PH rat model. 
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INTRODUCTION  

 

Pulmonary hypertension (PH) is characterized by pulmonary arterial remodeling with high 

pulmonary vascular resistance and consequently a high afterload for the right ventricle. 

Eventually the right ventricle fails. Survival rates are poor despite PH specific therapy.1 The 

goal of treatment is to postpone the development of RV failure and to maintain exercise 

capacity and quality of life. 

Iron deficiency (ID) is common in PH patients.2-4 The high prevalence of ID in PH has been in 

part related to dysfunctional bone morphogenetic protein signaling and to high hepcidin 

levels, which reduce iron availability.3;4 The presence of ID in patients with idiopathic 

pulmonary arterial hypertension (IPAH) is associated with worse survival and lower exercise 

capacity, even though cardiac function at rest was unchanged2 Whether ID is an 

epiphenomenon or an intrinsic component of the pathology of PH is unknown. Compromised 

oxygen handling, i.e. oxygen transport and consumption, at the level of the skeletal muscles 

may cause the decreased exercise capacity in ID PH patients.2;5-7 ID can lead to deterioration 

of RV function.8-11 To address this, we have studied the effects of iron supplementation in PH 

patients. Consistent with inappropriately raised hepcidin levels, oral iron supplements are 

ineffective in restoring body iron stores in PAH.2 Based on previous experience in left heart 

failure, we elected to use intravenous iron.8-11  

Therefore, the aims of the present study are threefold: 1) to investigate whether intravenous 

iron increases iron storage in ID IPAH patients and improves exercise capacity. 2) To study 

the effects of intravenous iron on skeletal muscle cellular oxygen handling and RV function. 

3) To assess cellular alterations in the right ventricle of ID rats with experimental PH before 

and after restoration of iron levels. 

 

 

METHODS 

 

Iron deficient IPAH patients 

Patients who visited the department of Pulmonology of the VU University Medical Center 

between January 2011 and January 2013 were approached for this study. Inclusion criteria 

were: IPAH as diagnosed by mean pulmonary arterial pressure >25 mmHg at right heart 

catheterization according with European guidelines,1 receiving optimal PAH specific 

treatment, clinically stable for at least three months, and the presence of iron deficiency. Iron 

deficiency was defined as serum iron <10 μmol/l, transferrin saturation <15% (females) or 

<20% (males) and serum ferritin levels below 100 μg/l. Patients were excluded when they 

received iron therapy at admission, participated in another PH study medication trial, or when 

having a history of anemia, liver function impairment, or any other acute or chronic condition 

other than IPAH. The study was registered at ClinicalTrials.gov (NCT01288651) and 

approved by the Institutional Review Board on Research Involving Human Subjects 

(Amsterdam, The Netherlands). All patients gave written informed consent before inclusion. 
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Clinical study design 

The primary endpoint was change in six-minute walking distance (6MWD) from baseline to 

12 weeks after intravenous iron therapy, with secondary endpoints being maximal exercise 

and endurance capacity, cardiac and pulmonary function, blood iron parameters, quality of 

life and skeletal muscle oxygen handling at the cellular level. Patients who met the inclusion 

criteria were admitted to the hospital for two consecutive days. On the first day, blood was 

drawn for iron parameter measurements, lung spirometry and diffusion measurements were 

performed and a maximal cardiopulmonary exercise test (CPET) to measure maximal 

exercise capacity was done. Patients had to fill out a quality of life questionnaire (SF-36® 

Health Survey Update) and underwent cardiac magnetic resonance imaging (MRI) for 

cardiac function measurements. On day 2, they performed a six-minute walking test (6MWT) 

and a submaximal CPET (75% of max) as a measure of exercise endurance capacity, after 

which a quadriceps muscle biopsy was taken for determination of oxygen handling at the 

cellular level. A detailed description of all tests and methods is provided in Appendix I. 

Finally, an intravenous iron infusion was given with Ferricarboxymaltose (Ferinject ®, Vifor 

Pharma) 20 ml (equals 1000 mg of iron) dissolved in 250 ml NaCl 0.9%. The administration 

was given over a period of 2 hours. The study was not placebo-controlled, since no 

permission for a placebo group was given by the medical ethical committee. At the endpoint 

of the study, 12 weeks after first admission, all measurements were repeated in the same 

order but without the iron infusion.  

 

Study design iron deficient PH rats 

Thirty-six three weeks old male Wistar rats (Charles River Nederland BV, Amsterdam; body 

weight 50 g) were randomized for a normal (2019 Teklad Global 19% Protein Extruded 

Rodent Diet; PH rats, n=12) or ID diet  (TD.80396, Teklad Diets, Harlan Laboratories; PH-ID 

and PH-ID-S rats, n=12 per group) upon arrival at the animal facility (Appendix I Fig 1). In a 

small pilot study it appeared that PH induction with 60 mg/kg monocrotaline (MCT) was not 

feasible, as all ID rats developed very severe PH and died prematurely. All subsequent rats 

received a subcutaneous injection of 40 mg/kg MCT (Appendix I Fig 1) two weeks after 

arrival and introduction of the diet. To restore iron levels, PH-ID-S rats were, after two weeks 

of MCT, returned to the normal diet which contains high levels of iron for iron 

supplementation. At 5 weeks after starting the study (endpoint), all rats underwent 

echocardiography.12 After sacrifice, organs were harvested and blood was drawn. The heart 

was perfused with Tyrode solution to remove the blood and, similar to the other organs, 

snap-frozen in liquid nitrogen and stored at -80°C.13 Oxygen handling parameters in the heart 

and soleus muscle were measured with histochemistry and western blotting. Cardiomyocyte 

cross sectional area, capillarisation, mitochondrial oxidative capacity, myoglobin, 

inflammation and fibrosis were determined as described in detail in Appendix I. The study 

was approved by the local animal ethics committee.  

 

Statistical analysis 

PH rats were compared with one-way analysis of variance with Bonferroni post-hoc testing to 

compare PH with PH-ID and PH-ID with PH-ID-S rats. All data from patients before and after 

iron administration was compared with paired Student’s t-testing. All analyses were 
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performed with Graphpad Prism 5.00 (Graphpad Software, San Diego, California, USA) and 

SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Data are presented as mean ± SD, unless stated 

otherwise. A p-value <0.05 was considered statistically significant.  

 

 

RESULTS 

 

Intravenous iron administration in iron deficient IPAH patients 

Patients  

Eighteen IPAH patients were included for this study of which three patients did not finish the 

protocol. One patient presented with atrial flutter during admission, one patient withdrew from 

the study before finishing the protocol and one patient was excluded because erythropoietin 

was administered to that patient in another hospital during the follow-up period. Baseline 

characteristics of the 15 patients which were analyzed are shown in Table 1. All patients 

received the total amount (1000 mg) of intravenous iron after the baseline measurements. 

Two patients had minor complaints of frontal headache during the infusion, which resolved 

shortly thereafter. No other side effects were noted.  

 

 

 Mean ± SD 

General characteristics  

    Male / female (n) 1 / 14 

    Age (yrs) 57 ± 13 

    NYHA functional class (II/III) 9 / 6 

    Body mass index (kg/m2) 30.1 ± 5.7 

Pulmonary hypertension treatment  

    Single ERA (n) 4 

    Single prostanoids (n) 4 

    Combination ERA/PDE5 inhibitor (n) 2 

    Combination ERA/Prostanoid (n) 1 

    Triple therapy ERA/PDE5/Prostanoid (n) 4 

    Treatment duration (months) 70 ± 42 

Hemodynamic parameters at diagnosis  

    Mean pulmonary arterial pressure (mmHg) 46 ± 15 

    Mean right atrial pressure (mmHg) 7 ± 4 

    Pulmonary vascular resistance (dyn/s/cm5) 672 ± 394 

    Cardiac output (L/min) 5.7 ± 2.7 

    Cardiac index (L/min/m2) 2.9 ± 1.3 

    Arterial saturation (%) 94 ± 4 

    Mixed venous saturation (%) 69 ± 10 

 

Table 1. Patient characteristics. NYHA: New York Health Association, ERA: endothelin receptor 
antagonist, PDE5 inhibitor: phosphodiesterase type-5 inhibitor. Hemodynamic parameters were 
obtained from right heart catheterization performed in the PH diagnosis period. 
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Iron therapy effects on exercise 

The primary endpoint, 6MWD, showed a trend towards improved walking distance after iron 

therapy (pre 409 ± 110 versus post 428 ± 94 m, p=0.07) (Fig 1A). Secondary endpoints 

maximal workload and maximal VO2, determined by CPET, were unchanged by iron therapy 

(Appendix I Table 1). However, the time to reaching the anaerobic threshold was significantly 

increased after iron therapy (pre 175 ± 33 versus post 238 ± 43 sec, p<0.001) as shown in 

Figure 1B. Exercise endurance capacity was markedly improved, as IPAH patients were able 

to exercise 51% longer compared with baseline after iron therapy (pre 269 ± 89 versus post 

405 ± 210 sec, p<0.05) (Fig 1C). More details about the maximal and submaximal CPET and 

pulmonary function tests are provided in Appendix I Tables 1, 2 and 3.  
 

Figure 1. Exercise capacity in ID IPAH patients before and after iron administration. (A) 6-minute 
walking distance (6MWD) showed a trend towards improvement after iron therapy. (B) The moment of 
anaerobic threshold (AT) during maximal cardiopulmonary exercise testing (CPET) was significantly 
postponed after iron therapy. (C) At a submaximal level (75% of maximum achieved workload at 
maximal CPET), patients were able to bike significantly longer after iron therapy. 
 

 

Iron therapy effects on the heart 

Three patients could not undergo cardiac MRI due to obesity or claustrophobia, therefore 

cardiac MRI was performed in a subset of 12 patients. As is demonstrated in Table 2, cardiac 

function was unchanged after iron therapy. Although there was a trend towards higher LV 

and RV free wall mass index after iron therapy, cardiac index as well as left and right 

ventricular ejection fractions at rest remained stable (Table 2).  

 

 

Iron administration increased body iron stores  

Table 3 shows general hematology and iron status at baseline and end of study. All iron 

related parameters were significantly increased 12 weeks after iron administration, without a 

change in NT-proBNP. Serum hepcidin values were low at baseline and remained low until 

the end of the study (Table 3). Quality of life was improved after iron treatment as indicated 

by a higher total score in the SF-36 questionnaire (pre 47 ± 19 versus post 56 ± 19 %, 

p<0.05). This was mainly due to a better mental health (pre 49 ± 10 versus post 60 ± 17 %, 

p<0.01), although a trend towards a better physical health was also observed (pre 39 ± 20 

versus post 46 ± 20, p=0.09). 
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 Pre-iron Post-iron p-value 

LV ejection fraction (%) 62 ± 12 59 ± 4 0.37 

RV ejection fraction (%) 40 ± 21 39 ± 21 0.77 

LV EDV index (ml/m2) 58 ± 21 53 ± 17 0.11 

RV EDV index (ml/m2) 104 ± 61 98 ± 56 0.08 

SV index (ml/m2) 35 ± 15 32 ± 12 0.19 

Heart rate (bpm) 85 ± 18 81 ± 15 0.31 

Cardiac index  (L/min/m2) 2.8 ± 0.9 2.5 ± 0.8 0.12 

LV free wall mass index (g/m2) 59 ± 15 62 ± 17 0.10 

RV free wall mass index (g/m2) 51 ± 29 56 ± 31 0.06 

 
Table 2. Cardiac function in IPAH patients determined by cardiac MRI. LV: left ventricular, RV: 
right ventricular, EDV: end diastolic volume, all parameters are corrected for body surface area of the 
patients. 
 

 

 Pre-iron Post-iron p-value 

C-reactive protein (mg/L)  7 ± 8 5 ± 4 0.38 

Hemoglobin (g/dL) 13.4 ± 1.7 15.1 ± 1.5 <0.001 

Hematocrit (L/L) 0.40 ± 0.05 0.45 ± 0.06 <0.001 

Erytrhocytes (*1012/L) 4.8 ± 0.6 5.2 ± 0.7 <0.05 

Mean corpuscular volume (fl) 82 ± 4 88 ± 3 <0.01 

Creatinine (µmol/L) 74.3 ± 15.7 71.7 ± 15.3 0.71 

NT-proBNP# (ng/L) 1339 ± 2545 1753 ± 4559 0.21 

Serum iron (µmol/L) 9.6 ± 4.8 16.1 ± 6.1 <0.01 

Total iron binding capacity (µmol/L) 73 ± 10 61 ± 9 <0.01 

Transferrin saturation (%) 13.6 ± 6.7 27.3 ± 13.4 0.001 

Serum ferritin# (µg/L) 44 ± 79 199 ± 225 <0.001 

Soluble transferrin receptor# (nmol/L) 36 ± 15 25 ± 7 <0.001 

Interleukin-6 (pg/mL) 3.2 ± 0.5 3.2 ± 0.3 0.85 

Hepcidin# (ng/mL) 4.5 ± 4.5 6.6 ± 4.4 0.07 

 
Table 3. Hematology parameters in IPAH patients at baseline and endpoint Paired t-tests, #log-
transformation to obtain a normal distribution. NT-proBNP: N-terminal prohormone of brain natriuretic 
peptide. 
 

 

Iron therapy effects on skeletal muscle oxygen transport  

Twelve patients consented to a quadriceps muscle biopsy. In two patients, the biopsy 

procedure did not result in sufficiently high quality material. Biopsy analysis was therefore 

performed in a subset of 10 patients. Myoglobin concentration (pre 0.34 ± 0.17 versus post 

0.44 ± 0.11 mM, p<0.05) and mitochondrial oxidative capacity (pre 0.06 ± 0.01 versus post 
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0.09 ± 0.02 nmol/mm3/sec, p<0.05) were both significantly increased in low oxidative cells 

after iron therapy, as well as total myoglobin protein content  (pre 0.5 ±  0.4 versus post 1.1 ±  

0.6 a.u., p<0.05) (Fig 2). Furthermore, the number of capillaries per myocyte (pre 1.0 ± 0.4 

versus 1.2 ± 0.2 cap/myocyte, p=0.45) of the quadriceps muscle was similar after iron 

therapy (Appendix I Fig 2). 
 
 

Figure 2. Oxygen handling in quadriceps muscle fibers after iron therapy in ID IPAH patients. 
(A) There was a trend observed towards higher myoglobin concentration in high oxidative cells after 
iron therapy, with a significant improvement in low oxidative cells (B) and total myoglobin protein 
content (C). (D) Mitochondrial oxidative capacity was similar in high oxidative cells and increased in 
low oxidative cells after iron therapy (E) as expressed in maximal oxygen consumption (VO2max). 
 

 

Iron supplementation in iron deficient PH rats 

Model characterization 

Because the clinical study could not provide information about cellular changes in the heart, 

this aspect was studied in an ID PH rat model. Body weight at arrival of the rats was 51 ± 4 

grams and at time of MCT injection 120 ± 7 grams. At the endpoint of the study, PH-ID-S rats 

had a higher body mass (241 ± 14 grams) than PH and PH-ID rats (214 ± 9 and 209 ± 14 

grams, both p<0.001). Figure 3A shows that PH-ID rats had low Hb levels which could be 

increased in PH-ID-S rats by iron supplementation from 6.1 ± 0.8 g/dL to 15.0 ± 1.4 g/dL 

(p<0.001) after one week of a normal (iron containing) diet with normalizing of Ht and serum 

iron concentration (Fig 3B and 3C). Besides a higher liver weight in PH-ID-S rats compared 

with PH-ID, no other significant differences were observed in organ weights (Appendix I 

Table 4). 
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Figure 3.  Development of iron deficiency in PH rats. PH rats with iron deficiency (PH-ID) had 
significant lower hemoglobin (A) and hematocrit levels (B) and a trend towards lower serum iron (C, 
p=0.054) compared with PH rats. Iron supplementation in PH-ID-S rats increased all iron parameters 
significantly. ***p<0.001 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Right ventricular cellular changes in PH rats. (A) Right ventricular (RV) cross-sectional 
area (CSA) was unaffected by iron deficiency (ID). (B) The number of capillaries per RV 
cardiomyocytes was increased in PH-ID rats compared with PH rats with consequent higher capillary 
density (C). (D) Myoglobin concentration was significantly lower in PH-ID than in PH rats with a similar 
trend in total myoglobin content (E) and mitochondrial oxidative capacity (F), but could be increased by 
iron treatment in PH-ID-S rats (D-F). There was little RV fibrosis (G), but PH-ID rats demonstrated high 
levels of inflammation which was unaltered by iron treatment (H). *p<0.05, ***p<0.001 
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Cellular changes in the heart of iron deficient PH rats with iron supplementation 

The development of PH was similar in ID and non-ID PH rats as shown in Appendix I Table 

5. However, several changes occurred at the cellular level. Although RV cardiomyocyte 

cross-sectional area was unaltered by iron status (Fig 4A), capillarization was higher in PH-

ID rats than in PH rats, without effects of iron supplementation (Fig 4B and 4C). However, 

iron supplementation increased oxygen handling in RV cardiomyocytes, as shown by 

increasing myoglobin levels and mitochondrial oxidative capacity (Fig 4D-F). No effect on 

fibrosis or inflammation was observed after iron supplementation (Fig 4G and 4H). In the left 

ventricle, changes in histology parameters were absent after iron supplementation (Appendix 

I Fig 3). 
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(Left page) Figure 5. Iron deficiency and supplementation in the skeletal soleus muscle in PH 
rats. Cross-sectional area (CSA) was higher in PH-ID rats than in PH rats in both high (A) and low 
oxidative cells(B) which was unaltered in PH-ID-S rats. (C,D) Capillarization was unchanged by ID. 
However, PH-ID rats demonstrated high levels of skeletal muscle inflammation, which could be 
reduced again by iron supplementation (E). In both high (F) and low oxidative cells (G), myoglobin 
concentration was lower in PH-ID rats than in PH rats, and could be increased in PH-ID-S rats. (H) A 
similar trend was observed in total myoglobin protein content. Finally, mitochondrial oxidative capacity 
was lower in PH-ID than in PH-rats in both high (I) and low oxidative cells (J) and was increased by 
iron supplementation in PH-ID-S rats. *p<0.05, ***p<0.001 
 

 

Skeletal muscle oxygen handling is improved after iron supplementation 

In the skeletal muscles of the rats, iron supplementation did not alter CSA or capillarisation 

(Fig 5A-D), but significantly decreased skeletal muscle inflammation (Fig 5E). Similar to the 

RV findings, iron supplementation in PH-ID-S rats improved oxygen handling by increasing 

myoglobin concentration in high and low oxidative cells (Fig 5F and 5G), with a similar trend 

in myoglobin content (Fig 5H). In addition, also mitochondrial oxidative capacity was 

increased after iron supplementation in both high and low oxidative cells (Fig 5I and 5J). 

 

 

DISCUSSION 

 

In the present study, we investigated the effects of iron therapy in iron deficient IPAH patients 

and PH rats. We showed that intravenous iron therapy in iron deficient IPAH patients 

improved exercise endurance capacity. In addition, skeletal muscle biopsies from these 

patients revealed improvements in oxygen handling capacity after iron treatment. We 

confirmed these findings in an iron deficient PH rat model.  

 

Iron and exercise endurance 

We demonstrated a significant improvement in exercise endurance time and delayed 

appearance of the anaerobic threshold during CPET. This could importantly benefit PH 

patients in performing their daily activities. Iron deficiency by itself (without PH) has been 

associated with diminished exercise capacity and fatigue in otherwise healthy subjects,14-18 

although improvements in exercise capacity were only observed when anemia was also 

present.6;18-21 Here we demonstrated that restoration of iron levels, besides improvements in 

exercise endurance, also leads to a trend towards a better 6MWD with an absolute 

improvement of 19 m in patients under optimal PH treatment, which is in line with studies in 

ID patients with left heart failure.8;9;11;22  

In the present study, an increased Hb or a higher maximal VO2 did not explain the improved 

exercise endurance. Although Hb levels were slightly higher after iron therapy, there was no 

significant correlation with exercise endurance time (data not shown) which corresponds with 

previous findings in IPAH patients where the absence or presence of anemia did not 

influence 6MWD.2;11 In addition, maximal VO2 was unaltered after iron therapy and could thus 

not explain the better exercise endurance. Other mechanisms that may play a role in the 

better exercise endurance are improved cardiac function, increased skeletal muscle 

oxygenation or reduced pulmonary vascular resistance.14  
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Iron and the heart 

Iron therapy did not improve cardiac function in IPAH patients, measured with cardiac MRI, 

which was not entirely unexpected since our previous cohort study had already shown similar 

hemodynamics in ID and non-ID IPAH patients.2 However, it is difficult to relate cardiac 

function at rest with exercise parameters. In addition, although at the functional level no 

changes were observed, at the cellular level in ID rats many cellular differences were 

observed in the right ventricle. RV cellular oxygen diffusion through myoglobin and 

mitochondrial oxidative capacity were significantly increased after iron supplementation in ID 

PH rats, which also has been shown in ID rats without PH.23-26 Thus, although cardiac 

function in IPAH patients at rest was unchanged after iron supplementation, the cellular data 

from PH rats suggest that restoring iron levels may be beneficial for the long term since 

oxygen handling in the right ventricle is improved. 

Recently, Naito et al. described that iron restriction in rats attenuated PH development which 

contradicts the present findings.27 However, there are important differences with the present 

study. The most important difference concerns the used model. Hb and serum iron levels in 

the ID rats from Naito et al. have values comparable to the present non-ID rats, suggesting 

that the ID rats from Naito et al. were not truly ID.27;28  

 

Iron and skeletal muscle oxygen handling 

While Hb levels and maximal VO2 were probably unrelated, and the direct effects of the heart 

on exercise remain unclear, the improved skeletal muscle oxygen handling may have been 

responsible for the improved exercise endurance capacity with iron treatment. A relation 

between skeletal muscle ID and reduced exercise capacity was suggested before in ID rats 

and humans (without PH).15;19;29;30 Interestingly, we only showed higher myoglobin and 

mitochondrial oxidative capacity in low oxidative cells in IPAH patients. These cells are 

presumably type II fibers, as demonstrated by Bekedam et al.,31 and may rely predominantly 

on oxidative metabolism during submaximal exercise (as opposed to glycolysis during 

maximum power output).32-34 However, a fibertype shift was previously demonstrated in IPAH 

patients where less type I and more type II fibers were found in the quadriceps muscle.32 

Therefore, we hypothesise that IPAH have more type II fibers which show increased oxygen 

handling after iron therapy and as a result have an increased endurance capacity. 

Interestingly, in PH-ID-S rats, both high and low oxidative cells showed increased oxygen 

handling after iron supplementation. This may be due to a more severe ID phenotype in the 

PH-ID rats before iron supplementation.  

 

Iron and the lungs 

Besides negatively influencing oxygen transport, it has been suggested that ID also has 

direct effects on the lungs. Under hypoxic conditions and at high altitude, ID resulted in an 

increase in pulmonary arterial pressure in otherwise healthy subjects.35;36 This has been 

mainly attributed to stabilization and transcription of hypoxia-inducible factors which cause 

contraction, proliferation and migration of pulmonary artery smooth muscle cells.35-38 Another 

proposed concept is that (ID-induced) anemia may limit the conversion of nitrite to nitric 

oxide, thereby inhibiting the antiproliferative and vasodilatating effects of nitric oxide on the 

pulmonary vasculature.39-41 Because the present study did not include a right heart 
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catheterization, we can only hypothesise about the alterations in the pulmonary circulation in 

ID IPAH patients. However, Howard et al. are currently performing a similar clinical study in 

the United Kingdom in which a right heart catheterization is performed and this study may 

give more mechanistic insight into pulmonary vascular changes in the future.42  

 

Intravenous iron safely increased body iron stores 

Patients received a single fixed high dose administration of intravenous iron. An alternative 

approach would have been to supply multiple smaller doses using the Ganzoni formula to 

calculate the total amount of iron needed to restore body iron.8-11;43 The first reason for using 

the present approach was that ferric carboxymaltose (Ferinject®) is safe to administer in high 

iron dosages (up to 1000 mg at one time) and allowed a single visit for every patient.44 

Secondly, using the Ganzoni formula may not be reliable in PH patients with hypoxemia-

driven erythropoiesis and consequent Hb levels within the normal range despite iron 

deficiency.7;43 Thirdly, previous studies with iron therapy showed that the mean dose of iron 

needed was around 1000 mg or even higher.10 One of the concerns was that patients might 

increase their Hb levels above reference values which could be detrimental since this 

increases blood viscosity. However, although we observed a slight increase in Hb after iron 

treatment, this was not above the upper limit of normal. In addition, in contrast to oral iron 

treatment without response in 44% of ID IPAH patients, Ferinject® led to higher iron stores 

as represented by increased ferritin levels.2  

 

Clinical implications 

PH is still an incurable disease and many therapeutic strategies are aimed to improve 

exercise capacity and quality of life. We demonstrated that intravenous iron administration 

was well tolerated by all patients, is widely available, and quick to provide. However, further 

research is necessary to investigate the effects of iron treatment on the pulmonary 

vasculature in more detail. In addition, whether intravenous therapy is also beneficial in ID 

patients with other types of PH remains to be elucidated.4 

 

Limitations 

The main limitation of the present study was that we did not include a placebo group and a 

right heart catheterisation was not performed because this would make the protocol too 

intensive for the patients. However, a larger placebo-controlled trial with a right heart 

catheterisation is currently pending in the United Kingdom.42  

 

 

CONCLUSIONS 

 

Intravenous iron therapy in iron deficient IPAH patients was well tolerated and improved 

exercise endurance capacity, which was accompanied by improved oxygen handling in low 

oxidative cells of the quadriceps muscle. Similar observations were observed in cardiac and 

skeletal muscle tissue from ID PH rats with iron supplementation. 
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APPENDIX I – CHAPTER 5 

 

Exercise tests 

To measure the effects of intravenous iron therapy on the primary endpoint 6MWD, a 6MWT 

was assessed as previously described.1 Briefly, patients walked as far as possible for six 

minutes without running or jogging along a long, flat, straight, indoor corridor with a hard 

surface. Secondary exercise endpoints of maximal and submaximal CPET were performed 

according to ERS guidelines.2 Briefly, the protocol of the maximal CPET consisted of 3 

minutes seated rest, 3 minutes unloaded cycling and subsequent minute-by-minute 

increases in work load until exhaustion followed by a 3 minutes’ recovery period. Minute 

ventilation (VE), tidal volume (Vt), breathing frequency, oxygen consumption (VO2) and 

carbon dioxide output (VCO2) were measured. Ventilatory equivalents of O2 and CO2 and 

respiratory quotients were calculated and the anaerobic threshold was determined using the 

VE/VCO2-slope method. Exercise endurance was determined during a protocol of 3 minutes 

of seated rest, 3 minutes of unloaded cycling and then exercise at 75% of the maximal 

workload (Wmax)  determined during maximal CPET. Patients cycled as long as possible. 

The test was stopped when patients indicated exhaustion, when they were no longer able to 

pedal at a rate of 60 per minute or when the test exceeded 15 minutes. The same 

parameters were measured as during maximal CPET, as well as total exercise time. 

Pulmonary function measurements consisted of maximal inspiratory and expiratory 

pressures at different lung volumes, spirometry, intrabreath diffusion and functional residual 

capacity.2-4  

 

Cardiac MRI 

To measure the effects on cardiac function, a cardiac MRI was performed at baseline and 

endpoint. A Siemens 1.5T Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) 

was used. A stack of short-axis images was obtained covering the ventricles from base to 

apex. All technical details were similar as described elsewhere.5 During post-processing, the 

CMR-images were assessed using the MASS-software package (Medis, Medical Imaging 

Systems, Leiden, the Netherlands). On end-diastolic and end-systolic images, endocardial 

and epicardial contours of the ventricles were obtained by manually tracing. Papillary 

muscles and trabeculae were excluded from the blood volume and included into ventricular 

masses. Masses and volumes were indexed to body surface area (BSA). 

 

Blood iron parameters 

Whether intravenous iron therapy could increase body iron stores was assessed by 

measuring hemoglobin (Hb) and mean corpuscular volume (MCV) with spectrophotometry 

(Cell-Dyn Sapphire; Abbott, Hoofddorp, The Netherlands) and hematocrit (Ht) as calculated 
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from the product of MCV and erythrocyte number.6 Serum iron and TIBC were determined 

using photometry (Modular P800 system, Roche, Almere, The Netherlands) and transferrin 

saturation was calculated as serum iron divided by TIBC. Sandwich immunoassays with 

electrochemical luminescence technology were used to measure serum ferritin levels 

(Modular E170 system, Roche, Almere, The Netherlands). Circulating soluble transferrin 

receptor (sTfR) and interleukin-6 (IL-6) were measured with enzyme-linked 

immunoadsorbent assay (R&D Systems Europe, Abingdon, Oxfordshire, United Kingdom) in 

EDTA samples. Hepcidin concentrations were determined by a competitive 

radioimmunoassay.7 

 

Quadriceps muscle biopsy  

To measure the effects of iron therapy on cellular oxygen handling in the skeletal muscle, 

two biopsies of the vastus lateralis part of the quadriceps muscle were taken under local 

anaesthesia with 2% lidocaine solution using the microbiopsy technique with a 16G spring-

loaded biopsy needle (QC-16-15.0-10T, Cook Medical, Limerick, Ireland) as previously 

described.8-10 Biopsies were directly evaluated under a light microscope, snap-frozen in liquid 

nitrogen and stored at -80°C for histochemical analysis (as described below).  

 

Cellular analysis of IPAH quadriceps muscle biopsies 

Cryosections of 5 µm thick were cut from the biopsies. Functional myoglobin concentration 

was calculated from myoglobin peroxidase activity and succinate dehydrogenase (SDH) 

activity was measured as described before.11-13 To measure capillarization, the number of 

capillaries per myocyte was counted.8 Immunofluorescence image acquisition was performed 

on a Marianas digital imaging microscopy workstation and semiautomatic analysis was done 

with SlideBook 5.1 imaging analysis software (Intelligent Imaging Innovations, Denver, 

Colorado, USA). 

Myoglobin protein content in quadriceps muscle was determined with gel electrophoresis (4-

15% acrylamide gels) and western blotting protein analysis in homogenized tissue. Primary 

monoclonal mouse antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and secondary 

goat anti-mouse antibody (Dako, Denmark A/S) were used to demonstrate myoglobin. All 

signals were normalized to actin on the ponceau staining. Quantification was performed with 

AIDA software (AIDA, 4.21.033; Raytest, Strau-Benhardt Germany).8 

 

Cellular analysis of PH rat hearts and soleus muscle 

Cryosections of 5 µm thick were cut from the frozen heart and soleus muscle. Cardiomyocyte 

and skeletal myocyte cross sectional area (CSA) was determined in hematoxylin and eosin 

stained sections. CSA was measured in cells which were cut perpendicularly to their 
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longitudinal axis. In addition, functional myoglobin concentration and SDH activity were 

measured as described above. Cardiac and skeletal muscle capillarisation was measured as 

described above. In the heart also inflammation was determined by counting the number of 

leukocytes, demonstrated by CD45 positive nuclei.8 In addition, cardiac fibrosis was 

measured with picosirius red staining and expressed as percentage of collagen per area.14 

Imaging of CSA, myoglobin, SDH, and fibrosis was performed and analyzed with ImageJ 

(ImageJ for Windows 1.39a, National Institutes of Health, Bethesda MD), taking the pixel-to-

aspect ratio into account.11 In addition, myoglobin protein content was determined in the 

heart and soleus muscle as described above. 
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 Pre-iron Post-iron p-value 

Work (Watts) 55.1 ± 23.1 58.5 ± 26.6 0.04 
    % predicted 55 ± 24 61 ± 26 0.13 

Maximal VO2 (L/min)  0.97 ± 0.22 0.97 ± 0.26 0.16 

    % predicted 75 ± 32 80 ± 32 0.28 

PetCO2 (kPa) 3.3 ± 0.7 3.4 ± 0.8 0.25 

Heart rate (bpm)  125 ± 22 127 ± 26 0.42 

    % predicted 78 ± 11 80 ± 13 0.48 

O2pulse (ml/beat)  7.55 ± 0.89 7.66 ± 1.22 0.32 

    % predicted 96 ± 43 102 ± 43 0.22 

SaO2 pulse (%) 87.9 ± 9.3 86.7 ± 8.3 0.76 

VE (L/min)  48.7 ± 13.1 49.6 ± 16.7 0.21 

    % predicted 57 ± 9 59 ± 12 0.41 

RR (breaths/min) 36 ± 7 37 ± 8 0.13 

Vt (L) 1.39 ± 0.34 1.36 ± 0.37 0.36 

    % predicted 99 ± 21 102 ± 20 0.44 

VEO2 51.1 ± 12.3 52.1 ± 16.4 0.70 

VECO2 46.4 ± 10.6 46.0 ± 11.7 0.52 

Appendix Table 1. Maximal CPET parameters at baseline and endpoint of IPAH patients VO2: 
oxygen uptake, PetCO2: partial pressure of end-tidal carbon dioxide, O2pulse: oxygen pulse, SaO2: 
oxygen saturation of arterial blood, VE: minute ventilation, RR: respiration rate, Vt: tidal volume, VEO2: 
ventilatory equivalent for oxygen, VECO2: ventilatory equivalent for carbon dioxide. Data comprises 14 
patients, since 1 patient was not able to bike. Groups are compared with paired Student’s t-testing. 
Data is presented as mean ± SD. 

 

 

 Pre-iron Post-iron p-value 

Time (sec) 269 ± 89 405 ± 210 0.02 
Maximal VO2 (L/min)  0.94 ± 0.19 0.94 ± 0.24 0.98 

    % predicted 76 ± 34 77 ± 38 0.68 

PetCO2 (kPa) 3.18 ± 0.59 3.29 ± 0.71 0.30 

Heart rate (bpm)  120 ± 21 120 ± 22 0.87 

    % predicted 76 ± 11 76 ± 13 0.98 

O2pulse (ml/beat)  7.85 ± 1.36 7.8 ± 1.56 0.83  

    % predicted 101 ± 44 101 ± 46 0.86 

SaO2 pulse (%) 86.4 ± 9.0 87.4 ± 8.1 0.20 

VE (L/min)  49.4 ± 12.6 46.2 ± 14.2 0.01 

    % predicted 56 ± 15 56 ± 12 0.92 

RR (breaths/min) 38.9 ± 9.9 34.6 ± 8.2 0.17 

Vt (L) 1.37 ± 0.33 1.35 ± 0.32 0.65 

    % predicted 109 ± 29 109 ± 23 0.93 

VEO2 53.8 ± 14.3 50.7 ± 17.1 0.08 

VECO2 48.8 ± 9.8 47.4 ± 12.6 0.384 

Appendix Table 2. Submaximal CPET parameters at baseline and endpoint of IPAH patients 
VO2: oxygen uptake, PetCO2: partial pressure of end-tidal carbon dioxide, O2pulse: oxygen pulse, 
SaO2: oxygen saturation of arterial blood, VE: minute ventilation, RR: respiration rate, Vt: tidal volume, 
VEO2: ventilatory equivalent for oxygen, VECO2: ventilatory equivalent for carbon dioxide. Data 
comprises 14 patients, since 1 patient was not able to bike. Workload was 75% of maximal achieved 
load at maximal CPET. Groups are compared with paired Student’s t-testing. Data is presented as 
mean ± SD. 
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 Pre-iron Post-iron p-value 

FVC (L)  3.0 ± 0.6 3.0 ± 0.6 0.70 
    % predicted 103 ± 20 103 ± 19 0.84 

FEV1 (L)  2.05 ± 0.38 2.03 ± 0.41 0.42 

    % predicted 85 ± 21 83 ± 18 0.27 

FEV1/VC (%)  67.6 ± 8.8 62.7 ± 19.1 0.30 

    % predicted 86 ± 112 88 ± 15 0.65 

VC (L)  3.05 ± 0.59 3.10 ± 0.68 0.80 

    % predicted 104 ± 20 105 ± 21 0.96 

DLCO (mmol/kPa.min)  4.78 ± 1.75 4.58 ± 1.87 0.17 

    % predicted 59 ± 18 58 ± 20 0.22 

Appendix Table 3. Spirometry and diffusion parameters of IPAH patients at baseline and 
endpoint. FVC: forced vital capacity, FEV1: forced expiratory volume in 1 second, FEV1/SVC: 
Tiffeneau index or ratio of FEV1 and VC, VC: vital capacity, DLCO: diffusion capacity. Groups are 
compared with paired Student’s t-testing. Data is presented as mean ± SD. 
 

 

  PH PH-ID PH-ID-S p-value 

Body mass (g) 214 ± 9 209 ± 14 241 ± 14$$$ <0.001 

Body mass/TL (g/mm) 6.7 ± 0.3 6.5 ± 0.4 7.5 ± 0.5$$$ <0.001 

Heart/TL (mg/mm) 49.1 ± 7.9 55.5 ± 15.4 56.4 ± 8.8 0.26 

RV/LV+S 0.68 ± 0.15 0.57 ± 0.11 0.65 ± 0.09 0.09 

Lungs/TL (mg/mm) 48.4 ± 4.1 48.8 ± 7.1 51.2 ± 3.5 0.36 

Kidneys/TL (mg/mm) 27.6 ± 3.0 28.7 ± 2.4 29.9 ± 5.2 0.32 

Liver/TL (mg/mm) 247 ± 41 218 ± 34 271 ± 33** <0.01 

Tibia length (mm) 32.0 ± 0.3 32.2 ± 0.4 32.4 ± 0.6 0.06 

Appendix Table 4. Autopsy weight of PH rats TL: tibia length, RV/LV+S: right ventricle to left 
ventricle plus septum. $$$p<0.001 vs both PH and PH-ID. **p<0.01 vs PH-ID. Statistical testing was 
performed with one-way analysis of variance with Bonferroni post-hoc testing. 
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 PH 

Mean ± SD 

PH-ID 

Mean ± SD 

PH-ID-S 

Mean ± SD 

PH vs     
PH-ID       

p-value 

PH-ID vs 
PH-ID-S    
p-value 

PVRi_BL (mmHg/ml/min/mg) 1.89 ± 0.34 1.87 ± 0.78 1.64 ± 0.41 ns ns 
PVRi_end (mmHg/ml/min/mg) 4.90 ± 1.23 3.81 ± 1.84 2.96 ± 1.13 ns ns 
    % change/day 21.1 ± 11.4 14.6 ± 12.4 9.2 ± 6.1 ns ns 
SVi_BL (ml/mg) 0.74 ± 0.12 0.96 ± 0.20 0.94 ± 0.18 <0.01 ns 
SVi_end (ml/mg) 0.52 ± 0.10 0.63 ± 0.11 0.61 ± 0.14 <0.05 ns 
    % change/day -3.6 ± 1.8 -4.5 ± 1.7 -3.8 ± 2.3 ns ns 
Heart rate_BL (bpm) 434 ± 21 420 ± 26 427 ± 22 ns ns 
Heart rate_end (bpm) 376 ± 29 419 ± 24 386 ± 34 <0.001 0.01 
    % change/day -1.6 ± 1.1 0.0 ± 0.7 -1.1 ± 0.9 <0.001 <0.05 
Cardiac index_BL (ml/min/g) 0.32 ± 0.05 0.40 ± 0.09 0.40 ± 0.07 <0.05 ns 
Cardiac index_end (ml/min/g) 0.19 ± 0.04 0.27 ± 0.05 0.24 ± 0.07 <0.01 ns 
    % change/day -4.7 ± 1.9 -4.9 ± 1.8 -4.6 ± 2.0 ns ns 
RVWT_BL (mm) 1.2 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 <0.01 ns 
RVWT_end (mm) 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.2 <0.05 <0.05 
    % change/day 3.3 ± 2.1 1.9 ± 1.6 0.4 ± 1.0 ns ns 
LVWT_BL (mm) 1.6 ± 0.2 1.9 ± 0.1 1.9 ± 0.2 <0.001 ns 
LVWT_end (mm) 1.7 ± 0.1 2.0 ± 0.1 1.9 ± 0.3 <0.001 ns 
    % change/day 1.3 ± 1.3 0.7 ± 1.4 -0.2 ± 1.6 ns ns 
eRVSP_BL (mmHg) 36 ± 4 37 ± 7 35 ± 6 ns ns 
eRVSP_end (mmHg) 65 ± 7 63 ± 13 59 ± 10 ns ns 
    % change/day 10.3 ± 2.3 8.7 ± 3.4 8.0 ± 3.3 ns ns 

Appendix Table 5. Baseline and endpoint echocardiography parameters of PH rats. BL: baseline 
measurement: 13 days after MCT, end: endpoint measurement, % change/day from baseline to 
endpoint. PVRi: pulmonary vascular resistance index, SVi: stroke volume index, RVWT: RV wall 
thickness, LVWT: LV wall thickness, eRVSP: estimated RV systolic pressure. Statistical testing was 
performed with one-way analysis of variance with Bonferroni post-hoc testing to compare PH-ID with 
PH and PH-ID-S rats.  
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Appendix Figure 1. Study design iron deficient pulmonary hypertensive rats. Weanling male 
Wistar rats (3 weeks old) were directly randomized to either a normal or an iron deficient (ID) diet in a 
1:2 ratio. After two weeks, all animals were injected subcutaneously with 40 mg/kg monocrotaline 
(MCT) to induce pulmonary hypertension (PH). Four weeks after arrival, all animals underwent a 
baseline echocardiography and the PH-ID-S rats were switched to a normal diet which contains high 
levels of iron. Endpoint of the study was reached after 5 weeks from the start. All animals again 
underwent echocardiography and were sacrificed thereafter. 
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Appendix Figure 2. Typical examples of quadriceps biopsies of IPAH patients before (A,C,E) and 
after intravenous iron therapy (B,D,F). (A, B) myoglobin staining, (C, D) succinate dehydrogenase 
activity staining. Type I and II cells are distinguished by color as type I cells have more myoglobin  and 
SDH activity (darker cells) than type II. (D, E) CD31 staining. Every yellow dot represents a capillary. 
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Appendix Figure 3. LV cellular changes in PH rats with and without iron deficiency. (A) LV 
cross-sectional area and capillarization (B,C) was unaffected by ID. (D) Myoglobin concentration was 
significantly lower in PH-ID than in PH rats, however no differences were observed in total in total 
myoglobin content (E) and mitochondrial oxidative capacity (F). There was little LV fibrosis (G), but 
PH-ID rats demonstrated high levels of inflammation which was unaltered by iron supplementation (H). 
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APPENDIX II – CHAPTER 5  

 

Model characterization iron deficient rats with and without PH 

To investigate the sole effects of iron deficiency on the heart and skeletal muscles when PH 

was not present, an additional study was performed. In this study, 2 additional groups were 

included consisting of 12 healthy rats (Con) without ID and PH, and 12 rats who received 5 

weeks of iron deficient diet (Con-ID) without PH. In this manner, it could be studied whether 

the progression of PH would be different in non-iron deficient (non-ID) and iron deficient (ID) 

conditions (Fig I).  

All measurements and methods are similar as described in the methods section in the main 

manuscript and Appendix 1. Statistical analysis was performed with two-way analysis of 

variance with Bonferroni post-hoc testing.  

Body mass was significantly lower in both non-ID and ID PH rats as is shown in Table I. In 

addition, iron deficiency resulted in higher heart weight with lower liver mass, but the effects 

of PH were similar in the non-ID and ID rats.  

Cardiac function data as measured by echocardiography at endpoint are shown in Table II. It 

becomes clear that under ID conditions, cardiac index is more compromised in PH due to a 

larger stroke volume decline than in non-ID conditions. In addition, PVR index and estimated 

RV pressure are effected in the same way in non-ID and ID PH-rats, with a less pronounced 

decrease in LVEDD and increase in RVEDD. (Table II). 

Figure II demonstrates the cellular changes in the left and right ventricle under non-ID and ID 

conditions. Iron deficiency induced LV but not RV hypertrophy in both Con-ID and PH-ID with 

a similar increase in RV CSA due to PH in non-ID and ID rats. Furthermore, the number of 

capillaries per cardiomyocyte in were increased in ID in both the LV and RV, although in the 

right ventricle capillary density was significantly reduced in PH rats to the same extent in 

non-ID and ID groups. In addition, myoglobin concentration and content was significantly 

reduced in all ID rats without a PH effect. Finally, both LV and RV inflammation was more 

present in ID rats with a larger increase in inflammation in the PH-ID rats compared with the 

non-ID PH rats.  

Similar to the heart, also skeletal muscle cells were hypertrophied in ID conditions without a 

PH effect (Figure III). Capillarization was similar in all rats, but ID rats showed high numbers 

of inflammatory cells in the soleus muscle which was absent in the non-ID rats. In addition, 

oxygen transport was diminished under ID conditions which was represented by low 

myoglobin concentrations in both high and low oxidative cells and reduced myoglobin 

content and oxidative capacity. Therefore, oxygen transport was only affected by iron 

deficiency and was not altered by PH. 
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To conclude, in our model, iron deficiency influences the cardiovascular system by inducing 

a hyperdynamic circulation, probably aimed to compensate for the low oxygen transport due 

to anemia. However, adding PH resulted in a more pronounced decrease in cardiac output 

compared with non-ID PH rats. Furthermore, iron deficiency was responsible for many 

cellular changes in the heart and skeletal muscle and were present in the same extent in 

both PH and non-PH rats. 

 

 Non-iron deficient Iron deficient  
 Con PH Con-ID PH-ID pinteraction 

Body mass (g) 255 ± 9 214 ± 9*** 223 ± 12### 209 ± 14* <0.001 

Body mass/TL (g/mm) 8.0 ± 0.3 6.7 ± 0.3*** 7.1 ± 0.3### 6.5 ± 0.4*** <0.001 

Heart/TL (mg/mm) 46.0 ± 6.0 49.1 ± 7.9 52.2 ± 4.6# 55.5 ± 15.4# 0.96 

RV/LV+S 0.38 ± 0.16 0.68 ± 0.15*** 0.38 ± 0.12 0.57 ± 0.11** 0.19 

Lungs/TL (mg/mm) 35.5 ± 4.6 48.4 ± 4.1*** 37.1 ± 2.2 48.8 ± 7.1*** 0.69 

Kidneys/TL (mg/mm) 32.8 ± 1.6 27.6 ± 3.0** 29.5 ± 5.8 28.7 ± 2.4 0.04 

Liver/TL (mg/mm) 310 ± 19 247 ± 41*** 268 ± 27### 218 ± 34*** 0.50 

Tibia length (mm) 32.6 ± 0.3 32.0 ± 0.3** 31.9 ± 0.9# 32.2 ± 0.4 <0.01 

Appendix Table I. Body and organ weights non-ID and ID controls and PH rats TL: tibia length, 
RV/LV+S: right ventricle to left ventricular and septal weight. Data are presented as mean ± SD. 
Statistical testing was performed with two-way analysis of variance with Bonferroni post-hoc testing. * 
p<0.05, **p<0.01, ***p<0.001 vs control in the same group (i.e. either non-ID or ID). #p<0.05, 
###p<0.001 Con-ID vs Con or PH-ID vs PH. 

 

  Non iron deficient Iron deficient  
  Con PH Con-ID PH-ID pinteraction

PVRi (mmHg/ml/min/mg) 0.88 ± 0.30 4.90 ± 1.23*** 0.78 ± 0.23 3.81 ± 1.84*** 0.15 

SVi (ml/mg) 0.73 ± 0.16 0.52 ± 0.45*** 1.15 ± 0.45### 0.63 ± 0.11*** <0.01 

Heart rate (bpm) 425 ± 26 376 ± 29*** 415 ± 19 419 ±24### <0.001 

CI (ml/min/g) 0.31 ± 0.07 0.19 ± 0.04*** 0.52 ± 0.10### 0.27± 0.05***## <0.01 

TAPSE (mm) 3.2 ± 0.3 1.7 ± 0.3*** 3.1 ± 0.4 1.8 ±0.4*** 0.34 

RVWT (mm) 1.1 ± 0.1 1.4 ± 0.1*** 1.1 ± 0.1 1.5 ± 0.1***# 0.90 

LVWT (mm) 1.6 ± 0.1 1.7 ± 0.1 2.0 ± 0.2### 2.0 ± 0.1### 0.29 

RVEDD (mm) 3.3 ± 0.7 7.5 ± 0.9*** 3.5 ± 0.4 5.8 ± 0.9***### <0.001 

LVEDD (mm) 8.4 ± 0.6 5.1 ± 0.6*** 9.9 ± 0.4### 7.7 ± 0.7***### 0.001 

PAAT/cl (%) 15.8 ± 1.8 7.1 ± 0.9*** 14.6 ± 1.6 7.6 ± 1.8*** 0.09 

eRVSP (mmHg) 26 ± 5 65 ± 7*** 29 ± 5 63 ± 13*** 0.24 

 Appendix Table II. Echocardiography and catheterization data ID PH rats. PVRi: pulmonary 
vascular resistance index, SVi: stroke volume index, TAPSE: transverse annular plane systolic 
excursion, RVWT: RV wall thickness, LVWT: LV wall thickness, RVEDD: RV end-diastolic diameter, 
LVEDD: LV end-diastolic diameter, eRVSP: estimated RV systolic pressure, ESP: end-systolic 
pressure, EDP: end-diastolic pressure, Ees: end-systolic elastance, Ea: arterial elastance, Ees/Ea: 
ventriculo-arterial coupling, Eed: end-diastolic elastance. Statistical testing was performed with two-
way analysis of variance with Bonferroni post-hoc testing. * p<0.05, **p<0.01, ***p<0.001 vs control in 
the same group (i.e. either non-ID or ID). #p<0.05, ###p<0.001 Con-ID vs Con or PH-ID vs PH. 
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Appendix Figure I.  Study design ID rat model characterization. Weanling male Wistar rats (3 
weeks old) were directly randomized to either a normal or an iron deficient (ID) diet in a 1:1 ratio. After 
two weeks, 50% of the animals on a normal diet and 50% of the animals on an iron deficient diet were 
injected subcutaneously with 40 mg/kg monocrotaline (MCT) to induce pulmonary hypertension (PH). 
Four weeks after arrival, all animals underwent a baseline echocardiography. Endpoint of the study 
was reached after 5 weeks from the start. All animals again underwent echocardiography and were 
sacrificed thereafter. 
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Appendix Figure II. Cardiac cellular changes in rats with and without ID and PH. Abbreviations 
are similar to Chapter 5 and appendix I. 
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Appendix Figure III.  Soleus muscle cellular changes in rats with and without ID and PH. 
Abbreviations are similar to Chapter 5 and Appendix I of Chapter 5 
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To the Editor: 

 

Pulmonary hypertension (PH) is a disease characterised by progressive remodelling of the 

pulmonary vasculature eventually leading to right heart failure. Various animal models have 

been used to mimic the disease, involving pigs, dogs, rats and mice.1 The most commonly 

used model is the monocrotaline (MCT) rat model. In this model MCT is injected 

subcutaneously and becomes metabolically activated, as a pyrrolizidine alkaloid, by hepatic 

cytochrome P450 3A.2,3 The active MCT pyrrole is pneumotoxic and damages the pulmonary 

artery endothelial cells (PAECs), which leads to a disturbed barrier function.4 Other features 

of MCT-induced pulmonary vascular remodelling are arterial medial hyperplasia of axial 

arteries, interstitial oedema, adventitial inflammation, haemorrhage and, eventually, 

fibrosis.1,2,5,6 As a result, pulmonary vascular resistance (PVR) increases and the right 

ventricle compensates by hypertrophy and eventually fails.7,8 

 

Besides the MCT PH rat model, chronic hypoxia with or without Sugen 5416 and pulmonary 

artery banding are used to study experimental PH.1 The PH animal model of choice is mostly 

dependent on the research question that needs to be answered. Ideally, an animal model 

would recapitulate the progressive and irreversible pulmonary vascular remodelling, which is 

the hallmark of human PH.1,4,9 However, none of the animal models fulfil this criterion. 

Concerns have been raised about the MCT rat model since many therapies were successful 

in MCT rats but not in humans with PH.4 

 

We, therefore, investigated the long-term progression and reversibility of MCT-induced PH in 

rats over 12 weeks, using a dose of 40 mg·kg-1 in a randomised placebo-controlled study 

design. Since it is known that a high dose of MCT (60 or 80 mg·kg-1) is fatal within 3–6 

weeks, the only possible way to study the long-term effects of MCT was to use a lower 

dose.7,8,10,11 Alterations in the lungs and heart were measured 4, 8, and 12 weeks after 

administration of MCT or saline. 

 

We randomly assigned 22 male Wistar rats (Harlan Laboratories, Horst, the Netherlands) to 

a subcutaneous injection of either 40 mg·kg-1 MCT or saline when their body weight was 

175–200 g. Rats were sacrificed at either 4 weeks (n=3 control, n=5 MCT), 8 weeks (n=3 

control, n=4 MCT), or 12 weeks (n=3 control, n=4 MCT). Echocardiography was performed 3 

weeks after MCT injection, to determine baseline haemodynamics, and on the day of 

sacrifice. Before sacrifice, all animals underwent a right heart catheterisation to construct 

right ventricle pressure–volume loops. Internal organs were harvested for histology. All 

methods have been described in detail previously.12 Data are presented as mean ± SD. The 

study was approved by the local animal ethics committee. 

 

At baseline echocardiography, 3 weeks after MCT injection, all MCT rats had a higher PVR 

index compared with controls (mean of the three MCT groups: 4.33 ± 2.58 mmHg·mL-1·min-

1·mg-1 versus controls: 0.50 ± 0.13 mmHg·mL-1·min-1·mg-1; p<0.001) with decreased cardiac 

index (0.14 ± 0.06 versus 0.29 ± 0.04 mL·min-1·g-1; p<0.001) and lower tricuspid annular 

plane systolic excursion (TAPSE) (2.3 ± 0.5 versus 3.6 ± 0.3 mm; p<0.001). Body weight was 
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significantly lower in the MCT rats sacrificed at 4 weeks (311 ± 21 g) compared with controls 

(354 ± 6 g; p<0.05). After 8 and 12 weeks body mass of the MCT rats (405 ± 27 and 455 ± 

27 g, respectively) was similar to age-matched controls (408 ± 36 and 496 ± 46 g, 

respectively). 

 

We observed a significantly higher PVR index in the MCT rats sacrificed at 4 weeks 

compared with controls  (fig. 1a) with an increased right ventricle systolic pressure (57.8 ± 

10.3 versus 15.6 ± 2.3 mmHg; p<0.05). Although stroke volume and heart rate were 

decreased, cardiac index was relatively preserved (fig. 1b–d). However, cardiac index was 

negatively correlated to estimated right ventricle systolic pressure in all MCT rats (r= -0.65; 

p=0.02, fig. 1e) but not in control rats (r=0.30; p=0.46, data not shown). Diminished right 

ventricle function compared with controls was seen by means of lower TAPSE (2.0 ± 0.6 

versus 3.7 ± 0.3 mm; p<0.05), a trend to increased right ventricle wall thickness (1.4 ± 0.2 

versus 1.0 ± 0.1 mm; p=0.07) and increased right ventricle end-diastolic diameter (6.2 ± 1.3 

versus 3.5 ± 0.5 mm; p<0.05). In line with these findings, invasive haemodynamic 

measurements demonstrated high right ventricle afterload (Ea), increased right ventricle 

diastolic stiffness (Eed) and increased right ventricle systolic elastance (Ees, a measure of 

contractility) in MCT rats sacrificed at 4 weeks compared with age-matched controls (fig. 1f–

h). Because Ea and Ees are increased to the same extent, ventriculo-arterial coupling, 

represented by Ees/Ea ratio, is preserved in all animals (fig. 1i). Interestingly, all 

aforementioned parameters are normalised at 8 and 12 weeks after MCT injection (fig. 1a–i). 

 

Signs of right ventricle adaptation to high afterload after 4 weeks of MCT were also found at 

autopsy, since heart weight was increased compared with controls (1.54 ± 0.02 versus 1.27 

± 0.08 g; p<0.05). This was mainly due to an increase in right ventricle weight indicated by 

the high right ventricle/left ventricle+septal  weight ratio (0.63 ± 0.11 versus 0.28 ± 0.06 in 

controls; p<0.05). Lung weight was greater in MCT rats sacrificed at 4 weeks (1.73 ± 0.06 

versus 1.36 ± 0.19 g; p<0.05), but liver weight was reduced compared with controls (11.8 ± 

0.4 versus 14.8 ± 1.1 g; p<0.05). In MCT rats sacrificed at 8 and 12 weeks, the right 

ventricle/left ventricle+septal weight ratio was decreased compared with MCT rats sacrificed 

at 4 weeks, but not completely normalised (8 weeks: 0.37 ± 0.03 and 12 weeks: 0.40 ± 0.07, 

both p<0.01 versus 4 weeks MCT). In addition, lung wet weight reduced to 1.74 ± 0.17 g in 

MCT rats sacrificed at 8 weeks and 1.59 ± 0.10 g in MCT rats sacrificed at 12 weeks. Liver 

weight increased to control values in MCT rats sacrificed at 8 and 12 weeks (14.0 ± 0.67 and 

15.2 ± 1.4 g, respectively). 

 

Lung histology showed increased media muscularisation in the smallest arterioles (<40 mm) 

after 4 weeks of MCT (32 ± 4%; p<0.01 versus controls) which returned to control values (24 

± 1%) after 8 weeks (25 ± 6%) and 12 weeks after MCT administration (21 ± 7%; p<0.05 

versus 4 weeks MCT) (fig. 1j–l). Right ventricle cardiomyocyte cross-sectional area was 

considerably increased in the MCT rats sacrificed at 4 weeks (388 ± 91 μm2) compared with 

controls (258 ± 44 μm2; p<0.001) and remained at that level at 8 and 12 weeks (344 ± 76 

μm2 and 358 ± 57 μm2, respectively). Although right ventricle cardiomyocyte size was greater  
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Figure 1. Echocardiographic, invasive haemodynamic and histology measurements. Data are 
presented as mean ± SEM. a) Pulmonary vascular resistance (PVR), b) stroke volume, c) heart rate, 
d) cardiac index, e) cardiac index versus estimated right ventricular systolic pressure (eRVSP), f) 
arterial elastance (Ea) (right ventricle afterload), g) end diastolic elastance (Eed) (diastolic right 
ventricle stiffness), h) end systolic elastance (Ees) (right ventricle contractility), i) ventriculo-arterial 
coupling of the right ventricle (Ees/Ea ratio). In a–i) the dotted lines represent values at 4 weeks after 
injection with 60 mg.kg-1 monocrotaline (MCT), data from DE MAN et al.12 The three control and 
MCT-groups are compared with each other using one-way ANOVA with Bonferroni post hoc testing 
and p-values are given on the graphs. *p<0.05; **p<0.01; ***p<0.001 compared with MCT rats 
sacrificed at 4 weeks. #p<0.05 for comparison of MCT rats with age-matched control values performed 
by Mann–Whitney testing. Histology of pulmonary arterioles from rats after j) 4, k) 8, and l) 12 weeks 
of MCT. Pulmonary arterioles were stained with the Elastica von Gieson method to visualise the tunica 
media, which is hypertrophied in animals sacrificed at 4 weeks. In addition, the adventitial layer is 
thickened compared with controls and MCT rats sacrificed at 8 and 12 weeks. Media thickness was 
measured as: (2 x media thickness (MT) / external diameter (ED)) x 100%. 
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in MCT rats, the number of capillaries was similar in all MCT groups (mean 1.2 ± 0.5 

capillaries per cardiomyocyte). Right ventricle fibrosis was similar at all time points in MCT 

animals and controls (0.6 ± 0.3 versus 0.6 ± 0.4% collagen; p=0.88). In addition, right 

ventricle inflammation, expressed as the number of CD45 positive leukocyte cells per unit 

area was similar in all MCT animals (mean 25.8 ± 15.4 CD45+ nuclei·mm-2) and similar to 

controls (mean 19.5 ± 15.8 CD45+ nuclei·mm-2; p=0.17), indicative of a compensated rather 

than a failing right ventricle. 

 

The MCT model is considered, by some, to be a toxic model and it has been suggested that 

MCT rats die from hepatic veno-occlusive disease with liver failure instead of right ventricle 

failure.13 In the current study, liver weight was lower in MCT rats sacrificed at 4 weeks 

compared with controls. However, right ventricle systolic pressure and PVR are largely 

increased in these rats and increased pulmonary arteriolar muscularisation is found, which 

cannot be explained by liver damage alone. 

 

To conclude, we demonstrated that 40 mg·kg-1 MCT induces acute muscularisation of the 

smallest pulmonary arterioles, together with high PVR and right ventricle hypertrophy at 4 

weeks after MCT administration. However, at 8 and 12 weeks after MCT administration, the 

pulmonary arteriolar abnormalities were restored accompanied by normalisation of right 

ventricular function, although cardiomyocyte hypertrophy was maintained. This shows that 

MCT induced PH is reversible after 4 weeks and does not resemble the progressive nature 

of human PH. Therefore, this model is not suitable for therapeutic studies after 4 weeks of a 

low dose of MCT. 
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ABSTRACT 

 

Background 

It remains unclear what alterations occur in the interventricular septum (IVS) in a right 

ventricular (RV) pressure-overloaded disease such as pulmonary hypertension (PH). 

Therefore, we investigated total IVS morphology and metabolism in patients with idiopathic 

pulmonary arterial hypertension (IPAH) and related it with the left ventricular (LV) and RV 

free wall. To investigate local changes within the IVS, we analyzed cellular changes in 

cardiac samples of PH rats. 

 

Methods and Results 

Seventeen IPAH patients were included who underwent right heart catheterization, cardiac 

magnetic resonance (imaging) and [18F]-2-Fluoro-2-Deoxy-D-Glucose positron emission 

tomography. Total IVS mass was associated with LV (r=0.73, p<0.001) but not with RV free 

wall mass (r=0.34, p=0.18). In addition, total IVS glucose metabolism was correlated with LV 

(r=0.82, p<0.001) but not RV glucose metabolism (r=0.29, p=0.25). In PH rats, we compared 

cellular changes of the RV free wall with the right-sided IVS (RV-IVS- and LV free wall with 

the left-sided IVS (LV-IVS). Cross-sectional area of the RV-IVS was increased to the same 

extent as the RV free wall with atrophy of the LV-IVS, similar as the LV free wall. However, 

fibrosis and leukocyte infiltration were absent in the RV-IVS, whereas increased fibrosis and 

inflammation were observed in the RV free wall.  

 

Conclusion 

Total IVS characteristics in IPAH patients are associated with the LV, but not the RV free 

wall. In addition, although the right side of the IVS shows hypertrophy in PH rats, important 

features of RV failure such as fibrosis and inflammation are absent in the septum.  
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INTRODUCTION 

 

The interventricular septum (IVS) originates from both ventricles and is in general considered 

as part of the left ventricle. However, in right ventricular (RV) hypertrophic diseases, it is 

difficult to decide whether it should be regarded still as part of the left ventricle.1-4 Patients 

with pulmonary hypertension (PH) show RV hypertrophy due to continuous RV pressure 

overload5 and the right ventricle shifts towards a more glucose mediated substrate 

metabolism6-8 with disturbed calcium and oxygen handling.9;10 Despite PH-specific therapies, 

patients eventually die from RV failure.5  

Interestingly, contradicting results have been published with respect to the relationship 

between the IVS and the right ventricle in RV hypertrophic diseases.4;11-13 However, these 

studies comprise a wide variety of causes of RV hypertrophy and none of them investigated 

a ‘pure’ RV pressure overload.11-16 Therefore, we initiated a study in patients with idiopathic 

pulmonary arterial hypertension (IPAH). In this particular type of PH, all other comorbidities 

that can cause cardiac involvement are absent.5 We investigated whether IVS mass and 

glucose metabolism resembled left ventricular (LV) or RV changes in vivo. In addition, we 

studied in more detail the cellular alterations of the IVS in comparison to the LV and RV free 

wall in PH rats. 

 

 

METHODS 

 

IPAH patients 

Seventeen patients with IPAH were included in this study. All patients participated in a 

previous study in our center, received optimal PAH treatment and were clinically stable for at 

least three months.17 They underwent a right heart catheterization and performed a six-

minute walking test to obtain hemodynamic and exercise tolerance information.17 The total 

IVS and RV free wall were studied using cardiac MRI, and glucose uptake by PET. The 

protocol was approved by the Medical Ethics Review Committee of the VU University 

Medical Center and each patient gave written informed consent before inclusion. 

Cardiac MRI. A Siemens 1.5T Avanto scanner (Siemens Medical Solutions, Erlangen, 

Germany) was used. A stack of short-axis images was obtained covering the ventricles from 

base to apex according to a scanning protocol described previously.18 During post-

processing, MRI images were assessed by a blinded observer using the MASS-software 

package (Medis, Medical Imaging Systems, Leiden, the Netherlands). On end-diastolic and 

end-systolic images, endocardial and epicardial contours of the ventricles were obtained by 

manual tracing. Papillary muscles and trabeculae were excluded from the blood volume and 

included into ventricular masses. The IVS was separated from the LV free wall mass by a 

line originating from the RV with LV junction at the anterior and inferior epicardial walls to the 

LV endocardial wall. Masses and volumes were normalized to body surface area.  

[18F]-2-fluoro-2-deoxy-D-glucose (FDG) PET. The scanning protocol has been described in 

detail before and was performed with an ECAT EXACT HR+ scanner (Siemens/CTI, 

Knoxville, TN, USA).17 Briefly, after intravenous FDG administration, a dynamic emission 

scan was started for 60 minutes (39 frames with increasing frame duration). Sinograms were 
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reconstructed and processed as described previously.19 The heart was resliced into short-

axis images according to anatomic axes of the left ventricle. Regions of interest were placed 

on the entire LV and RV free wall and IVS. Myocardial glucose uptake rate (MRglu) was 

calculated with the Patlak analysis with an image derived input function from the ascending 

aortic blood pool.20 MRglu was defined as the product of the net influx rate constant (Ki) and 

serum glucose concentration [Glu], divided by a lumped constant, accounting for differences 

in kinetics between glucose and FDG, which was assumed to be one.  

 

Pulmonary hypertension rats 

To obtain information about cellular changes in the IVS, particularly the RV-IVS, a PH male 

Wistar rat model (Harlan Laboratories, Horst, The Netherlands) was used.21 The study was 

approved by the local animal ethics committee. Severe progressive PH was induced in 8 rats 

with subcutaneous injection of 60 mg/kg monocrotaline. Eight animals were used as healthy 

controls. Three weeks after monocrotaline injection or when heart failure was present 

(defined by >10% body weight loss per day for 2 consecutive days), cardiac function was 

measured using echocardiography before rats were sacrificed and hearts were harvested 

and snap frozen in liquid nitrogen as described in detail before.21 Cryosections of 5 μm 

thickness were cut from the apex of the heart before storage at -80°C.  

 

Histomorphometric analysis 

The cardiomyocyte cross sectional area (CSA) was determined in hematoxylin and eosin 

stained cryostat sections. CSA was measured in cardiomyocytes which were cut 

perpendicularly to their longitudinal axis. Cardiac fibrosis was measured using picrosirius red 

staining as previously described.22 Fibrosis was expressed as % of collagen per area. 

Functional myoglobin concentration was calculated from myoglobin peroxidase activity in 

individual cardiomyocytes as described in detail elsewhere.23;24 In addition, succinate 

dehydrogenase (SDH) activity was stained as described previously.25 Maximal mitochondrial 

oxidative capacity expressed in nmol/mm3/sec was calculated as ((measured absorbance at 

660 nm/ seconds of incubation) / cryosection thickness in µm)*6000.  Images of CSA, 

fibrosis, myoglobin and SDH activity were obtained as described and analyzed using ImageJ 

(ImageJ for Windows 1.39a, National Institutes of Health, Bethesda, MD, USA), taking the 

pixel-to-aspect ratio into account.23  

To measure cardiac inflammation, leukocyte infiltration was measured using quantitative 

immunofluorescence microscopy.26 After 60 minutes of cryosection incubation with the 

primary antibody CD45 (Santa Cruz Biotechnology, CA, USA), secondary antibody staining 

(Alexa fluor 488, Abcam, Cambridge, UK), WGA (glycocalyx) and DAPI (nuclei) 

counterstaining was performed. Image acquisition was performed using a Marianas digital 

imaging microscopy workstation and semiautomatic analysis was performed using SlideBook 

5.1 imaging analysis software (Intelligent Imaging Innovations, Denver, CO, USA). Leukocyte 

infiltration was expressed as the number of CD45 positive cells per area. The same method 

was used to stain capillaries, except for a different primary antibody (CD31, Santa Cruz 

Biotechnology, CA, USA). The number of capillaries per cardiomyocyte was determined and 

capillary density calculated as the number of capillaries per area. 
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At least 20 cardiomyocytes were studied in the left and the right ventricle and in both the LV 

and the RV cavity sides of the IVS (LV-IVS and RV-IVS, respectively). LV-IVS and RV-IVS 

were defined as the first field (250 x 400 µm) adjacent to the ventricular cavity in the middle 

of the IVS. 

 

Statistical analysis 

Comparison of LV, RV and total IVS or LV-IVS and RV-IVS was performed by two-way 

repeated measurements analysis of variance with Bonferroni post-hoc testing. Differences 

between control and PH rats were assessed using unpaired Students t-tests. Correlations 

were performed with Pearson’s correlations. All analyses were performed with Graphpad 

Prism 5.00 (Graphpad Software, San Diego, CA, USA) and SPSS 20.0 (SPSS Inc., Chicago, 

IL, USA). All data are presented as mean ± SD, unless stated otherwise. A p-value <0.05 

was considered statistically significant.  

 

 

RESULTS 

 

IPAH patients 

Clinical characteristics of the 17 IPAH patients are shown in table 1. Patients were 

predominantly female and equally distributed in New York Health Association functional 

classes II and III. Hemodynamic data showed that all patients had significant increased mean 

pulmonary artery pressure and pulmonary vascular resistance with reduced cardiac output 

(table 1). 

 

 

 
Table 1. IPAH patient clinical characteristics. NYHA: New York heart  association; NT-proBNP: N-
terminal pro-brain natriuretic peptide 
 

General characteristics Mean ± SD 

   Age, yrs 46 ± 13 

   Female / male, n 16 / 1 

   Body surface area, g/m2 1.83 ± 0.19 

   NYHA functional class II / III, n 9 / 8 

   NT-proBNP, ng/L 1383 ± 1790 

   6-minute walk distance, m 453 ± 140 

Hemodynamic characteristics  

   Mean pulmonary artery pressure, mmHg 52 ± 15 

   Right atrial pressure, mmHg 8 ± 7 

   Pulmonary vascular resistance, dynes/s/cm5 693 ± 369 

   Pulmonary arterial  wedge pressure, mmHg 10 ± 4 

   Cardiac output, L/min 5.6 ± 1.9 

   Mixed venous oxygen saturation, % 65 ± 8 
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 Mean ± SD 

LV free wall mass index, g/m2 41 ± 10 

IVS mass index, g/m2 17 ± 4 

RV free wall mass index, g/m2 56 ± 12 

LV end-diastolic volume index, ml/m2 52 ± 16 

RV end-diastolic volume index, ml/m2 82 ± 15 

Stroke volume index, ml/m2 33 ± 11 

LV ejection fraction, % 64 ± 9 

RV ejection fraction, % 39 ± 15 

 

Table 2. IPAH patient cardiac MRI measurements. LV: left ventricle, IVS: interventricular septum, 
RV: right ventricle. 
 

 

Total IVS mass index in IPAH patients  

Cardiac MRI revealed characteristic PAH morphology of a hypertrophied right ventricle, 

indicated by higher RV free wall mass index compared with LV free wall mass index 

(p<0.001, Table 2). Compared with the left ventricle, RV end-diastolic volume index was 

increased, but RV ejection fraction was lower (both p<0.001). In addition, total IVS mass 

index was strongly related with LV but not RV free wall mass index (Figure 1). 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Ventricular and interventricular septum mass in patients with IPAH, measured by 
cardiac MRI. (A) Increasing LV free wall mass index is accompanied by higher total IVS mass index. 
(B) In contrast, RV free wall mass index is not associated with total IVS mass index. 
 

 

Total IVS MRglu in IPAH patients  

Similar to total IVS mass, also total IVS MRglu was strongly associated with LV but not with 

RV MRglu (Figure 2A and B). Overall, total IVS MRglu (0.34 ± 0.09 µmol/g/min) was higher 

than RV MRglu (0.25 ± 0.08 µmol/g/min, p<0.01) and similar to LV MRglu (0.33 ± 0.09 

µmol/g/min, p=0.38). In addition, there was large heterogeneity in FDG uptake between 

patients and between different parts of the heart as shown in Figures 2C-E. A higher RV to 

LV MRglu ratio was associated with higher mean pulmonary artery pressure (R=0.57, 

p=0.02), higher pulmonary vascular resistance (R=0.55, p=0.03) and reduced RV ejection 

fraction (R=0.58, p=0.02).  
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Figure 2. Ventricular and interventricular septum myocardial glucose uptake rates in patients 
with IPAH. (A) Higher total IVS glucose uptake rate is associated with higher LV MRglu (B) but not 
with RV MRglu. (C-E) Typical examples of FDG uptake in three different patients showing a large 
heterogeneity in FDG uptake. Within the heart, black represents high and white represents lowest 
glucose uptake. (C) Patient with mPAP 37 mmHg, PVR 483 dys.s.cm-5, cardiac index 2.7 L/m2, RV 
ejection fraction 54% and 6MWD 576 m. (D) Patient with mPAP 52 mmHg, PVR 860 dys.s.cm-5, 
cardiac index 2.0 L/m2, RV ejection fraction 24% and 6MWD 541 m. (E) Patient with mPAP 72mmHg, 
PVR 840 dys.s.cm-5, cardiac index 2.6 L/m2, RV ejection fraction 34% and 6MWD 362 m.  
 
 
 Control 

Mean ± SD 
PH 

Mean ± SD 
p-value 

eRVSP (mmHg) 24.4 ± 5.1  81.4 ± 5.5 <0.001 

PVR index (mmHg/ml/min/mg) 0.76 ± 0.20 13.46 ± 3.37 <0.001 

Stroke volume (ml) 0.21 ± 0.04 0.07 ± 0.01 <0.001 

Heart rate (bpm) 432 ± 22 264 ± 28 <0.001 

Cardiac index (ml/min/g) 0.34 ± 0.07 0.08 ± 0.02 <0.001 

TAPSE (mm) 3.1 ± 0.3 1.4 ± 0.4 <0.001 

RVWT (mm) 1.1 ± 0.1 1.3 ± 0.1 <0.001 

IVSWT (mm) 1.6 ± 0.1 1.5 ± 0.1 0.24 

LVWT (mm) 1.7 ± 0.1 1.7 ± 0.1 0.74 

RVEDD (mm) 3.5 ± 0.7 7.2 ± 0.4 <0.001 

LVEDD (mm) 8.4 ± 0.7 5.2 ± 0.6 <0.001 

RVWT / RVEDD 0.32 ± 0.08 0.18 ± 0.01 <0.001 

LVWT / LVEDD 0.20 ± 0.02 0.34 ± 0.06 <0.001 
 

Table 3. Rat hemodynamic parameters. PH was induced with 60 mg/kg monocrotaline 
subcutaneous injection. Echocardiographic parameters are obtained at moment of sacrifice. eRVSP: 
estimated right ventricular systolic pressure, PVR: pulmonary vascular resistance, TAPSE: tricuspid 
annular plane systolic excursion, RVWT: right ventricle wall thickness, IVSWT: interventricular septum 
wall thickness, LVWT: left ventricle wall thickness, RVEDD: right ventricular end diastolic diameter, 
LVEDD: left ventricular end diastolic diameter. Control and PH rats were compared with unpaired 
Students t-test. 
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Pulmonary hypertensive rat IVS  

Imaging in IPAH patients provided information about total IVS. To further study IVS changes 

at the cellular level, PH rats were used. Table 3 shows rat echocardiography data at the time 

of sacrifice. PH rats showed a high estimated RV systolic pressure with reduced cardiac 

index compared with control rats, indicative of severe PH. Total IVS wall thickness was 

similar in PH and control rats and was not associated with either LV (R=0.07, p=0.75) or RV 

wall thickness (R=0.25, p=0.24). 

At the cellular level, total IVS mean CSA was similar in control (400 ± 47 µm2) and PH rats 

(479 ± 156 µm2, p=0.14). Figure 3A, however, demonstrates that the size of the 

cardiomyocytes was dependent on IVS side. Cardiomyocytes were larger on the RV-IVS, 

similar to RV free wall cardiomyoyctes. Whereas at the LV-IVS, cardiomyocytes were smaller 

and comparable to the LV free wall. Increased fibrosis was only observed in the LV-IVS and 

the RV free wall, but no increase in fibrosis could be detected in the LV free wall and the RV-

IVS (Figure 3B). Also, leukocyte infiltration was only present in the RV free wall, and absent 

in the LV free wall, LV-IVS and RV-IVS (Figure 3C). 

 
 

Figure 3. Cellular changes in the IVS in control and PH rats. (A) Cardiomyocytes are significantly 
larger in the RV-IVS and smaller in the LV-IVS in PH rats compared with controls. (B) Although the PH 
right ventricle shows significantly more fibrosis than controls, the RV-IVS shows no fibrosis, with a 
slight increase in the LV-IVS. (C) In addition, also leukocytic infiltration is highly present in the right 
ventricles in PH, but is absent in the PH IVS. Data are presented as mean ± SEM. ***p<0.001 vs Con. 
 

 
The number of capillaries was similar in control and PH rats (Figure 4A). Due to the large 

cardiomyocyte CSA, capillary density was reduced in the right ventricle of PH rats compared 

with controls (Figure 4B), with a similar trend in the RV-IVS (p=0.06). In general, myoglobin 

concentration and mitochondrial oxidative capacity were reduced in PH hearts compared 

with controls (Figures 4C and D). 

 

 

DISCUSSION 

 

This study shows that in the human pulmonary hypertensive heart, total IVS mass and 

glucose metabolism are closer related to the LV than RV free wall. Furthermore, although 

cardiomyocytes in the RV-IVS of PH rats show adaptive hypertrophy, important features of 

RV failure such as fibrosis and inflammation are absent. 
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Figure 4. Cellular oxygen parameters in the IVS in control and PH rats. (A) The number of 
capillaries per cardiomyocytes was similar in the IVS and left and right ventricle. However, due to the 
larger cardiomyocyte RV CSA in PH, capillary density was decreased in the right ventricle but not 
significantly in the RV-IVS (B). In addition, oxygen transport represented by myoglobin concentration 
and mitochondrial oxidative capacity are generally decreased in the PH hearts compared with controls 
(C,D). Data are presented as mean ± SEM. **p<0.01 and ***p<0.001 vs Con. 
 
 
Hypertrophy and atrophy in the IVS 

In the present study, it became clear that although total IVS mass was not related to RV free 

wall mass in IPAH patients or PH rats, at the cellular level considerable changes occurred: 

both LV atrophy and RV hypertrophy were present in the IVS of PH rats. High wall stress, 

sensed by both right ventricle and RV-IVS, is the most likely stimulus for hypertrophy with the 

opposite effect occurring in the underloaded left ventricle and LV-IVS.11;27 The present 

findings elaborate on previous observations where increased atrial natriuretic peptide mRNA 

expression (indicating cardiac hypertrophy) was found in RV-IVS but not in LV-IVS of PH rats 

and in endomyocardial RV-IVS biopsies from PH patients.28;29  

 

IVS glucose metabolism 

Simultaneous with increasing RV mass in PH, RV substrate metabolism shifts from free fatty 

acids towards glucose.6-8 Higher RV glucose uptake was associated with more severe PH in 

both the present and previous studies.7;8;30 The main finding of the present study is that 

glucose metabolism in the total IVS of IPAH patients did not represent RV free wall changes, 

but was associated with the left ventricle. This is in line with previous data which suggested 

similar MRglu in the total IVS and left ventricle, although IVS was not identified as a separate 
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entity.7 Thus we conclude that also in metabolic terms the IVS is closer related to the LV than 

the RV free wall. In contrast, in patients with a volume-overloaded right ventricle due to an 

atrial septal defect (without PH), the IVS showed increased glucose metabolism.14 This 

suggests that the IVS adapts differently in pressure-overloaded and volume-overloaded right 

ventricles.  

 

Changes in the IVS at the cellular level 

In addition to the development of hypertrophy and a shift in substrate metabolism, several 

other changes have been reported to occur when the right ventricle in PH progresses from 

adaptation to RV failure: cardiomyocyte contractile properties change, calcium and oxygen 

handling is disturbed, and apoptosis, oxidative stress, fibrosis and inflammatory processes 

are present in the failing heart.9;10 

Indeed, in previous RV-IVS biopsies from PH patients, sarcomeric protein α-myosin heavy 

chain mRNA levels were reduced with upregulation of β-myosin heavy chain mRNA, thereby 

shifting towards a more fetal phenotype.29 Concerning calcium handling, in a pulmonary 

artery banding PH rat model, sarcoplasmic endoplasmic reticular calcium ATPase 2 

(SERCA2) and phospholamban mRNA levels were reduced in the total IVS with lowest levels 

in the RV-IVS.28 In the present study, several parameters, involved in cellular oxygen 

handling, were investigated. The results indicate similar changes in PH rats and controls for 

IVS and right ventricle and suggests a diminished oxygen supply over demand in the whole 

heart.31 The general decrease in myoglobin concentration and mitochondrial oxidative 

capacity in PH rats may be due to the hypoxemic monocrotaline model itself.32  

In the failing right ventricle, high inflammatory activity results in oxidative stress with reactive 

oxygen species formation leading to cell damage, apoptosis and even more inflammation, 

thereby entering a negative spiral towards end-stage heart failure.9 Interestingly, although 

fibrosis and leukocyte infiltration were abundantly present in the right ventricle of PH rats, 

they were less pronounced (fibrosis) or absent (inflammation) in the IVS. In patients with PH 

who underwent cardiac MRI, also no fibrosis in the IVS was described although delayed 

contrast enhancement (as a measure of cardiac fibrosis) was present at the RV insertion 

points of the IVS.33;34 

 

The absence of RV failure signs in the IVS might suggest that IVS cardiomyocytes are more 

capable to sustain high pressures or wall stress than RV cardiomyocytes. A possible 

explanation for this difference lies in the embryonic development of the IVS. In the earliest 

embryonic days of gestation, LV and RV cardiomyocyte entities are symmetrically present in 

the developing IVS.2-4 Soon thereafter, LV-originated cardiomyocytes start to dominate the 

IVS with RV-originated cardiomyocytes only aligning a minor part of the RV cavity side of the 

IVS.4 As a result, when RV pressure rises, not only RV-originated, but also many LV-

originated cardiomyocytes become hypertrophic. Since LV cardiomyocytes can generate a 

higher contractile force than RV cardiomyocytes, LV-originated cardiomyocytes in the IVS 

may better withstand high pressures and therefore do not show signs of RV failure.35  
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Clinical implications 

Although imaging techniques give insight into general RV function, they do not permit to 

study alterations at the cellular level. Whilst explanted or autopsy hearts have been used to 

study the human right ventricle,29;31 these hearts only represent severe end-stage RV failure 

and investigation of intermediate states of RV adaptation has required the use of PH animal 

models.36 Use of human myocardial biopsies to study mechanisms of RV failure and effects 

of PH specific therapies on the right ventricle in living PH patients has been limited by the 

presumed risks of bleeding and rupture of the myocardium. Instead, biopsies from the RV-

IVS have been used as surrogates for the RV free wall and it has been reported that the 

required procedure is relatively safe.29;37 The present study provided more insight into IVS 

characteristics and further research is needed to investigate the potential role of RV-IVS 

biopsies as surrogate for studying RV alterations in PH patients. 

 

 

CONCLUSIONS 

During RV pressure overload in pulmonary hypertension, similar changes in mass and 

glucose metabolism were observed in the IVS as in the LV free wall. On a cellular level, the 

IVS in PH rats shows both right-sided hypertrophy and left-sided atrophy. However, 

important features of RV failure such as fibrosis and inflammation are absent in the IVS. 
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ABSTRACT 

 

Context and Aims 

Glucose metabolism measurement using 2-deoxy-2-[18F]-Fluoro-D-Glucose (18FDG) and 

positron emission tomography could provide in vivo information about pulmonary vascular 

remodelling. The purpose of this study is to assess whether pulmonary 18FDG uptake in 

idiopathic pulmonary arterial hypertension (IPAH) patients has changed and relates to 

disease severity and survival. 

 

Settings and Design 

Sixteen IPAH patients who were treated with IPAH specific therapy and 7 patients who had a 

myocardial infarction (MI) without pulmonary hypertension were included. IPAH disease 

severity was determined with six-minute walking test and right heart catheterisation two days 

before 18FDG-PET. Regions of interest were defined for left and right lungs and standardised 

uptake values (SUV), normalised to body weight, injected dose and plasma glucose level, 

were derived.  

 

Results 

Mean SUV for IPAH left and right lungs were 0.40 ± 0.26 and 0.44 ± 0.18 (p=0.32). In MI 

patients, SUV was 0.38 ± 0.13 and 0.35 ± 0.10 (p=0.24) in left and right lungs. Total lung 

SUV was similar in IPAH and MI patients (0.41 ± 0.19 vs 0.37 ± 0.11, p=0.56). There was no 

correlation between SUV and IPAH disease severity parameters. In addition, lung SUV did 

not predict survival in IPAH patients (HR: 1.155, 95% CI 0.16 to 8.26, p=0.88). 

 

Conclusion 

Pulmonary 18FDG uptake in treated IPAH patients is low and is not associated with disease 

severity and survival, thereby limiting its clinical use in patient care. 
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INTRODUCTION 

 

To date, treatment of pulmonary arterial hypertension (PAH) is directed towards reduction of 

pulmonary vascular remodelling, i.e. vasoconstriction and proliferation of pulmonary artery 

smooth muscle cells (PASMCs).1 Treatment effects can be monitored using the six-minute 

walking test, right heart catheterisation, cardiopulmonary exercise testing, and serum NT-

proBNP levels.2 Many of these parameters, however, are measures of right ventricular 

function and rather indirect indicators of changes in lung vasculature. In pulmonary vascular 

remodelling, cellular (glucose) metabolism and mitochondrial function are abnormal,3,4 but 

methods to noninvasively measure abnormal remodelling and metabolism of the pulmonary 

vasculature are not available in the clinic yet.  

2-deoxy-2-[18F]-Fluoro-D-Glucose (18FDG) positron emission tomography (PET) can be used 

to measure glucose metabolism. 18FDG is an analogue of glucose that cannot be catabolised 

after phosphorylation to 18FDG-6-PO4, and therefore it is essentially trapped in cells. This 

accumulating signal can be visualised and measured using PET.4,5 Recently, Marsboom et 

al. reported increased in vivo pulmonary 18FDG uptake in two rat models of PAH, which 

subsequently decreased after PAH treatment.3 These data suggest that 18FDG PET may be 

a useful tool for evaluating response to treatment in patients. In addition, there have been 

two pilot studies reporting increased 18FDG uptake in the lungs of patients with idiopathic 

PAH (IPAH), but no relation between 18FDG uptake and disease severity has been shown.6,7 

Therefore, the purpose of the present study is twofold: 1) to measure 18FDG uptake in the 

lungs of IPAH patients and 2) to relate these measurements to PAH disease severity and 

survival. 

 

 

SUBJECTS AND METHODS 

 

Patients 

Patients with IPAH who had undergone 18FDG PET for cardiac research purposes as 

described before by Wong et al. were retrospectively included for the current analysis.8 

Briefly, 16 patients with IPAH were included who were under IPAH treatment and clinically 

stable for at least three months. To assess clinical and hemodynamic characteristics, they 

underwent a six-minute walking test and right heart catheterisation two days prior to the PET 

study.8 In addition 18FDG scans from seven patients who had a myocardial infarction (MI) 

were included as a comparison group. Pulmonary hypertension secondary to pulmonary 

venous congestion after MI was excluded by echocardiography in these patients. The study 

was approved by the Medical Ethics Review Committee of the VU University Medical Center 

and each patient gave written informed consent prior to inclusion. 

 

Data acquisition  

The scanning protocol has been described in detail before.8 Briefly, patients had to fast 

overnight, and two and one hours prior to 18FDG injection they received a single oral dose of 

250 mg acipimox (Nycomed BV, Hoofddorp, the Netherlands) and a carbohydrate and 

protein enriched meal for glucose loading.9 All scans were performed using an ECAT EXACT 
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HR+ scanner (Siemens/CTI, Knoxville, TN, USA) in 3D acquisition mode. Before intravenous 

injection of 18FDG, a 10 minutes transmission scan was performed to correct the subsequent 

emission scan for tissue attenuation. Starting at the time of 18FDG injection, a dynamic 

emission scan was acquired for 60 minutes (39 frames with increasing frame duration). 

Venous blood samples were drawn to measure serum glucose and free fatty acid levels at 

30, 40 and 50 min after beginning of the scan in IPAH patients. MI patients were prepared in 

the exact same way and underwent static imaging after 45 to 60 min after 18FDG injection 

with serum glucose levels measurement at the beginning of the scan. 

 

Data analysis 

Sinograms were reconstructed and processed as described previously.10,11 In addition, for 

pulmonary 18FDG measurements, two regions of interest (comprising entire left and right 

lungs) were drawn on transaxial planes (figure 1). The number of planes used for analysis, 

ranged from 8 to 13 per patient (mean 9.4 ± 1.8 planes) with a mean total volume of interest 

of 54 ± 28 and 78 ± 23 mL for left and right lungs, respectively in IPAH and 180 ± 113 and 

264 ± 87 mL in MI patients. In addition, in IPAH patients, 4 separate regions of interest were 

drawn in the anterior or posterior parts of the left and right lung (mean volume of interest 11 

mL).  

Standardised uptake values (SUV) were calculated by normalising obtained tissue 

radioactivity concentrations to body weight and injected dose, and by correcting for plasma 

glucose levels, the latter normalised to a (normal) glucose level of 5 mmol.L-1.12 SUV was 

determined 50-60 min after 18FDG administration in IPAH patients. Patlak analysis was 

performed to calculate the metabolic rate of glucose uptake which is the product of the influx 

rate constant (Ki) and serum glucose concentration.13 To obtain Ki, an image derived input 

function from the ascending aorta blood pool was used. 

 

Statistical analysis 

SUV for left and right lungs were compared using paired Students t-test. Differences in SUVs 

at different regions of interest were tested by means of one-way analysis of variance with 

Bonferroni post-hoc analysis. IPAH and MI patients were compared with unpaired Students t-

tests. Correlations between SUV and clinical parameters were determined by Pearson’s 

linear regression. Kaplan-Meier survival was stratified by the median value of total lung SUV 

for all patients and compared by log-rank tests. Survival was measured from time of PET 

until cardiopulmonary death or the time of analysis (interquartile range 24 to 50 months). 

Data are shown as mean ± standard deviation (SD). A p-value < 0.05 was considered 

statistically significant. 

 

 

RESULTS 

 

Clinical and hemodynamic characteristics of all patients are listed in table 1. Figure 1 shows 

a typical example of an 18FDG scan in an IPAH patient, demonstrating low 18FDG uptake in 

the lungs compared with the heart.  
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Table 1. Patient characteristics at time of 18FDG-PET 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Typical example of a transaxial 18FDG PET image from an IPAH patient, acquired 55 to 60 
minutes after 18FDG administration. The grey scale represents 18FDG uptake, ranging from lowest 
uptake in the lungs to highest uptake in the LV free wall. LV: left ventricle, RV: right ventricle. Total 
lung regions of interest are shown.  
 

 

The mean injected dose of 18FDG was 181 ± 16 MBq in IPAH patients and 382 ±20 MBq in 

MI patients. The mean left and right lung SUV was 0.40 ± 0.26 and 0.44 ± 0.18 (p=0.32) in 

IPAH patients and 0.38 ± 0.13 and 0.35 ± 0.10 (p=0.24) in MI patients (fig 2a). Total lung 

SUV was also similar in IPAH and MI patients (0.41 ± 0.19 vs 0.37 ± 0.11, p=0.56). Analysis 

of 4 separate regions of interest in the lung fields of IPAH patients, did not show regional 

differences in SUV (p=0.51) (fig 2b). There was no correlation of mean total lung SUV with 

any of the following PAH parameters: six-minute walking distance (r2=0.008; p=0.74), mean 

pulmonary artery pressure (r2=0.115; p=0.20), pulmonary vascular resistance (r2=0.095; 

p=0.25) and Nt-proBNP (r2=0.021; p=0.59) (fig 3). 

 IPAH patients 
Mean ± SD 

MI patients
Mean ± SD 

Males / females (n) 1 / 15 7 / 0 

New York Health Association Functional Class II / III (n) 9 / 7  

Age (yrs) 46.1 ± 11.9 66.5 ± 12.2 

6-minute walking distance (m) 466 ± 141  

Cardiac output (L.min-1) 4.9 ± 1.2  

Mean pulmonary arterial pressure (mmHg) 49 ± 13  

Mean right atrial pressure (mmHg) 6 ± 5  

Pulmonary vascular resistance (dyn.s.cm-5) 628 ± 301  

Mixed venous saturation (%) 66 ± 8  

N-terminal pro-brain natriuretic peptide (ng.L-1) 1048 ± 1644  

Serum glucose (mmol.L-1) 5.2 ± 0.8 5.6 ± 1.0 

Serum free fatty acids (mmol.L-1) 0.07 ± 0.02  
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Figure 2. Standardised uptake values (SUV) normalised to body weight, injected dose and blood 
glucose level in (a) left and right lungs of IPAH and MI patients and (b) in 4 separate regions of 
interest in the lungs of IPAH patients. No differences were observed between the IPAH and MI 
patients and between different lung  regions within IPAH patients. Ant: anterior part of the lung, post: 
posterior part of the lung. Data are represented as mean ± SEM. 
 

 

Patlak analysis to calculate the metabolic rate of glucose uptake gave negative results and 

could therefore not be performed. Four IPAH patients did not survive until the current 

analysis. Figure 4 shows that SUV did not predict survival in this cohort of IPAH patients 

(HR: 1.155, 95% CI 0.16 to 8.26, p=0.88). 

 

 

DISCUSSION 

 

This study is a first attempt to correlate pulmonary 18FDG uptake in IPAH patients to disease 

severity. The main results of this study show that pulmonary 18FDG uptake in treated IPAH 

patients, is similar to MI patients without pulmonary hypertension and is not associated with 

severity of IPAH or survival.  

Our data do not confirm the results of Xu et al. who demonstrated higher 18FDG SUV in four 

IPAH patients compared with three healthy controls at 1.5 hours (0.50 ± 0.03 vs. 0.40 ± 0.01, 

p<0.01) and 3 hours after 18FDG injection (0.51 ± 0.02 vs 0.37 ± 0.02, p<0.01).6 In addition, 

Hagan et al. also observed a higher 18FDG lung parenchymal target-to-background ratio in a 

pilot study of eight IPAH patients (7 treated, 1 untreated) compared with six chronic 

thromboembolic pulmonary hypertensive patients and healthy controls.7 A direct comparison 

to the present results is difficult because of differences in patient preparation, scanning time, 

and analysis of the PET data.5 However, comparing the present SUV values with Xu et al. 

shows that the quantitative differences are small. Also, reported disease severity parameters 

in the previous pilot studies are limited. Although NYHA functional class and NT-proBNP 

values are similar in the current population and the IPAH patients from the study of Hagan et 

al.,7 we cannot exclude that patients in the previous papers had either more severe PAH or 

were not under optimal treatment, explaining the higher pulmonary 18FDG uptake. More 

importantly, in the present study pulmonary 18FDG uptake was correlated directly to clinical  
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Figure 3. Scatter plots of standardised uptake values (SUV) from IPAH patients normalised to body 
weight, injected dose and blood glucose level of both left and right lungs versus various PAH clinical 
parameters: (a) 6-minute walking distance (6MWD), (b) mean pulmonary artery pressure (mPAP), (c) 
pulmonary vascular resistance (PVR), (d) N-terminal prohormone of brain natriuretic peptide (NT-
proBNP). Every dot represents a patient. No statistical significant correlations were found. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Kaplan-Meier survival plot of all IPAH patients. Patients were divided by the median value of 
total lung SUV (0.34). Four patients died in the time between PET scan and the current analysis (2 
patients with SUV<median and 2 patients with SUV>median). When patients were clinically stable, 
total lung SUV did not predict survival in this cohort. 
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and hemodynamic PAH parameters at time of PET, which has not been done before. 

Unfortunately, although patients with variable IPAH severity were included, pulmonary 18FDG 

uptake was not associated with any clinical IPAH parameter or with survival. 

In the present study, patients who had a myocardial infarction were used as a comparison 

group. Because patient preparation was the same in IPAH and MI patients, a direct 

comparison of pulmonary SUV could be made. More importantly, we showed similar SUV in 

IPAH and MI lungs, indicating that pulmonary glucose uptake in treated IPAH is indeed low. 

In addition, comparing the present results with data from literature shows that the IPAH lung 

SUV values are comparable to healthy controls in literature.6,12 

 

A recent report showed that in vivo pulmonary 18FDG uptake was higher in a rat model of 

PAH than in control rats.3 These in vivo data were supported by increased glucose uptake in 

cultured rat PASMCs and increased glucose transporter-1 expression in both rat PASMCs 

and pulmonary artery endothelial cells (PAECs).3,14 In addition, previous reports have shown 

increased glycolytic rates in human PAH and IPAH PAECs.6 Increased 18FDG uptake in rat 

PAH may in part be due to the choice of the experimental model. Sugen-hypoxia and 

monocrotaline-injected rats used in the in vivo pulmonary 18FDG measurements are known to 

exhibit systemic vascular inflammation.3 Marsboom et al. carefully investigated the role of 

inflammation in the lungs of these rats and did not observe an increase in pulmonary 

macrophages or glucose transporter-1 activity.3 However, these data did not exclude 

increased glycolytic rates of inflammatory cells or an increased number of inflammatory cells 

in the in vivo situation, accounting for higher 18FDG uptake.3 Interestingly, Hagan et al. did 

not find a correlation between inflammatory cytokines and lung parenchymal tissue-to-

background ratio in IPAH patients, thereby showing that increased inflammation in human 

IPAH does not necessarily result in increased pulmonary 18FDG uptake.7 Based on these 

results from literature, one might have expected increased pulmonary 18FDG uptake. 

However, results of the present study do not confirm this prediction. It should be noted, 

however, that PET provides a macroscopic measure of pulmonary 18FDG uptake, which in 

itself does not exclude the possibility that glycolytic rates at the cellular level indeed are 

increased.6 Another explanation for the present low pulmonary 18FDG uptake could be that 

pulmonary glycolytic rates are low due to optimal PAH treatment. 

 

Limitations 

The comparison group consisted of patients who had a myocardial infarction and were 

thereby not completely healthy. Secondly, only parts of the lungs around the mediastinum 

were measured although PAH is considered to be homogeneous throughout the lungs and 

the middle regions of the lungs should therefore be representative of the entire lungs. To 

underline this, separate regions of interest in both lungs did not show any differences in SUV. 

Thirdly, a more accurate way to measure 18FDG uptake would be by calculating metabolic 

rate of glucose uptake (MRglu).15,16 However, in this study MRglu calculation by Patlak 

analysis resulted in negative values and could therefore not be used. Furthermore, the 

patient preparation in the current protocol stimulated cardiac 18FDG uptake by giving a 

glucose load, possibly at the expense of pulmonary uptake. Therefore, this protocol might not 

be optimal for detection of 18FDG in the lungs. In addition, an image derived input function 
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from regions of interest over the ascending aorta was used to analyse the data. Because 

pulmonary blood supply comes from the right ventricle, blood values from the aorta may not 

be the best input function. However, it is technically challenging to obtain reliable regions of 

interest from the right ventricular blood pool due to spill over of the myocardium, movement 

of the heart and the shape of the right ventricle. Consequently, it was not possible to 

generate reproducible results with the right ventricular blood pool as input function. Finally, it 

should be emphasised that the present results may not apply to untreated patients. 

 

 

CONCLUSION 

Pulmonary 18FDG uptake in treated IPAH patients is low and not associated with disease 

severity or survival. Whether uptake is also low in untreated patients remains unknown, 

however it is unlikely that 18FDG PET can be used as a tool for follow up of these patients.  
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CONCLUSIONS 

 

The first part of this thesis revealed that iron deficiency (ID) was common in patients with 

idiopathic pulmonary arterial hypertension (IPAH) and systemic sclerosis-associated PH 

(SSc-PH) and was associated with decreased exercise capacity and worse survival 

(Chapters 2 and 3). Intravenous iron therapy in ID IPAH patients increased exercise 

endurance capacity, which was related with improved oxygen handling in the skeletal muscle 

fibers (Chapter 5). An overview of the results of part I of this thesis is presented in Figure 1. 

The second part of the thesis was aimed to increase knowledge in PH pathogenesis by 

investigating different methods to study PH. We demonstrated that the low-dose 

monocrotaline-induced PH rat model is only useful until four weeks after monocrotaline 

administration (Chapter 6). Furthermore, we showed that the interventricular septum 

resembles left ventricular rather than right ventricular characteristics in IPAH patients and PH 

rats (Chapter 7). Finally, non-invasive imaging of pulmonary vascular glucose uptake with 

positron emission tomography was not feasible in IPAH patients under optimal PH specific 

therapy (Chapter 8). 

 

In this chapter, we will now focus in more detail on future studies in iron deficient PH, since 

several important questions remain to be answered still. These topics are discussed below 

and concern the exact cause and underlying mechanisms of high ID prevalence in PH 

patients, iron treatment in patients with other subtypes of PH, and new potential treatment 

strategies. 

 

 

FUTURE RESEARCH 

 

Causes of iron deficiency in PH patients 

Regarding the cause of ID in PH, there are four major contributors: lower intake or absorption 

of iron, more loss of iron or higher iron turnover, and disturbed iron handling via increased 

erytrhopoiesis or high hepcidin levels (Figure 1).1 There is no direct proof that PH patients 

had less iron intake, although iron absorption may be disturbed since treatment with oral iron 

showed little effect in IPAH patients (Chapter 2). Furthermore, measuring iron loss is difficult. 

However, a higher ID prevalence was found in premenopausal than in postmenopausal IPAH 

females in the United Kingdom, although we could not confirm this in our IPAH cohort 

(Chapter 2).2 Higher turnover of iron due to increased erythropoiesis could also impact iron 

levels, since IPAH patients showed high erythropoietin (EPO) levels.3 Disturbed iron handling 

due to high hepcidin levels, however, is probably the most important contributor to ID 

development in PH (Chapters 3 and 5).3 Hepcidin causes degradation of ferroportin-1, which 

is the only known iron exporter, thereby reducing iron release into the bloodstream.4 

Increased hepcidin levels alone were already associated with ID, and hepcidin values were 

high in cohorts of IPAH and SSc-PH patients (Chapter 3).2;3  
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Figure 1. Causes and consequences of ID in PH and the effects of iron treatment. Iron deficiency 
in PH patients most likely develops due to a combination of decreased iron absorption, more iron loss, 
increased iron use due to higher erythropoiesis, and elevated hepcidin levels. Iron deficiency in PH 
resulted in decreased oxygen handling in the heart and skeletal muscles with reduced exercise 
capacity. Furthermore, hepcidin levels dropped in ID PH as well as haemoglobin levels (anaemia). 
Intravenous iron therapy could increase cardiomyocyte and skeletal muscle oxygen handling and 
haemoglobin levels. Hepcidin levels remained similar. The effects on the pulmonary vasculature 
remain unknown and need to be investigated further in the future. 
 

 

Unravelling the underlying molecular mechanisms of high hepcidin and ID in PH 

Binding of hepcidin on ferroportin-1 causes internalisation and break down of ferroportin-1, 

with subsequently reduces iron release from the cells.4 There are different potential causes 

for the high hepcidin levels in PH patients, as shown in Figure 2. First, ID was found to have 

the highest prevalence among IPAH patients with a bone morphogenetic protein receptor 

type 2 (BMPR2) mutation.2 Less functional BMPR2 protein expression has been associated 

with increased BMP6 levels, which in turn stimulates BMP/Smad-mediated hepcidin 

production.3;5 Second, IPAH patients are known to have high interleukin-6 (IL-6) levels, which 

increases hepcidin.6 However, a direct relation between IL-6 and hepcidin values has not 

been found in PH patients (Chapter 3).2;3 The most likely explanation is that there is a 

simultaneous inhibition of hepcidin transcription due to increased erythropoietic activity. It 

has been suggested that when hepcidin is both stimulated by inflammation and inhibited by 

increased erythropoietic activity, the erythroid demand for iron is stronger.7 Indeed, 

erythropoietin (EPO) and erythroid precursor growth differentiation factor-15 levels were high 
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in IPAH patients, suggesting increased erytrhopoiesis.3 Finally, GATA4 has been shown to 

be upregulated in PH.8 In hepatocellular carcinoma cells, it was demonstrated that GATA4 

activated hepcidin gene expression by binding to its promoter.9 Mutations in the GATA4 

binding site did not effect BMP/Smad-mediated hepcidin production, but impaired hepcidin 

transcription via the IL-6/STAT3 pathway.9  

To investigate which of these mechanisms are responsible for inducing ID in PH, a 

longitudinal study is needed. In this study, patients with different subtypes of PH should be 

included to distinguish the different hepcidin stimulating and inhibiting pathways: IPAH 

patients, familial PAH patients with a BMPR2 mutation and SSc-PH patients. Following these 

patients over time with regular measurements of the iron status, including hepcidin values, 

IL-6, EPO and erythroid precursor levels, could give insight into what iron regulatory 

parameters are most important in ID development in PH.  
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Figure 2. Proposed mechanisms of hepcidin regulation in pulmonary hypertension. Hepcidin is 
regulated by iron levels, bone morphogenetic proteins (BMP), inflammation and erytrhopoietic activity. 
BMP6: bone morphogenetic protein-6, TfR: transferrin receptor, HJV: haemojuvelin, BMPR: BMP 
receptor, EPO: erythropoietin, GDF-15: growth differentiation factor-15, TWSG-1: twisted gastrulation 
homolog protein, IL-6: interleukin-6, STAT3: signal transducer and activator of transcription 3, FPT: 
ferroportin-1, PH: pulmonary hypertension 
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Treating iron deficiency: ongoing and future research 

Besides the described effects on exercise capacity, cardiac function and skeletal muscles 

(Chapter 2,3 and 5), ID has also been shown to induce an increase in pulmonary arterial 

pressure.10;11 The proposed underlying mechanism is mainly attributed to stabilisation and 

transcription of hypoxia-inducible factors which cause contraction, proliferation and migration 

of pulmonary artery smooth muscle cells.10-13 Whether intravenous iron therapy can reduce 

pulmonary vascular resistance in ID IPAH patients is currently investigated in a clinical trial in 

the United Kingdom.14  

However, it would also be of interest to investigate the direct effects of iron on the pulmonary 

vasculature. This could be done by culturing isolated pulmonary artery smooth muscle cells 

from IPAH patients with and without a BMPR2 mutation (to observe differences in hepcidin 

metabolism), expose them to a low iron-containing medium and to observe proliferative 

changes.15  

 

Finally, it remains to be investigated whether intravenous iron therapy also has beneficial 

effects in patients with other subtypes of PH. At the same time, new treatment strategies for 

ID are developing, aimed at specifically reducing hepcidin levels. Inhibiting hepcidin 

production via blockage of hemojuvelin or BMP receptors, reversed the anaemia in mice with 

anaemia of chronic inflammation.16-19 Furthermore, a new hepcidin antagonist (Anticalin or 

PRS-080) has recently been developed and is tested for safety of ID treatment. Therefore, 

specific hepcidin reduction might be introduced as a new ID treatment in the future. 
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Summary 

 

 

Part I 

The first part of this thesis described the prevalence, causes, consequences and treatment 

strategies of iron deficiency (ID) in pulmonary hypertension (PH).  

 

First, the prevalence of ID in patients with idiopathic pulmonary arterial hypertension (IPAH) 

was investigated in Chapter 2. We found that ID was very common in IPAH patients with a 

point prevalence of 43%. Interestingly, ID patients had a lower mean 6-min walking distance 

(6MWD) than non-iron deficient (non-ID) patients, although haemodynamics were similar 

between the two groups. Oral iron treatment in a subset of patients revealed that almost half 

of the patients did not increase body iron stores and remained iron deficient after treatment. 

 

A similar study was performed in another group of patients in Chapter 3. Iron parameters 

were measured in patients with systemic sclerosis with (SSc-PH) and without PH (SSc-

nonPH). SSc-PH patients were more often iron deficient than SSc-nonPH patients. In 

addition, exercise capacity by means of 6MWD and cardiopulmonary exercise testing, was 

lower in ID than in non-ID patients in both the SSc-PH and SSc-nonPH group. Furthermore, 

four-year survival was significantly poorer in ID SSc-PH patients compared with non-ID SSc-

PH patients, and a similar trend was observed in SSc-nonPH patients. 

 

In Chapter 4, oxygen supply parameters were studied in more detail in hearts of patients 

who died from right heart failure due to PH or who died after a left ventricular myocardial 

infarction (MI) without PH. Right ventricular cardiomyocyte cross-sectional area of PH 

patients was significantly larger than of MI patients, with decreased capillary density. In 

addition, myoglobin concentration was lower in PH than in MI patients. These results were 

confirmed in a PH rat model and it was shown that the underlying cause of the low right 

ventricular myglobin resulted from a lack of increase in myoglobin mRNA transcription per 

cardiomyocyte nucleus. This study demonstrated that, although myocardial oxygen 

consumption is increased in the right ventricle in PH, all cellular oxygen supply parameters 

are decreased. 

 

The first chapters showed that ID is common in PH patients and associated with worse 

exercise capacity and survival, and could not be reversed with oral iron treatment. Therefore, 

in Chapter 5, we treated IPAH patients with a high dose of intravenous iron (Ferric 

carboxymaltose, Ferinject®). Twelve weeks after intravenous iron treatment, body iron stores 

were increased in all patients. Submaximal exercise endurance time was significantly 

improved and the anaerobic threshold was delayed. Cardiac function was unchanged, but 

quality of life was significantly better after iron treatment. Histology analysis of quadriceps 

muscle biopsies from the patients revealed higher myoglobin levels and mitochondrial 

oxidative capacity in low oxidative fibers after iron therapy, without alterations in 

capillarisation. 
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In the same chapter, the development of PH under ID circumstances was studied in an ID 

PH rat model. PH development was similar in PH rats with and without ID, but there were 

several differences at the cellular level in the right ventricle. ID PH rats showed higher right 

ventricular capillarisation with lower myoglobin concentrations and mitochondrial oxidative 

capacity than non-ID PH rats, which could be restored by iron supplementation. Interestingly, 

iron supplementation decreased the pulmonary artery muscularisation. In the skeletal 

muscles, similar observations as in the human study were found: myoglobin and 

mitochondrial oxidative capacity were reduced in ID PH rats compared with non-ID PH rats 

and could be increased by iron supplementation. 

 

 

Part II 

The second part of this thesis described several approaches to study PH in humans and rats. 

 

First, an animal model of PH was studied in Chapter 6. The natural course of a low-dose 

monocrotaline PH rat model (i.e. 40 mg/kg) was investigated. It was demonstrated that PH 

was present 4 weeks after monocrotaline injection, which was characterised by 

echocardiography, right heart catheterisation and histological analysis. However, after 8 and 

12 weeks of monocrotaline injection, no signs of PH were present. This type of model is 

therefore not suitable for therapeutic studies longer than 4 weeks after a low dose of 

monocrotaline.  

 

Although the right ventricle has been studied intensively, the role of the interventricular 

septum (IVS) in PH is still poorly understood. Therefore, we initiated a study to investigate 

several characteristics of the total IVS in IPAH patients, and at a cellular level in a PH rat 

model. Chapter 7 shows that total IVS mass and glucose uptake was associated with the left 

ventricular free wall but not with the right ventricular free wall. In addition, at the cellular level, 

the right side of the IVS showed hypertrophy but signs of right heart failure, such as fibrosis 

and inflammation, were absent in the IVS. 

 

In Chapter 8, a non-invasive method to measure pulmonary uptake of a radioactively 

labelled glucose-analogue 2-deoxy-2-[18F]-fluoro-D-Glucose (FDG) was tested with positron 

emission tomography in IPAH patients and compared with patients who had an LV MI. Total 

standard uptake values of FDG were similar in IPAH and MI patients and there was no 

correlation between FDG uptake and IPAH disease severity parameters. Furthermore, 

pulmonary FDG uptake did not predict survival in IPAH patients, limiting the use of this 

method in clinical PH care. 

 

All results from this thesis and directions for future research are discussed in Chapter 9. 
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Samenvatting 

 

Pulmonale hypertensie (PH) is een longziekte waarbij er een hoge bloeddruk in de 

bloedvaten van de longen aanwezig is. Normaal gesproken is de bloeddruk in de long 

bloedvaten laag. Door verschillende oorzaken, bijvoorbeeld vernauwing van de bloedvaten, 

kan de bloeddruk hoger worden. De rechterhartkamer pompt het zuurstofarme bloed door de 

longen zodat er zuurstof opgenomen kan worden. Wanneer PH ontwikkelt, moet de 

rechterhartkamer harder werken om het bloed tegen de hogere druk te pompen.  

Het is lastig om de diagnose PH te stellen omdat de symptomen vaak aspecifiek zijn: 

patiënten zijn vermoeid, kunnen zich minder goed inspannen en worden kortademig. 

Hierdoor wordt de ziekte vaak pas in een laat stadium ontdekt. Uiteindelijk kan de 

rechterhartkamer niet meer hard genoeg werken om tegen de hoge druk in de longvaten te 

pompen. Hoewel PH dus een ziekte van de longen is, sterven de patiënten aan hartfalen. 

De behandeling van PH richt zich met name op het verlagen van de bloeddruk in de longen. 

Met deze medicijnen kan het ontstaan van hartfalen vertraagd worden. Volledige genezing is 

echter nog steeds niet mogelijk. Daarom wordt er tot op heden ook veel aandacht 

geschonken aan onderzoek om de hartfunctie te verbeteren, de kwaliteit van leven te 

vergroten en het inspanningsvermogen te verbeteren.  

In dit perspectief is er interesse ontstaan voor de rol van ijzer in PH. Het bleek namelijk dat 

na het geven van een infuus met ijzer aan patiënten met hartfalen (door aan andere oorzaak 

dan PH) die een ijzergebrek hadden, de kwaliteit van leven en het inspanningsvermogen 

toenamen. Of dit ook het geval was bij patiënten met PH was echter onbekend. 

 

Deel I 

Het eerste deel van dit proefschrift beschrijft hoe vaak ijzergebrek voorkomt en de oorzaken, 

gevolgen en behandelstrategieën van ijzergebrek in pulmonale hypertensie (PH). 

 

In Hoofdstuk 2 werd onderzocht hoe vaak ijzergebrek voorkomt bij patiënten met een 

subtype van PH die idiopathische pulmonale arteriële hypertensie (IPAH) heet. IJzergebrek 

bleek bij 43% van de IPAH patiënten voor te komen. Hoewel de hartfunctie gelijk was in 

patiënten met en zonder ijzergebrek, konden de patiënten met een ijzergebrek zich minder 

goed inspannen tijdens een looptest. Een behandeling met ijzertabletten gedurende vier 

weken, had geen effect in bijna de helft van de behandelde patiënten. 

 

Een zelfde soort studie werd herhaald in een groep patiënten met een ander type van PH. 

IJzerwaarden in het bloed werden gemeten in patiënten met sclerodermie (een ziekte van 

het bindweefsel) met en zonder PH. Zoals beschreven in Hoofdstuk 3 hadden sclerodermie 

patiënten met PH vaker een ijzergebrek dan patiënten zonder PH. Verder was het 

inspanningsvermogen bij een looptest en fietstest lager in patiënten met een ijzergebrek. 

Tenslotte was de overleving slechter in PH patiënten met een ijzergebrek in vergelijking met 

patiënten met normale ijzer waarden. Dezelfde trend werd gezien in sclerodermie patiënten 

zonder PH. 
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In Hoofdstuk 4 werden verschillende zuurstoftoevoer parameters bestudeerd in harten van 

patiënten die waren overleden ten gevolge van PH en vergeleken met harten van overleden 

patiënten zonder PH (non-PH). Cellen van de rechterhartkamer in PH patiënten waren veel 

groter dan die van non-PH patiënten, met een kleiner aantal bloedvaatjes. Tevens was de 

concentratie myoglobine (een zuurstoftransporter in spiercellen) lager in PH patiënten. Deze 

resultaten werden bevestigd in ratten met PH, waarbij ook werd aangetoond dat de lage 

myoglobine concentratie een gevolg was van een falend mechanisme om meer myoglobine 

te produceren. Deze studie liet dus zien dat, hoewel het totale zuurstofverbruik van de 

rechterhartkamer verhoogd is in PH, alle zuurstoftoevoer parameters van en naar de 

hartcellen, verlaagd zijn. 

 

In de eerste hoofdstukken werd aangetoond dat een ijzergebrek vaak voorkomt bij patiënten 

met PH en leidt tot een slechter inspanningsvermogen en overleving. Daarbij hadden 

ijzertabletten een minimaal effect. Daarom werd in Hoofdstuk 5 een groep met IPAH 

patiënten met ijzergebrek behandeld met een infuus met een hoge dosis ijzer. De resultaten 

lieten zien dat, 12 weken na het ijzerinfuus, de ijzerwaarden in het bloed waren 

genormaliseerd in alle patiënten. Daarbij konden ze langer inspannen op een submaximaal 

niveau en duurde het langer voordat er spierverzuring optrad. Hoewel de hartfunctie gelijk 

was gebleven, was ook de kwaliteit van leven vooruit gegaan na het ijzerinfuus. Uit kleine 

biopten die uit een beenspier van de patiënten werden gehaald, bleek dat de zuurstoftoevoer 

en -verbruik in de beenspier waren verbeterd na het ijzerinfuus. 

In hetzelfde hoofdstuk werd de ontwikkeling van PH bestudeerd met ijzergebrek in een PH 

ratten model. Hoewel de ontwikkeling van PH gelijk was in ratten met en zonder een 

ijzergebrek, waren er meerdere verschillen in de cellen van de rechterhartkamer. De PH 

ratten met een ijzergebrek lieten een toename van het aantal kleine bloedvaatjes zien, met 

lagere myglobine concentraties dan ratten met normale ijzerwaarden. In een groep ratten die 

later weer ijzer kreeg toegediend, nam het myglobine gehalte in de rechter hartkamer weer 

toe. In de beenspieren van de PH ratten met een ijzergebrek werden dezelfde resultaten 

gevonden als in de IPAH patiënten. 

 

 

Deel II 

Het tweede deel van dit proefschrift beschrijft verschillende manieren om de ziekte PH te 

bestuderen in mensen en ratten. 

 

In Hoofdstuk 6 werd het natuurlijk verloop bestudeerd van de ontwikkeling van PH in ratten 

die een lage dosis van monocrotaline toegediend kregen (wat PH veroorzaakt). Vier weken 

na monocrotaline injectie, was er inderdaad PH aanwezig in alle ratten. Echter, na 8 en 12 

weken na monocrotaline injectie, waren alle PH karakteristieken weer verdwenen. Dit type 

PH model is dus niet geschikt om langer dan 4 weken na monocrotaline injectie, effecten van 

medicatie te testen. 

 

Het septum is het tussenschot dat de linker- van de rechterhartkamer scheidt. Er is nog veel 

onduidelijkheid over de rol van het septum in PH. Daarom werden verscheidene aspecten 
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van het septum bestudeerd in IPAH patiënten evenals veranderingen op celniveau in een PH 

ratten model. Hoofdstuk 7 laat zien dat het totale gewicht en suikeropname van het septum 

gelijk is aan de linker-, maar niet aan de rechterhartkamer. Op celniveau bleek dat de 

rechterkant van het septum vergrootte cellen had, terwijl de linkerkant van het septum juist 

kleinere cellen had. Dit is gelijk aan de veranderingen in de linker- en rechterhartkamer. 

Aanwijzingen voor hartfalen zoals verlittekening en ontsteking die in de rechterhartkamer in 

PH vaak wordt gezien, waren echter niet aanwezig in het septum van PH ratten. 

 

In Hoofdstuk 8 werd onderzocht of de opname van een radioactief gelabeld suiker in de 

longen van IPAH patiënten, gemeten met een PET scanner, gebruikt kon worden om de 

ziekte-ernst van PH in de longen te meten. De IPAH patiënten werden daarvoor vergeleken 

met patiënten zonder PH. De suikeropname was echter gelijk in de twee groepen patiënten 

en er was geen relatie tussen suikeropname en ziekte-ernst of overleving in de IPAH 

patiënten. Deze methode is daarom beperkt toepasbaar in de klinische zorg van IPAH 

patiënten.  

 

Alle resultaten van dit proefschrift zijn bediscussieerd in Hoofdstuk 9. 
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Dankwoord 

 

 

Het proefschrift is klaar! Het is vrijwel onmogelijk om iedereen te bedanken die me heeft 

bijgestaan de afgelopen jaren en aan dit proefschrift heeft bijgedragen, maar op deze plek 

wil ik toch enkele mensen graag bedanken.  

 

Allereerst mijn promotor Prof. dr. Vonk Noordegraaf. Beste Anton, jij hebt me de kans 

gegeven om een eigen draai aan het onderzoek te geven. Ik kreeg alle ruimte om mijn eigen 

projecten te starten en je hebt me begeleidt van onervaren student naar zelfstandig 

onderzoeker. Daarbij viel het niet altijd mee om jouw supersnelle gedachtestromen bij te 

houden, maar dat hield de discussie wel levendig! 

Daarnaast veel dank aan mijn copromotoren dr. Van der Laarse en dr. Handoko-de Man. 

Beste Willem, we verschilden nogal eens van mening en werkwijze, maar we hebben het 

toch voor elkaar gekregen om dit proefschrift van de grond te krijgen. Ik ken niemand die 

zich zo goed kan vastbijten in iets en daardoor streeft naar perfectie.  

Frances, zonder jou had ik misschien lang geleden wel de handdoek in de ring gegooid. Jij 

hebt me jarenlang gesteund, zowel op het werk als privé. Jij bent mijn meest kritische lezer 

geweest en je commentaar op mijn papers was meestal pittig. Maar dat was vaak precies 

wat ik nodig had, aan slap commentaar heb je nou eenmaal niets. Ook als ik ergens vastliep, 

kon ik altijd weer verder na een werkbespreking met jou. In de afgelopen jaren ben je ook 

een heel goede vriendin geworden en dat maakt het extra bijzonder dat je als mijn co-

promotor aan de tafel zit! 

Speciale dank wil ik ook uitspreken aan Prof. dr. Westerhof. Beste Nico, ik beschouw het als 

een voorrecht om met uw begeleiding te hebben gewerkt. Uw nooit aflatende aanstekelijke 

enthousiasme voor de wetenschap, interesse voor elk onderzoek waar ik mee aan kwam 

zetten en de altijd bemoedigende woorden en e-mails zijn van groot belang geweest voor het 

tot stand komen van dit proefschrift. U maakte een werkbespreking tot een levendige 

discussie en de weddenschappen die we afsloten (met taart als inzet) maakten me altijd nét 

een tikje fanatieker om iets op tijd af te krijgen. Toch jammer dat ik uiteindelijk net iets vaker 

de weddenschap verloren dan gewonnen heb…! 

Harm-Jan Bogaard, jij was meestal ook op de kamer als we weer eens taart hadden en bent 

met name de laatste periode nauwer betrokken geraakt bij dit proefschrift. Bedankt voor je 

begeleiding daarin en de gezelligheid tijdens de werkbesprekingen. 

 

Hartelijk dank aan degenen die tijd hebben gemaakt om mijn proefschrift te lezen als 

leescommissie en promotiecomissie: Prof. dr. Dorine Swinkels, Prof. dr. Marie-Jose 

Goumans, Prof. Dr. Jolanda van der Velden, Dr. Anco Boonstra, Dr. Paul Knaapen en Dr. 

Coen Ottenheijm. Special thanks to dr. Luke Howard. It was a privilege to collaborate with 

you. Especially the encouraging emails (and the angry ones after a paper rejection) really 

brightened the day.  

 

Het werken bij de afdeling Longziekten én op de afdeling Fysiologie had twee grote 

voordelen: 1) er was twee keer zo vaak taart en 2) ik had massa’s leuke collega’s. Het is 



Dankwoord 

 

141 

 

bijna niet te doen om iedereen persoonlijk te bedanken, maar ik wil toch enkele mensen 

noemen. Kamergenoten van de Longziekten: Frances, Pia en Bart. Soms was het bijna té 

gezellig met jullie op de kamer met onze fruitmomentjes, handcrème-momentjes, chocolade-

momentjes en het smurfendorp. Bart, bedankt dat je speciaal voor mij soms je bureau netjes 

opruimde en schoonpoetste. Je lesjes in de onderdanige-vrouw-heid hebben helaas nog niet 

veel uitwerking op me gehad, maar misschien komt dat ooit nog eens. 

Ook alle andere collega’s van de Longziekten bedankt voor de goede samenwerking,        

fan-tas-tische congrestripjes en avondjes uit.  

Bijzondere dank aan Frank, Iris en Martha. Jullie zijn werkelijk de rots in de branding voor de 

PH groep. Altijd vriendelijk en behulpzaam. Jullie zijn goud waard! Anny, bedankt voor alle 

dingen die je voor me geregeld hebt om dit proefschrift te maken en distribueren. 

 

Op de fysiologiekamer hadden we het kletsen altijd goed onder controle met onze ‘vijf-

minuten-vrij-spreken-tijd’ . Paul, Yeun Ying, Sabine, Vasco, Michiel en Joanna bedankt 

voor de goede werksfeer. Hierbij ook een bedankje aan alle Oma’s van de fysiologie. Meiden 

wat heb ik met jullie gelachen! De weekendjes weg en de Opa-avondjes zijn weergaloos. 

Ook al zijn we inmiddels wat verspreid over de wereld geraakt, zo’n weekendje af en toe 

moeten we er echt inhouden! 

 

Gelukkig heb ik niet alleen maar gewerkt de afgelopen jaren. Buiten het werk om waren er 

altijd mijn lieve vriendinnen. Dianne en Cora, ik geloof dat we inmiddels ons 10-jarig jubileum 

wel hebben gehad. Jammer dat we niet weer een Trein-Ganzenbord-Dag hebben gedaan, 

maar misschien kunnen we nog eens een avondje met een kaarsje doen? Eva, ik ken 

niemand die zo recht voor z’n raap is als jij. Hoewel we sinds ons 16e langzaam steeds 

verder uit elkaar zijn gaan wonen, zijn we nog steeds vrienden en ik weet zeker dat we dat 

ook altijd zullen blijven! Sherrymeisjes, lieve Annemarie (Annesherry) en Aafke (Sherr-aaf): 

hoe bestaat het toch dat we ondanks onze naampjes altijd alleen maar thee drinken? Met 

een kopje thee erbij hebben we van alles besproken, vaak hilarische dingen, maar soms ook 

minder leuke dingen. Jullie zijn er altijd voor me en we moeten ook wel bij elkaar blijven, 

want wat is nou een Sherryclubje zonder Sherryna? Gelukkig werden er met de 

Cocktailmeisjes wel degelijk cocktails gedronken: Pia en Lonneke, de roadtrip door Amerika 

met jullie was onvergetelijk en de maandelijkse self-made Cocktailavondjes zijn altijd een 

feest. Ik heb nu alweer zin in de volgende avond! Lieve Mariecke, jij bent jaren nauw 

betrokken geweest bij mijn leven en werk. Ook al deden we totaal verschillend onderzoek, 

het was heel leuk om te merken dat we vaak tegen dezelfde obstakels aanliepen en dat met 

elkaar konden delen. Onze proefschriften waren uiteindelijk ook nog bijna tegelijk klaar. Ik 

heb genoten van onze tijd samen en ook nu we beiden een ander pad zijn ingeslagen, weet 

ik zeker dat je het nog ver gaat schoppen. 

 

Graag noem ik mijn paranimfen nog even apart. Oud-huisgenoot, verenigingsmaatje, 

studiegenoot en Sherryvriendin Aafke: we zijn nogal verschillende type mensen, maar mede 

daardoor is het altijd prettig om met jou te praten. Ik kom graag langs bij jou en Geert-Jan, 

vooral omdat jullie barbecues verrukkelijk zijn! Een paar jaar terug stond ik naast jou en ik 

ben vereerd dat je nu naast mij wilt staan als mijn paranimf! 
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Collega, stapmattie, reisgenoot en cocktailvriendin Pia: met jou op pad gaan staat garant 

voor een topavond! Op congres gaan werd altijd extra leuk door er een paar extra daagjes bij 

te plakken. Leuk dat je mijn paranimf wilt zijn en dat we straks weer collega’s zijn tijdens de 

longartsenopleiding. 

 

Lieve pap en mam, bedankt dat jullie mij de mogelijkheid hebben gegeven om te gaan 

studeren. Wie had ooit gedacht dat dat dorpsmeisje dat het in haar hoofd had gehaald om 

dokter te gaan worden, uiteindelijk ook nog zou promoveren? De laatste jaren is onze band 

weer hechter geworden en daar ben ik erg blij mee. Zus(je) Mariët, onze Grey’s avondjes (en 

soms hele dag) waren fantastisch en heerlijk ontspannend. Gelukkig hebben we nog wat 

afleveringen te gaan. En wat superleuk dat je weer bent gaan waterpoloën en dat we na 

jaren weer samen in een team spelen! Ook al zijn we soms verschillend als dag en nacht, we 

zijn toch echte zussen! Ik kom graag nog vaak lekker eten bij jou en Piebe. 

 

De laatste die ik wil bedanken is Oma. Oma, jij bent denk ik wel mijn trouwste volger 

geweest gedurende dit hele promotietraject. Je hebt ervoor gezorgd dat je precies begreep 

wat ik nu voor onderzoek deed, je verdiepte je in het publiceren van artikelen, bakte talloze 

cakes (die erg populair bij mijn collega’s waren), stuurde een kaartje na elke publicatie en 

leefde kortom van stap tot stap mee. Ik heb echt geluk met zo’n superoma! 
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