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Introduction: Prevalence of micronutrient deficiencies and potential of
nutritional interventions in pulmonary arterial hypertension
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Chapter 1

1.1 Pulmonary arterial hypertension
Pulmonary hypertension (PH) refers to a heterogeneous group of diseases
characterized by vasoconstriction and structural remodelling of the pulmonary
arteries. Increased vascular resistance and elevated pulmonary arterial pressures
contribute to right ventricular hypertrophy and eventually lead to heart failure and
premature death (Hoeper et al., 2013; Simonneau et al., 2019). Symptoms of PH are
progressive and include serious exercise intolerance, reducing the quality of life of
patients. Important pathophysiological mechanisms contributing to exercise
intolerance and fatigue in PH include right ventricular dysfunction and
inflammation, which among other things result in skeletal muscle alterations and
dysfunctional energy metabolism (Tran et al., 2018; Vinke et al., 2018). Currently, PH
is divided into 5 subgroups according to the classification of the World Health
Organisation (WHO), European Respiratory Society (ERS) and European Society of
Cardiology (ESC). The first subgroup is pulmonary arterial hypertension (PAH),
WHO type 2 PH is related to left heart disease, type 3 PH is due to lung disease and
hypoxia, type 4 is due to chronic thrombo-embolic pulmonary hypertension
(CTEPH) or other pulmonary artery obstructions, while type 5 PH is due to
multifactorial mechanisms (Galiè, Humbert, et al., 2015). PAH consists of different
subgroups based upon different underlying disorders, such as PAH due to genetic
mutations, congenital heart disease, connective tissue disease, liver disease, HIV,
and, when the etiology is unknown: idiopathic PAH. In both PAH and CTEPH the
disease originates in the pulmonary arteries. Those patients are typically treated
with PH-specific therapies in expert centers, whereas other PH patients receive
different treatment.
Prognosis of both PAH and CTEPH is poor, with 3- and 5-year survival rates for
PAH of 67% and 57-59%, respectively (Benza, Miller, et al., 2012; Galiè, Humbert, et
al., 2015; Rådegran et al., 2016), and 5-year survival rates of 53-69% for inoperable
CTEPH (Boucly et al., 2017; Quadery et al., 2018; Rådegran et al., 2016). The
prognosis of CTEPH patients with central laesions, who are eligible for and who
underwent a pulmonary endarterectomy is improved with 5-years survival rates of
around 85% (Sandqvist et al., 2021). Based on risk stratification criteria for the
determination of prognosis of PAH patients (1-year mortality), the following
predictors of poor prognosis were determined by the ESC and the ERS: advanced
2
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functional class, poor exercise capacity and right ventricular dysfunction (Galiè,
Humbert, et al., 2015). The stage of heart failure (functional class) is diagnosed
according to the classification of the New York Heart Association (NYHA) with class
I meaning that a patient experiences no symptoms or limitation in ordinary physical
activity, class II having mild symptoms, class III meaning marked symptoms even
at less-than-ordinary activity and class IV meaning that the patient is severely
limited with symptoms even at rest (The Criteria Committee of the New York Heart
Association, 1994).
1.2 Nutritional intervention in chronic diseases
Nutrition is increasingly being recognized as an important factor contributing to
quality of life during disease, and patients are actively seeking advice on such
matters. For several chronic diseases such as cancer, diabetes, coronary heart disease
(CHD), chronic obstructive pulmonary disease (COPD) and others, more and more
evidence is generated showing that lifestyle interventions in general, and dietary
interventions specifically, can have major impact on the quality of life and lifespan
of patients (Arends et al., 2017; Schols et al., 2014; von Haehling et al., 2017). For
some chronic diseases such as cancer, CHD and COPD nutritional guidelines have
been developed (Anker et al., 2006, 2009; Arends et al., 2017). However, nutritionrelated guidelines for PAH treatment are scarce and there is limited knowledge on
this topic. Moreover, the pathophysiological background of each type of PH may
impact nutritional status differently.
1.3 Nutritional interventions for PAH patients: where do we stand?
To get a better understanding of the current situation around nutritional
interventions for PAH patients, I interviewed specialized PAH health care
professionals, rehabilitation teams and a representative of the Dutch patient
association in the Netherlands. The results of these interviews showed that an
increased interest and awareness of the potential role of nutrition and physical
activity are present. However, there are also several relevant knowledge gaps on this
topic.
The interviews showed that cardiologists and pulmonologists do not assess
nutritional status, nutrition-related problems, or loss of muscle mass in PAH
patients as part of the routine practice for PAH patients. Typical micronutrient
3
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deficiencies, such as iron, vitamin B12 and folic acid do receive some attention. The
measurement and discussion of exercise tolerance are more or less standard practice,
but not standardized into diagnostic tools. However, signs of loss of muscle
function, fatigue and problems performing daily activities, are commonly reported
by the interviewed cardiologists and pulmonologists. Although the symptoms are
also likely to result from the disease itself, nutrient deficiencies may play a role here.
Specialized PAH nurses indicate that they receive many questions from PAH
patients about the use of specific food supplements, especially from younger
patients. Currently, there is no evidence-based knowledge available to be able to
answer such questions. For example, there is an awareness, based on studies in other
populations, that protein supplementation might increase effectiveness of exercise
interventions. However, due to lack of scientific evidence in this patient group, it is
impossible provide any recommendations.
PAH experts indicate that PAH patients often do not look undernourished till the
point that they develop severe heart failure. Factors that may contribute to weight
loss and malnourishment could be side effects of medication such as nausea, fatigue,
edema, and diarrhea. On the other hand, an increase in weight in PAH patients
might be observed due to fluid retention or due to exercise intolerance and inactivity
without adapting eating habits.
To summarize, there is an increasing awareness of the potential role of nutrition in
PAH, but assessment of nutritional status or the analysis of micronutrient
concentrations are currently not standard practice. Also, nutritional intervention is
not part of regular treatment, due to a lack of evidence-based recommendations for
PAH patients.
1.4 Objectives of this thesis
As has been outlined above, several knowledge gaps exist on the prevalence of
micronutrient deficiencies, their relevance, and the potential of nutritional
interventions in patients with pulmonary hypertension.
The main objectives of this thesis are thus to gain more knowledge on the prevalence
of micronutrient deficiencies of patients with pulmonary hypertension and to
explore possible nutritional interventions to reduce fatigue and improve exercise
4
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tolerance and quality of life in PAH patients. These objectives are addressed by 1)
literature research and hypothesis generation, 2) measurement of micronutrient
status in PAH and CTEPH patients, 3) exploration of the relation between levels of
micronutrients and clinical and patient-related outcomes and 4) a study on the effect
of nutritional intervention on muscle function in a mouse model of pulmonary
hypertension.
These objectives lead to the following research questions:
•

What is known about the nutritional status of patients with pulmonary
hypertension and how does the pathophysiology of PAH impact the
relation between nutritional status, exercise intolerance and fatigue?

•

What is the prevalence of micronutrient deficiencies in patients with
pulmonary hypertension and can deficiencies in certain micronutrients be
related to clinical and patient-related outcomes?

•

Can the use of certain medications, such as proton pump inhibitors,
contribute to a reduction in muscle mass and function in chronically ill
patients?

•

Can nutritional intervention reduce cardiac and skeletal muscle changes in
PAH?

1.5 Outline of the thesis
This thesis consists of 6 chapters (Figure 1.1). Chapters 2 to 5 are conceptualized and
written as independent scientific papers and can thus be read separately. In chapter
2, an overview of current knowledge on nutritional status in patients with
pulmonary

hypertension

is

given.

Also,

the

relationships

between

the

pathophysiology of PAH with nutritional status, exercise intolerance and fatigue are
explored (research question 1). The review shows that there is hardly any knowledge
on the prevalence of micronutrient deficiencies in PAH patients, although typical
symptoms of the disease can lead to an impaired nutritional status and so to lower
quality of life. In Chapter 3 the results of a study measuring the prevalence of
micronutrient deficiencies in both newly diagnosed and treated patients with PAH
and chronic thrombo-embolic pulmonary hypertension (CTEPH) are described.
Deficiencies in both iron and vitamin D are highly prevalent in both PAH and
CTEPH patients at diagnosis as well as after 1,5 years of treatment. Iron plasma
5
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levels correlated with 6-minute walk distance. Low iron levels seem to be related to
inflammation via hepcidin (research question 2). In chapter 2, medication use is
suggested as a potential factor influencing nutritional status in PAH patients.
Therefore, in chapter 4, the hypothesis that the use of proton pump inhibitors (which
are also highly used by PH patients) contributes to a reduction in muscle mass and
function in chronically ill patients (research question 3) is elaborated on. As it
becomes clear from chapters 2 and 3, inflammation is a recurring factor in the
pathophysiology of PAH that is not only related to disease outcome, but also to
nutritional factors. To further address this, a study exploring the effects of antiinflammatory components in the diet on cardiac and skeletal muscle in a mouse
model is described in Chapter 5. Results presented in this chapter show that a multitargeted nutritional intervention with extra protein, leucine, and the antiinflammatory components of fish oil and oligosaccharides can prevent pathological
changes in both cardiac and skeletal muscle in this mouse model of PAH (research
question 4). Chapter 6 contains a general synthesis of the thesis, in which the
methodologies and results are discussed together. Furthermore, suggestions for
future lines of research are provided.
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Figure 1.1: Outline of the thesis: Numbers in brackets refer to chapters, numbers
in square brackets refer to research questions.
Box 1. Pulmonary arterial hypertension: facts & numbers
Prevalence of PAH: approx. 25 subjects per million population (Maron et al., 2021)
Incidence of PAH: approx. 5 cases per million per year (Maron et al., 2021)
Mean age at diagnosis for PAH: 53 years (Maron et al., 2021)
5-year survival rate for PAH: approx. 58% (Benza, Miller, et al., 2012; Rådegran et
al., 2016)
Prevalence of CTEPH: unclear, because patients at risk are often not assessed
appropriately outside the referral hospital setting (Maron et al., 2021)
Cumulative incidence of CTEPH: 0.5% for general population; 3% in patients
surviving acute pulmonary embolism (Maron et al., 2021)
5-year survival rate for inoperable CTEPH: 53-69% (Boucly et al., 2017; Quadery et
al., 2018; Rådegran et al., 2016)
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Abstract
Pulmonary arterial hypertension (PAH) is a progressive disease primarily affecting
the pulmonary vasculature and heart. PAH patients suffer from exercise intolerance
and fatigue negatively affecting their quality of life. This chapter summarizes
current insights in the pathophysiological mechanisms underlying PAH. It zooms
in on the potential involvement of nutritional status and micronutrient deficiencies
on PAH exercise intolerance and fatigue, also summarizing the potential benefits of
exercise and nutritional interventions.
Pubmed/Medline, Scopus and Web of Science were searched for publications on
pathophysiological mechanisms of PAH negatively affecting physical activity
potential and nutritional status, and for potential effects of interventions involving
exercise or nutritional measures known to improve exercise intolerance.
It was found that pathophysiological processes that contribute to exercise
intolerance and impaired quality of life in PAH patients include right ventricular
dysfunction, inflammation, skeletal muscle alterations and dysfunctional energy
metabolism. PAH-related nutritional deficiencies and metabolic alterations have
been linked to fatigue, exercise intolerance and endothelial dysfunction. Available
evidence suggests that exercise interventions can be effective in PAH patients to
improve exercise tolerance and decrease fatigue. By contrast, knowledge on the
prevalence of micronutrient deficiencies and the possible effects of nutritional
interventions in PAH patients is limited.
So, although data on nutritional status and micronutrient deficiencies in PAH are
scarce, the available knowledge, including that from adjacent fields, suggests that
nutritional intervention to correct deficiencies and metabolic alterations may
contribute to a reduction of disease burden.
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2.1 Introduction
Pulmonary arterial hypertension (PAH) is a progressive disease affecting the arteries
of the lungs. It is defined by a mean pulmonary artery pressure ≥25 mm Hg at rest,
an end-expiratory pulmonary artery wedge pressure (PAWP) ≤15 mm Hg and a
pulmonary vascular resistance >3 Wood units. There are different etiologies
suggested for PAH, as the disease: 1) can develop idiopathically (without a known
cause), 2) be heritable (e.g. result from inherited mutations in genes coding for
specific proteins like bone morphogenic protein receptor 2), 3) be associated with
certain diseases like connective tissue disease, congenital heart disease, portal
hypertension or HIV or 4) it can be induced by drugs or toxins (Galiè, Humbert, et
al., 2015). The prevalence of all types of pulmonary arterial hypertension (PAH) in
Europe is estimated to be in the range of 15-100 cases per million population.
Prognosis of PAH is poor, with 1- and 3-year survival rates of 87% and 67%,
respectively (Alami et al., 2016; Galiè, Humbert, et al., 2015). The guidelines for the
diagnosis and treatment of pulmonary hypertension from the European Society of
Cardiology (ESC) and the European Respiratory Society (ERS) describe several risk
stratification criteria for determination of prognosis of PAH patients (1-year
mortality) (Galiè, Humbert, et al., 2015). Predictors of poor prognosis include
advanced functional class, poor exercise capacity and right ventricular dysfunction
(Galiè, Humbert, et al., 2015). In heart failure (CHF) patients, right ventricular
dysfunction and exercise intolerance are known to contribute to muscle wasting
(Kawamoto et al., 2015). Many of the clinical characteristics of PAH such as heart
failure, exercise intolerance, functional class, muscle wasting and comorbidities are
strongly associated with each other. These characteristics have also been taken along
in the REVEAL score, which has been developed to predict disease progression and
survival of PAH patients using prognostic criteria (Benza, Gomberg-Maitland, et al.,
2012).
Malnutrition and muscle wasting are known clinical manifestations of cachexia,
which is often seen in PAH as well (Le Roux et al., 2005). Cachexia as such also
contributes to a higher mortality risk and poorer quality of life (Kawamoto et al.,
2015; Valentova et al., 2013). At the same time, there appears to be hardly any
knowledge on the relevance of nutritional status in PAH. For those readers less
familiar with some of the terminology used, box 1 provides some formal definitions
11
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of cachexia, sarcopenia, nutritional and micronutrient deficiency (Society on
Sarcopenia Cachexia and Wasting Disorders, 2018). Interestingly, in case of CHF,
which to some degree shows overlapping pathology with PAH, nutritional
supplementation with fish oil rich in n-3 fatty acids has shown to improve disease
progression. In addition, increased protein intake has proven to be effective in
attenuating muscle wasting in CHF patients (von Haehling et al., 2017). Specifically
in PAH patients, iron deficiency is known to have a negative impact on exercise
tolerance and fatigue (Galiè, Humbert, et al., 2015; Ruiter et al., 2011). With this in
mind we hypothesize that nutrition impacts disease progression and quality of life
in case of PAH as well. Furthermore, we envisage an opportunity to improve
predictive modeling and quality of life for PAH by including nutritional status as a
factor. Given the clinical manifestations of PAH, it is expected that effects resulting
from optimizing nutritional status of PAH patients will at least include improved
maintenance of muscle mass and function and ultimately quality of life.
The pathophysiology of PAH involves endothelial dysfunction in the pulmonary
vasculature, metabolic shifts in vascular cells, hypertrophy and proliferation of
smooth muscle cells and unprogrammed growth of neointimal, medial and
adventitial layers, leading to thickening and occlusion of the small and mediumsized pulmonary arteries (de Jesus Perez, 2016). Three known pathways involved in
PAH are currently used as therapeutic targets. These are the endothelin pathway,
the nitric oxide pathway and the prostacyclin pathway (Humbert et al., 2014).
Current

therapies

consist

of

endothelin

receptor

antagonists

(ERAs),

phosphodiesterase 5 (PDE5) inhibitors, a soluble guanylate cyclase (sGC) agonist,
prostacyclin, prostacyclin-analogues and a selective IP receptor agonist (Galiè,
Humbert, et al., 2015). These compounds aim to reduce pulmonary vascular
resistance, provide relief of symptoms, enhance exercise capacity and delay disease
progression, but do not cure the disease once it has started. Therefore, additional
treatment options for this incurable disease are clearly needed. Among these,
treating muscle dysfunction, enhancing physical activity potential and decreasing
fatigue could be of great importance. Exercise programs, psycho-social support and
dietary consultation are offered to PAH patients depending on local availability,
insurance coverage, laws and regulations. However, there is little information about
nutritional status or daily activity of PAH patients, or about possible strategies to
12
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increase the quality of life of patients by means of nutritional or lifestyle
interventions. The ESC/ERS Guidelines for the diagnosis and treatment of
pulmonary hypertension (Galiè, Humbert, et al., 2015) contain very limited
nutritional and lifestyle recommendations. Therefore, this review aims to gather the
information on nutritional status, physical performance and activity levels of PAH
patients. In addition, clinical outcomes of previously investigated nutrition and
lifestyle interventions are discussed.
Evidence-based nutrition and exercise interventions for PAH are limited, but
established lifestyle interventions for CHF might be useful for PAH patients as well
based on the similarities in pathophysiology. The 2016 Guidelines of the European
Society of Cardiology (ESC) recommend regular aerobic exercise training in patients
with heart failure and stable heart failure with reduced ejection fraction to improve
functional capacity and reduce the risk of hospitalization (class I, level A
recommendation) (Ponikowski et al., 2016). Nutritional advice for heart failure
includes avoiding excessive salt intake (>6g/day) and fluid restriction in case of
severe heart failure (Ponikowski et al., 2016; von Haehling et al., 2017).
Supplementation of omega-3 polyunsaturated fatty acids (N3 PUFA), has shown
beneficial effects on mortality and hospitalization in patients with heart failure.
Furthermore, high caloric, protein-rich nutritional supplements or branched-chain
amino acids can be beneficial in case of muscle wasting or cachexia (von Haehling
et al., 2017). Further research is needed to investigate whether these
recommendations are also beneficial for PAH patients.
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Box 2. Formal definitions of used nutritional terminology
Cachexia: loss of lean tissue mass, involving a weight loss greater than 5% of
body weight in 12 months or less in the presence of chronic illness or as a
body mass index (BMI) lower than 20 kg/m2´. According to the definition of
Evans et al, three of the following five criteria are also required: decreased
muscle strength, fatigue, anorexia, low fat-free mass index, increase of
inflammation markers, anemia or low serum albumin
Sarcopenia: loss of muscle mass and function, especially muscle strength and
gait speed, commonly associated with aging
Nutritional deficiency: an inadequate supply of essential nutrients from the
diet, potentially resulting in malnutrition and disease.
Micronutrient deficiency: an inadequate presence of vitamins or minerals in the
body, potentially leading to symptoms or increasing general disease risk.
Nutritional status: the condition of the body with respect to factors influenced
by the diet: the levels of nutrients in the body and the ability to maintain
normal metabolic function.

2.2 Methods
We used Pubmed/Medline, Scopus and Web of Science to search for publications
connecting the pathophysiological mechanisms of PAH to impaired physical
activity, exercise intolerance, chronic fatigue and nutritional deficiencies often
observed in patients with PAH. We also searched for nutritional and exercise
interventions to prevent or modulate these symptoms. For the literature search, we
used specific combinations of the following search terms: pulmonary arterial
hypertension, PAH, pathophysiology, symptoms, mechanism, right ventricular
failure, skeletal muscle alterations, inflammation, hypoxia, dysfunctional energy
metabolism, lipid accumulation, insulin resistance, satiety hormones, nutritional
status, nutrition, deficiency, vitamin, mineral, protein, lipid, fatty acid,
carbohydrate, iron, magnesium, calcium, vitamin D, omega 3 fatty acids, omega-3
PUFA, docosahexaenoic acid (DHA), eicasopentaenoic acid (EPA), alpha-linolenic
acid (ALA), activity, daily activity, lifestyle, exercise tolerance, exercise capacity,
exercise intervention and quality of life.
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2.3 Activity level and physical performance of PAH patients
A limited number of studies available underline the prevailing clinical idea that
activity levels of patients decline with disease progression (Alami et al., 2016; Pugh
et al., 2012; Ulrich et al., 2013). A study using accelerometry to estimate activity levels
in 23 PAH and Chronic Thromboembolic Pulmonary Hypertension (CTEPH)
patients found a relationship between activity and disease severity. Severely
impaired patients (mean pulmonary arterial pressure (mPAP) 50 ± 7 mmHg) were
inactive for longer periods during the night, and were less active during the day
than modestly impaired patients (mPAP 33 ± 7 mmHg) (Ulrich et al., 2013). Long
nocturnal rest and reduced activity during the day was also reported to correlate
with an overall poorer prognosis (Ulrich et al., 2013). Another study showed that
PAH patients spent significantly more time in sedentary activities than matched
healthy controls and that this impacted all levels of physical activity (Pugh et al.,
2012). A more recent paper of Alami et al. supports these findings, reporting that
patients with PAH experience such an increase in symptoms like shortness of breath
and fatigue, that they have increased problems performing normal daily tasks such
as body care, household chores, parenting and leisure activities during progression
of the disease (Alami et al., 2016). There are currently more studies underway using
activity tracking, such as the wearable wrist device Actigraph, that enable better
recording of the activity pattern of PAH patients and the impact of treatment on
activity levels (e.g. the TRACE study, clinicaltrials.gov identifier NCT03078907).
2.4 Nutritional status of PAH patients
PAH eventually leads to right heart failure, which is found to contribute to loss of
skeletal muscle mass (Kawamoto et al., 2015; Valentova et al., 2013). Loss of skeletal
muscle is a strong predictor of death in (left) heart failure patients (Anker et al.,
1997). Next, loss of skeletal muscle mass is often accompanied with loss of weight
and fat mass (Kawamoto et al., 2015; Valentova et al., 2013). Muscle loss in general,
diagnosed as sarcopenia or sometimes as cachexia is related to a worsened prognosis
and lower quality of life of chronically ill patients (Loncar et al., 2016; von Haehling
et al., 2017). The Society on Sarcopenia, Cachexia and Wasting Disorders (SCWD)
defines cachexia as “a loss of lean tissue mass, involving a weight loss greater than
5% of body weight in 12 months or less in the presence of chronic illness or as a body
mass index (BMI) lower than 20 kg/m2”. Often three of the following five criteria are
15
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also required: decreased muscle strength, fatigue, anorexia, low fat-free mass index,
increase of inflammation markers, anaemia or low serum albumin (Society on
Sarcopenia Cachexia and Wasting Disorders, 2018). Sarcopenia focuses on muscle
loss and is defined as ”loss of muscle mass and function, especially muscle strength
and gait speed, associated with aging” (Society on Sarcopenia Cachexia and Wasting
Disorders, 2018), (see also box 1). Improving nutritional status during the earliest
stages of chronic diseases such as heart failure is an important factor in reducing the
rate at which muscle wasting develops. Despite this, only few studies have
investigated nutritional status in PAH. In 2015, Kawamoto showed a close
relationship between PAH with Inferior Vena Cava (IVC) dilatation, poor nutritional
status and low BMI in a small prospective study with 8 PAH patients (Kawamoto et
al., 2015). An older, cross-sectional study with 20 heart failure patients showed that
these patients have an 18% higher resting metabolic rate and risk to develop
sarcopenia than healthy age-matched controls (Poehlman, 1994). Based on the
similarities in pathophysiology, it could be hypothesized that PAH patients also
have an increase in energy expenditure, although future studies will have to confirm
this. Furthermore, drugs used to treat PAH, specifically epoprostenol, prostacyclin
analogues, and other drugs that target the prostacyclin pathway, are known to
induce side-effects that may impact nutritional status and exercise tolerance: nausea,
loss of appetite, vomiting, diarrhea, jaw pain, musculoskeletal pain and fatigue
(Alami et al., 2016).
2.5 Disease-related characteristics influencing daily activity or nutritional status
2.5.1 Right ventricular failure
In PAH patients the pulmonary vascular system is obstructed and less elastic, which
leads to an increased afterload of the right ventricle with decreased right ventricular
cardiac output (Humbert et al., 2004; Provencher et al., 2006; Sutendra & Michelakis,
2014). This, in turn, decreases the left ventricular preload which leads to a decreased
left ventricular output. The decreased left ventricular output causes a reduced
oxygen supply to the muscles both at rest and during exercise, contributing to
exercise intolerance (Holverda et al., 2006; Laskey et al., 1993; Nootens et al., 1995;
Riley et al., 2000; Sun et al., 2001). In addition to a reduced cardiac output, it has been
suggested that PAH is associated with impaired chronotropic capacity (Deboeck et
al., 2004; Provencher et al., 2006), which is associated with downregulation of β16
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adrenoreceptor activity in the right ventricle (Bristow et al., 1992). These effects
prevent adequate adaptation of cardiac output and systemic blood pressure during
exercise, which can further contribute to exercise intolerance. The pathological
changes in the heart and other organs and their contribution to exercise intolerance
are well described elsewhere (Tran et al., 2018), and include cardiac factors (right
ventricular function), skeletal muscle dysfunction (decreased oxidative enzymes,
reduced muscle fiber size), pulmonary factors (endothelial dysfunction, arterial
stiffness) and other factors (e.g. inflammation and oxidative stress). Based on this, it
is clear that right ventricular failure plays an important role in the exercise
intolerance often found in PAH patients and that the responsible pathophysiological
changes are relatively well studied.
2.5.2 Skeletal muscle alterations
Multiple causes of reduced daily activity of PAH patients have been proposed. In
addition to shortness of breath and fatigue, skeletal and respiratory muscle
alterations have also been described. These include a switch from type I fiber to type
II fiber in skeletal muscle, increased muscle protein degradation, a reduced muscle
capillary density, lower aerobic enzyme activity, mitochondrial abnormalities and
impaired calcium homeostasis (Mainguy et al., 2010; Malenfant et al., 2015; Marra et
al., 2015; Tonelli et al., 2012). The cross-sectional area and force-generating capacity
of muscle cells from the left ventricle have been reported to be reduced by 30% and
25%, respectively (Manders et al., 2014). Furthermore, forearm muscle weakness was
found to correlate with respiratory muscle strength and exercise capacity,
independent of hemodynamic severity in a prospective study with 24 idiopathic
PAH (IPAH) patients (66% female) (Bauer et al., 2007). Pathological changes and
reduced strength in the diaphragm muscle of PAH patients or in animal models of
PH have been found by several authors (de Man et al., 2011; Manders et al., 2016;
Meyer et al., 2005). The changes in the diaphragm muscle might be different from
those in skeletal muscle. Instead of a type I to type II fiber switch as seen in skeletal
muscle, a switch from type II fiber to type I fiber was observed in the diaphragm of
animal models of heart failure (Bowen, Brauer, et al., 2017; Mangner et al., 2015).
Alterations in the skeletal and respiratory muscles contribute to exercise intolerance
in PAH patients. Whether changes in fiber type in skeletal and respiratory muscles
in models of PAH are different (as was found in animal models of heart failure)
17
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remains to be studied. There is also a lack of studies into the potential effect of
lifestyle interventions such as nutrition or exercise on skeletal muscle alterations in
PAH.
2.5.3 Inflammation
Altered immune function and chronic inflammation are increasingly recognized
features of PAH (Cracowski et al., 2014; de Jesus Perez, 2016; Hassoun, 2014; Price
et al., 2012). In PAH patients, an accumulation of perivascular inflammatory cells
including mast cells, macrophages, dendritic cells and T and B lymphocytes has been
found in the pulmonary vasculature and lung tissue (Rabinovitch et al., 2014). In
addition, chronically elevated serum levels of the pro-inflammatory cytokines IL-1b,
IL-6, IL-8, IL-10, MCP-1, fractalkine, CCL5/RANTES and TNFα and chemokines
have been reported (Humbert et al., 2004; Price et al., 2012; Rabinovitch et al., 2014).
Inflammatory conditions such as connective tissue diseases are associated with
increased incidence of PAH, indicating that inflammation might play a significant
role in the development and progression of PAH (Humbert et al., 2004; Price et al.,
2012). This is supported by findings that in PAH patients, inflammation is associated
with worse clinical outcome (Krause et al., 2010; Rabinovitch et al., 2014).
Inflammatory cytokines such as IL-6 and TNFα are known to impact nutritional
status and to induce muscle wasting in other chronic diseases (Bowen et al., 2015;
von Haehling et al., 2009). Inflammation induces muscle protein breakdown via
multiple mechanisms, such as via increased protein degradation through the
ubiquitin-proteasome-system (UPS), mitochondrial dysfunction and autophagy
(Bowen et al., 2015; von Haehling et al., 2007, 2009). The role of inflammation on
mitochondrial dysfunction in chronic heart failure seems two-fold: IL-6 has shown
to prevent mitochondrial dysfunction in cardiomyocytes, whereas TNFα induces
mitochondrial dysfunction in the same cell-type (Rosca & Hoppel, 2013). It has been
found that TNFα worsens endothelial function in CHF, causing a decreased blood
supply to other organs such as the skeletal muscle and the gut. As a consequence,
less nutrients are absorbed from the gut and transported to other organs. At the same
time, IL-6 induces the acute phase inflammatory response, which requires essential
amino acids. Skeletal muscle is an important source of essential amino acids when
delivery via the food is limited. Therefore, more skeletal muscle is broken down (von
Haehling et al., 2007). TNFα, IL-6 and other inflammatory cytokines induce
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transcription of atrogenes, such as MuRF1 and MAFbx/Atrogin-1, via FOXO
transcription factors. The E3-ubiquitin ligases MuRF-1 and MAFbx/Atrogin-1 are the
main ligases in skeletal muscle that identify proteins for removal via the UPS. The
UPS gets activated, which leads to increased protein degradation (Bowen et al.,
2015). Proinflammatory cytokines such as TNFα and IL-1 also inhibit food intake via
an anorexigenic effect in the brain (Langhans & Hrupka, 1999).
Based on this information, it can be hypothesized that inflammation decreases
nutritional status in PAH patients and that it can induce muscle wasting or cachexia.
This, in turn, supposedly augments the response to inflammation. In this way, a
vicious cycle can develop that can only be interrupted when both inflammation and
nutritional status are targeted at the same time (Don & Kaysen, 2004; Laveneziana
& Palange, 2012; McMillan, 2009). Further research is needed to investigate to what
extent alterations in immune function and inflammatory processes observed in PAH
could affect nutritional status and whether nutritional supplementation might alter
the inflammatory process in PAH.
2.5.4 Dysfunctional cellular energy metabolism
Oxygen

is

important

for

mitochondrial

ATP

production

via

oxidative

phosphorylation. In PAH patients, abnormalities in energy production, heme
synthesis and mitochondrial function have been hypothesized to result from chronic
hypoxia (Archer et al., 2013; Ruiter et al., 2011). A factor important for these
impairments is hypoxia-induced factor 1α (HIF-1α): a hypoxia-sensitive
transcription factor. Under normoxic circumstances, HIF-1α is very unstable and
rapidly degraded. Under chronic hypoxic conditions, as occurring in PAH patients,
HIF-1α stabilizes and moves to the nucleus to induce expression of HIF target genes
(Veith et al., 2016). Expression of these genes promotes the delivery of oxygen to
tissues and maintenance of ATP levels (Mateo et al., 2003). However, chronic
activation of HIF also induces proteins that alter energy metabolism, cell
proliferation and cause vascular remodeling, resulting in the development of
pulmonary arterial remodeling and pulmonary hypertension (Veith et al., 2016).
HIF-1α activates glycolytic genes increasing the production of lactate from pyruvate
and inactivates enzymes necessary for mitochondrial oxidative phosphorylation
(Peng et al., 2016). This process is known as aerobic glycolysis and often leads to an
energy deficit (Liu et al., 2017; Peng et al., 2016). An increase in lactate levels might
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even suppress food intake, because lactate has an appetite-inhibiting effect (Bray,
2000). The production of high amounts of lactate could also contribute to
dysfunction of the right ventricle (Ryan & Archer, 2014). Due to the metabolic shift
from oxidative to glycolytic metabolism, the mitochondrial membrane gets
hyperpolarized, leading to proliferation of pulmonary artery smooth muscle cells
(PASMC) and reduced apoptosis. This process may contribute to the development
of pulmonary hypertension (Peng et al., 2016).
Other factors that could contribute to mitochondrial dysfunction in PAH are
deficiencies in caveolin-1 and mutations in BMPRII. Mutated BMPRII shifts glucose
metabolism of pulmonary arterial endothelial cells (PAECs) to anaerobic glycolysis,
causing decreased ATP production, mitochondrial DNA damage and apoptosis of
endothelial cells (Peng et al., 2016). A deficiency in caveolin-1 leads to activation of
endothelial nitric oxide synthase (eNOS) and the development of ROS, also
contributing to impaired mitochondrial functioning (Peng et al., 2016). Both hypoxia
and a decrease in cellular ATP can induce muscle breakdown and dysfunction which
further reduces the exercise capacity of the patient (Marra et al., 2015). In summary,
due to chronic hypoxia present in PAH, there are changes in mitochondrial energy
metabolism that lead to inefficient ATP production in the cells. Lactate, which occurs
as a side-product of aerobic glycolysis, might contribute to right ventricular
dysfunction and potentially leads to a reduced dietary intake, thereby negatively
influencing the clinical status of the patient. However, future studies have to test this
hypothesis. A lower cellular ATP production might also induce muscle breakdown
and dysfunction itself, although more studies to support this hypothesis are needed.
2.5.5 Lipid accumulation
In the healthy human heart, the major source of energy (60-90%) is provided by fatty
acid oxidation (FAO). The other 10-40% mainly comes from glucose oxidation (Ryan
& Archer, 2014). In PAH patients, due to the Warburg effect, glucose utilization in
the heart increases, while FAO is reduced. Despite this, there is an increase in uptake
of fatty acids by the fatty acid (FA) transporter CD36 (Talati et al., 2016; Talati &
Hemnes, 2015). Lipid accumulation in cardiomyocytes and skeletal muscle cells is
therefore a common feature in PAH patients (Brittain et al., 2016). Cytosolic
accumulation of FA leads to a more abundant production of long-chain acyl-CoA in
the cytoplasm, which can be converted into intracellular lipid intermediates, such as
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triglycerides, diacylglycerol and ceramides, causing cardiac lipotoxicity. These
intermediates induce insulin resistance due to multiple mechanisms, such as
impairing pyruvate dehydrogenase (PDH), inhibiting insulin receptor substrate 1
(IRS-1) and glucose transporter type 4 (GLUT4) expression (Talati & Hemnes, 2015).
Next to insulin resistance, the lipid intermediates are also related to the development
of cardiac dysfunction and right heart failure (Talati & Hemnes, 2015). Insulin
resistance is related to skeletal muscle weakness in CHF patients, although it is
unclear whether this relationship is causal (Doehner et al., 2015). Cardiac
dysfunction and right heart failure lead to fatigue and hypoxia, which both
contribute to exercise intolerance. This altogether leads to muscle protein
breakdown. The combination of immobility and the inability to use fat can lead to a
sarcopenic obesity phenotype (high BMI, low muscle mass), a malnourished
phenotype that is also more and more encountered in cancer (Carneiro et al., 2016)
and is associated with increased morbidity and mortality in this disease. Based on
the above described mechanisms and cause-effect relationships between lipid
intermediates, insulin resistance and skeletal muscle weakness, the prevalence of
sarcopenic obesity in PAH patients needs further investigation.
2.5.6 Insulin resistance
A higher prevalence of insulin resistance has been reported in PAH patients than in
the general population, and this may be a disease modifier or risk factor for PAH
(Hansmann et al., 2007; Naderi et al., 2014; Pugh et al., 2011; Zamanian et al., 2010).
Insulin resistance is known to be a risk factor for cardiovascular disease (CVD) in
general. It has been linked to diseases that share pathophysiological characteristics
with PAH such as idiopathic cardiomyopathy or congestive heart failure (Zamanian
et al., 2010). Inflammatory cytokines, seen in the pathogenesis of PAH, are likely to
contribute to insulin resistance (Paulin & Michelakis, 2014). Obesity in PAH patients
may contribute to the development of insulin resistance if coupled with low daily
activity levels (Zamanian et al., 2010), but insulin resistance has been found
independently of obesity in PAH patients as well (Pugh et al., 2011). In general,
insulin resistance induces energy deficit in the muscle, which triggers muscle
protein breakdown. From this, it becomes clear that there are many observed
associations between insulin resistance and PAH, but little is known about whether
it is a symptom of, or a contributing factor to, the disease. More research is needed
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to show whether insulin or glucose levels play a role in the pathophysiology of PAH
and whether it contributes to a loss of muscle mass in PAH patients.
2.5.7 Gut-derived satiety hormones
Deregulations in the expression of satiety hormones, such as increased levels of the
anorexigenic hormone PYY after a meal, have been found in a small study with 9
cardiac cachectic patients with primary PAH (Le Roux et al., 2005). In addition to its
systemic effects, PYY reduces digestion rate by decreasing GI motility, gall-bladder
emptying and gastric emptying, which further contributes to a reduction in food
intake (Luttikhold et al., 2013). Larger trials should show whether an increase in the
anorexigenic hormone PYY or changes in other gut-derived satiety hormones after
a meal contribute to reduced food intake in PAH patients.
2.6 Disease-related nutritional deficiencies and intervention trials investigating
their possible connection to quality of life
2.6.1 Iron deficiency
Iron deficiency is common in patients with idiopathic and heritable forms of PAH.
The prevalence has been estimated to be between 30 and 65%, dependent on the type
of PAH and status of the patient (Galiè, Humbert, et al., 2015; Rhodes, Wharton, et
al., 2011; Ruiter et al., 2011; Soon et al., 2011). Iron deficiency is defined by reduced
serum iron (normal= 9.0-30.0 µmol/L), serum ferritin (normal= 3-400 µg/L (males),
30-150 µg/L (females)) and transferrin saturation (normal= 16-45%) (Viethen et al.,
2014). In patients with IPAH, a low iron status has been related to a reduced exercise
capacity, measured as the 6 minute walk test, and to poorer survival (Ruiter et al.,
2011, 2015). Iron deficiency was reported to be independent of the presence of
anemia (Robinson et al., 2014; Ruiter et al., 2011; Soon et al., 2011) and not associated
with a worsened right ventricle function (Van Empel et al., 2014). Availability of iron
influences the pulmonary vasoconstrictor response to hypoxia and the basal
pulmonary artery pressure (Balanos et al., 2002; Smith et al., 2008). Iron status
influences modulation of the pulmonary circulation, but also myocardial and
skeletal muscle function. Iron is essential for oxygen transport and functions as a
cofactor in several mitochondrial oxidative enzymes and the respiratory chain.
Inhibition of dietary iron uptake by the negative regulator of plasma iron levels,
hepcidin, might form a mechanism behind the iron deficiency. The main iron
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transporter of the intestine (ferroportin) is inhibited by hepcidin, resulting in a
decreased intestinal absorption of iron. Hepcidin levels are higher in patients with
PAH. Moreover, a low intestinal absorption of iron is supported by reports that the
response to oral iron supplementation is low in PAH patients (Rhodes, Wharton, et
al., 2011; Ruiter et al., 2015). High hepcidin levels might be due to dysfunctional
BMPRII signaling and/or the presence of chronic inflammation. Normally, high
hepatic iron levels induce bone morphogenic protein 6 (BMP6) expression, which
stimulates hepcidin transcription via BMP response elements I and 2 (BMPRI and
BMPRII) on the hepcidin gene. Inflammatory cytokines such as IL-1beta and IL-6
stimulate hepcidin transcription via different mechanisms, leading to excessive
hepcidin production. IL-1beta might even provide the onset signal, as it induces the
transcription of IL-6. This excessive hepcidin production also happens when there
are no high hepatic iron levels present and thereby leads to inflammation-induced
anemia (Kanamori et al., 2017).
In summary, iron deficiency is common in PAH patients and contributes to the
disease itself and to exercise intolerance by influencing the pulmonary circulation,
myocardial and skeletal muscle function and oxidative energy metabolism. High
levels of hepcidin, induced by inflammatory cytokines and/or dysfunctional BMPRII
signaling, lead to inhibition of dietary iron uptake.
2.6.2 Iron supplementation
The response to oral iron supplementation in PAH patients is low, which is likely
due to inhibition of iron uptake by hepcidin in the digestive tract (Rhodes, Wharton,
et al., 2011; Ruiter et al., 2015). Therefore, more recent studies investigated the effect
of intravenous infusion of iron in the form of ferric carboxymaltose. For example,
Viethen et al. and Ruiter et al. studied the effect of a single dose of 1000 mg ferric
carboxymaltose. They used observation periods of 8 and 12 weeks in 20 and 15 PAH
patients respectively (Ruiter et al., 2015; Viethen et al., 2014). Both studies found
improvement of serum iron status and quality of life, as measured by the patientreported Short Form 36 (SF-36) questionnaire, and showed minimal side effects. The
study of Viethen et al. also found an improvement in 6-minute walk distance
(6MWD), whereas Ruiter and colleagues did not, although they did find improved
endurance exercise capacity and mitochondrial oxidative capacity (Ruiter et al.,
2015; Viethen et al., 2014). A larger

study into the effects of parenteral iron
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replacement in at least 60 patients with IPAH is underway (The ´Supplementation
of Iron in Pulmonary Hypertension´ (SIPHON) Phase II clinical trial) (Howard et al.,
2013). More randomized controlled trials are needed to show whether parenteral
iron replacement is more successful in treating iron deficiency than oral iron
supplementation and if this leads to a better quality of life in PAH patients.
2.6.3 Vitamin D
Vitamin D deficiency is linked to musculoskeletal, metabolic and cardiopulmonary
diseases and to disorders of the immune system (Mirdamadi & Moshkdar, 2016;
Zittermann, 2003). It has been suggested that vitamin D influences smooth muscle
cell proliferation and endothelial function, which are both affected in PAH
(Atteritano et al., 2016; Demir et al., 2013; Mirdamadi & Moshkdar, 2016). Pulmonary
hypertension was associated with vitamin D3 deficiency in a group of 40 systemic
sclerosis patients (Atteritano et al., 2016). In a small prospective uncontrolled
longitudinal study, weekly supplementation of 50.000 IU cholecalciferol (vitamin
D3) plus a daily dose of 200 mg magnesium, 8 mg zinc and 400 IU vitamin D for a
three month period has been found to significantly increase serum vitamin D level
and 6MWD in 22 patients with pulmonary hypertension and vitamin D deficiency.
It also led to improvements in right ventricle size and function (Mirdamadi &
Moshkdar, 2016). While the evidence from this single study is limited, it does show
an interesting potential of correcting vitamin D deficiencies to improve quality of
life in PAH patients. Further rigorously conducted randomized trials into the effect
of vitamin D supplementation should confirm potential effects on the right ventricle,
exercise tolerance and quality of life.
2.7 Exercise interventions
In the past, exercise training was not recommended in patients with PAH. It was
thought that exercise could be a major risk due to increased blood flow, a drop in
cardiac output that may worsen right ventricular function or risk of arrhythmia and
hypoxia (Arena et al., 2015; Madonna et al., 2016; Zafrir, 2013). However, more and
more studies now show that exercise training can actually be safe and beneficial for
exercise capacity, peak oxygen capacity, systemic pulmonary artery pressure, heart
rate and quality of life in patients with various forms of pulmonary hypertension
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(Becker-Grünig et al., 2013; Chia et al., 2017; Grünig et al., 2011; Grünig, Lichtblau,
et al., 2012; Grünig, Maier, et al., 2012).
There are different kinds of exercise training that are used in cardiac and pulmonary
diseases: 1) aerobic exercise training, like cycling or walking; 2) strength training and
3) respiratory exercise training (Chia et al., 2017). Respiratory training often consists
of body perception, yoga and respiratory muscle strengthening exercises (Madonna
et al., 2016). Although yoga and meditative breathing have been mentioned as
possible interventions, studies exclusively examining these interventions were so
small that no conclusions can be drawn from them (Awdish et al., 2015). Studies on
exercise training in PAH patients were almost exclusively done in medically stable
patients. González-Saiz and colleagues found that aerobic, inspiratory and muscle
resistance training during a short intervention period of 8 weeks can improve
muscle power and strength in PAH patients. Also peak VO2 was improved by this
exercise intervention (González-Saiz et al., 2017). Others found that the combination
of aerobic exercise and education can improve fatigue and daily activity, while this
effect was not found when giving education only (Weinstein et al., 2013). Different
reviews have been published that summarize the effect of exercise interventions
combining aerobic exercise, resistance exercise and/or respiratory training during
periods of 3-15 weeks. Sessions were often performed between 2-5 times per week.
Amongst other, improvements have been found in 6MWD, fatigue, peak VO2, QoL,
increased amount of capillaries per muscle fiber, mean pulmonary blood volume,
lower resting heart rate and increased strength of different muscles (including the
respiratory muscles) (Arena et al., 2015; Babu et al., 2016; Buys et al., 2015; Chia et
al., 2017; Pandey et al., 2015; Zafrir, 2013). Researchers also reported mild exerciserelated adverse events, like dizziness, desaturation, progressive fatigue towards the
end of the training period, (pre-)syncope and supraventricular tachycardia in about
5% of the participants (Babu et al., 2016; Pandey et al., 2015). It has been found that
fainting during exercise could be triggered in PAH patients when doing isometric
exercise training. Therefore these authors recommended not to imply isometric
exercise in training schedules (Zafrir, 2013).
According to the Pulmonary Hypertension Association (PHA) PAH patients should
seek advice regarding safe exercise training from their doctor before starting to
exercise. The PHA recommendations for exercise in patients with PAH state that
patients should not over-exercise to the point of dizziness, chest pain or severe
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shortness of breath. Recommended forms of exercise are light resistance training of
small muscle groups (without heavy lifting) and light to moderate aerobic activity,
such as walking or swimming. For symptomatic PAH patients it is not advised to
exercise the upper and lower body at the same time. Patients with severe exercise
intolerance or those with a history of fainting or dizziness are not advised to
continue or start a regular exercise program. Lastly, exercise is better avoided during
extreme weather circumstances such as very hot or cold temperatures (Pulmonary
Hypertension Association, 2008).

Figure 2.1: Factors influencing skeletal muscle alterations, fatigue, exercise
intolerance and quality of life in pulmonary arterial hypertension (* current
knowledge gaps)
2.8 Discussion and conclusion
Nutritional status is likely to be impaired in patients with PAH due to an increased
energetic demand, increased protein catabolism and congestion of the splanchnic
organs (Alami et al., 2016; Kawamoto et al., 2015; Poehlman, 1994). The effect and
potential side effects of exercise interventions in PAH patients are relatively well
studied. Although the pathophysiology of PAH involves many mechanisms that
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may influence nutritional status and may induce muscle wasting (see figure 2.1),
potentially limiting the effect of exercise interventions, there is only little scientific
knowledge about the nutritional status of PAH patients and the way this may impact
physical activity. We found no data on the general nutritional status and only
limited data on the daily activity of PAH patients. Although deficiencies in
micronutrients such as vitamin D, vitamin B12, iron or magnesium might influence
symptoms of fatigue and quality of life, there are only few studies into the
prevalence of such nutritional deficiencies in PAH patients. Next to micronutrient
deficiencies, the presence of insulin resistance is a sign of metabolic change and can
also contribute to feelings of fatigue. All of these nutritional deficiencies and
metabolic changes can be monitored and treated. Although it is being recognized
that oral iron supplementation in iron deficient PAH patients is ineffective, there is
limited insight in alternative treatments. There are only few studies on the effect of
intravenous iron substitution in PAH patients to reduce iron deficiency. Current
studies are relatively small with a sample size of 15-20 subjects. Data of a larger
study that is currently being performed have not been published yet. Studies on the
effect of micronutrients such as vitamin D supplementation in PAH patients are rare,
small in size and study designs can be improved. Chronic inflammation is an
important feature in the pathophysiology of PAH, but the effect of nutritional
intervention on inflammation status of these patients is unknown. High quality
papers on the effect of treatments to reduce adverse effects of medication that impact
nutritional status are lacking. It should also not be forgotten that physical inactivity
itself induces skeletal muscle atrophy (D’Antona et al., 2003), so prevention of
becoming inactive in the first place should receive extra clinical attention.
In conclusion, larger and well-designed studies into the nutritional status of PAH
patients, the prevalence of micronutrient deficiencies and the effect of
supplementation strategies to reduce these deficiencies and improve quality of life
in PAH patients are needed.
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Abstract
Pulmonary Hypertension (PH) is a rare progressive and lethal disease affecting
pulmonary arteries and heart function. The disease may compromise nutritional
status, which impairs physical performance of the patient. This study aimed to
determine the prevalence of micronutrient deficiencies in pulmonary arterial
hypertension (PAH) and chronic thrombo-embolic pulmonary hypertension
(CTEPH) patients, both at diagnosis and after treatment. Moreover, correlations
between micronutrients and clinical outcomes were assessed.
Eighty-one blood samples from a prospective observational cohort study were
analyzed for concentrations of micronutrients and inflammation-related factors.
Samples consisted of newly diagnosed (treatment naive) PAH and CTEPH patients
and patients treated for 1.5 years according to the ERS/ESC guidelines.
In the newly diagnosed group, 42% of PAH patients and 21% of CTEPH patients
were iron deficient, compared to 29% of PAH patients and 20% of CTEPH patients
in the treatment group. Vitamin D deficiency occurred in 42% of the newly
diagnosed PAH patients, in 71% of the newly diagnosed CTEPH patients, in 68% of
the treated PAH patients and in 70% of the treated CTEPH patients. Iron levels
correlated with 6-minute walking distance (6MWD). Vitamin D deficiency was not
associated with outcome measurements.
Iron and vitamin D deficiencies are highly prevalent in PAH and CTEPH patients,
underlining the need for monitoring their status. Studies evaluating the possible
effects of different supplementation strategies for iron as well as vitamin D in PAH
and CTEPH patients are necessary.
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3.1 Introduction
Pulmonary hypertension (PH) refers to a heterogeneous group of diseases
characterized by vasoconstriction and structural remodeling of the pulmonary
arteries. Increased vascular resistance and elevated pulmonary arterial pressures
lead to right ventricular hypertrophy and eventually to heart failure and premature
death (Hoeper et al., 2013; Simonneau et al., 2019). Symptoms are progressive and
include inflammation, right ventricular dysfunction, serious exercise intolerance
and fatigue, reducing the quality of life of the patients (Tran et al., 2018; Vinke et al.,
2018). Currently, PH is divided into 5 subgroups according to the classification of
the World Health Organisation (WHO), European Respiratory Society (ERS) and
European Society of Cardiology (ESC) (Galiè, Humbert, et al., 2015). In this study
we focused on patients with WHO type 1: pulmonary arterial hypertension (PAH)
and type 4: chronic thrombo-embolic pulmonary hypertension (CTEPH), because
these patients are typically treated with PH-specific therapies in expert centers. In
both categories, the pathophysiology originates in the pulmonary arteries. Prognosis
of both PAH and CTEPH is poor, with 3- and 5-year survival rates for PAH of 67%
and 57-59%, respectively (Benza, Miller, et al., 2012; Galiè, Humbert, et al., 2015;
Rådegran et al., 2016), and 5-year survival rates of 53-59% for inoperable CTEPH
(Boucly et al., 2017; Quadery et al., 2018; Rådegran et al., 2016). The prognosis of
CTEPH patients with central laesions, who are eligable for and who underwent a
pulmonary endarterectomy is improved with 5-years survival rates around 85%
(Sandqvist et al., 2021).
The

ESC/ERS

guidelines

for

pulmonary

hypertension

contain

various

recommendations for PH treatment, although very few on nutrition. Moreover,
there are no data on the influence of nutritional status on prognostic indicators as
defined by the ESC/ERS (Galiè, Humbert, et al., 2015). However, nutritional status,
including the occurence of micronutrient deficiencies is likely to be relevant to both
the overall physiological status and the exercise capacity of the patient. It is known
that micronutrient deficiencies, such as those of magnesium, vitamin D and iron are
linked to inflammatory processes, which may contribute to exercise intolerance (van
Dronkelaar et al., 2018; Zittermann, 2003). Vice versa, a reduction in physical activity
can have consequences for vitamin D synthesis and might also affect dietary habits.
Hence, monitoring and optimization of nutritional status in patients with PH holds
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promise to improve overall wellbeing of PH patients. Literature research reveals a
lack of studies on nutritional deficiencies in PAH and CTEPH patients and identifies
important knowledge gaps regarding the potential benefits of nutritional
intervention on the quality of life of these patients (Vinke et al., 2018). It has been
suggested that anaemia and iron-deficiency are prevalent in CTEPH and in PAH
patients in particular (Soon et al., 2011). As with other individuals, these factors are
likely to have a negative impact on exercise tolerance and fatigue in PH (Galiè,
Humbert, et al., 2015; Ruiter et al., 2011). Compared to iron, even less is known on
the status of other relevant micronutrients, including vitamin D and magnesium in
PH patients. Although magnesium status is relevant for cardiac and skeletal muscle
function, glucose homeostasis (de Baaij et al., 2015; Dominguez et al., 2006) and
chronic inflammation (Shahi et al., 2019), it is not routinely monitored. Vitamin D
deficiency is highly prevalent in Europe during the winter season and in chronically
ill patients or elderly also throughout the whole year (Zittermann, 2003).
Deficiencies of vitamin D are linked to bone health, muscle dysfunction and
attenuated immune function (Bikle, 2014; Zittermann, 2003). On the other hand,
inflammation itself can impact vitamin D status, for example via decreasing vitamin
D binding protein (DBP), leading to lower 25-hydroxy-vitamin D (25(OH)D) levels
in the blood (Waldron et al., 2013). So far, there is limited evidence of potential
benefit of correcting vitamin D deficiencies in patients with PAH. In summary,
studies into the prevalence of micronutrient deficiencies and their effects on clinical
outcomes in PAH and CTEPH patients are currently lacking, although these
deficiencies can negatively influence the patient’s health status. This would
ultimately merit suppletion strategies, although more research would be needed on
this.
This study aimed to determine the actual status of micronutrients that may play a
role in inflammation, fatigue and exercise intolerance in PAH and CTEPH patients
at time of diagnosis and after 1.5 years of conventional treatment. A secondary aim
was to explore whether there is a correlation between micronutrient deficiencies and
clinical outcome parameters. Although pulmonary arterial hypertension is relatively
rare, this study collected data on micronutrient status and many clinical and patientrelated outcome variables of a relatively large group of patients from the Biopulse
prospective observational cohort study.
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3.2 Materials and Methods
3.2.1 Patients and study design
A prospective observational cohort study is conducted in the Erasmus University
Medical Centre for specialised PH care since May 2012. Pulmonary hypertension
patients >18 years old with a mean pulmonary arterial pressure (mPAP) ≥ 25mmHg,
a wedge pressure ≤15 mmHg and a pulmonary vascular resistance (PVR) ≥ 3WU
measured by right heart catheterization (RHC) at diagnosis are invited to take part
in the study. Diagnosis of PAH and CTEPH patients is made according to the
ERS/ECSC guidelines (Galiè, Humbert, et al., 2015; Simonneau et al., 2019) and
subclassification according to the WHO classification system. Patient characteristics
and PH subgroups are shown in tables 1 and 2 in the results section. Exclusion
criteria were incomplete diagnostic work-up and therefore no confirmed PH
diagnosis, age <18 years, or not being capable of understanding or signing informed
consent. The study protocol was approved by the medical ethical committee (MEC2011-392). A written informed consent was provided by all patients. The study is
performed in accordance with the principles of the Declaration of Helsinki.
3.2.2 Clinical data collection
Baseline data were collected during the inpatient screening visit. At baseline, all
patients underwent physical examination by a pulmonary physician and a
cardiologist, 6-minute walking test (6MWT), pulmonary function tests, VQ scan,
chest

computed

tomography

scan,

ultrasound

of

the

liver,

12-lead

electrocardiography (ECG), echocardiography, venous blood sampling and a RHC.
Patient characteristics and vital signs collected at baseline include age, sex, height,
weight, systemic blood pressure, heart rate and peripheral oxygen saturation. The
NYHA functional class was used to grade the severity of functional limitations.
During RHC, a Swan-Ganz catheter was inserted in the internal jugular vein. A
standardized protocol for the work-up of PH was used to obtain hemodynamic
measurements. Fick’s principle was used to measure cardiac output. If the obtained
capillary wedge pressure was ambiguous, a fluid challenge was performed to
distinguish pre-capillary PH from PH due to left heart disease. Data were collected
and stored in PAHTool (version 4.3.5947.29411, Inovoltus, Santa Maria da Feira,
Portugal), an online electronic case report form.
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3.2.3 Clinical follow-up
Patients were treated according to the ERS/ESC guidelines (Galiè, Humbert, et al.,
2015). CTEPH patients were assessed for eligibility for either a pulmonary
endarterectomy or a balloon pulmonary angioplasty. Patients who underwent one
of the above procedures, were not censored afterwards.
All patient were prospectively followed-up by half-yearly scheduled visits to the
outpatient clinic. During this visit vital signs were collected, NYHA functional class
was graded, venous blood samples were taken (e.g. for measurement of N-terminal
prohormone brain natriuretic peptide (NT-pro BNP)), and a 6MWT as well as a
echocardiography was performed.
3.2.4 Venous blood sampling
Venous blood samples were obtained at baseline and every six months during
follow-up. Transfer of the blood samples to the clinical chemistry laboratory
occurred within 2 hours from withdrawal. Hemoglobin (Hb) and NT-pro-BNP were
directly determined in the fresh blood samples. Serum samples and plasma samples
were processed and aliquoted and stored at -80 degrees Celsius until further
analysis.
3.2.5 Laboratory analyses
Measurement of plasma iron (ferrum), ferritin, transferrin, magnesium, calcium,
phosphate, vitamin B12 (cobalamin) and folic acid were performed in serum
samples according to standard operating procedures of the clinical chemistry lab of
the Erasmus University Medical Center Rotterdam. Vitamin D was analysed using
the Fujirebio Lumipulse G1200 system with a Lumipulse 25-OH Vitamin D assay
(Fujirebio, catalog number 234020 calibrators and 234013 reagent) according to the
manufacturer’s instructions. All other analytes were determined using a Cobas 8000
system (Roche). Concentrations of each micronutrient for individual patients were
compared with specific reference values as validated by the Erasmus University
Medical Center Rotterdam and as specified in tables 5.3-5.5. The reference value for
vitamin D was specified as >50 nmol/l (Balvers et al. 2015). Patients with
concentrations below the reference value were scored as having a too low circulating
concentration of that micronutrient.
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Hepcidin values were analysed using a human hepcidin (Hepc) ELISA kit (Cusabio,
catalog number CSB-E16062h) in undiluted EDTA plasma samples according to the
manufacturers protocol. Vitamin D binding protein was analysed using a GCGlobulin (Vitamin D binding protein) Human ELISA kit (Abcam, catalog number
Ab108853) in undiluted EDTA plasma samples according to the manufacturers
protocol. Reference values for vitamin D binding protein and hepcidin were
specified according to the ELISA kits manufacturers manual.
3.2.6 Statistics
Unpaired, two-tailed t-test in Graphpad Prism (version 5) was used to compare
groups. Data were presented as mean+SD. Missing data were not replaced in the
analysis. Spearman’s correlation was performed in Rstudio using the ggscatter
function. Significance was accepted as p < 0.05.
3.3 Results
3.3.1 Characteristics of participants
In this study, 33 newly diagnosed patients with PAH and CTEPH are included and
48 patients who were under conventional PH specific treatment for 1.5 years (treated
group). In the newly diagnosed group, 19 patients were diagnosed with PAH and
14 patients with CTEPH. Baseline characteristics do not differ between persons
diagnosed with PAH or CTEPH, except for height (table 3.1). There are no
differences in age, weight, body mass index (BMI), 6-minute walking distance
(6MWD), right ventricular systolic pressure (RVSP) measured by echocardiography,
and mean PAP and cardiac index (CI) at RHC.
As is shown in table 3.2, in the treated group 38 patients with PAH and 10 patients
with CTEPH are included. The mean age of the participants in the CTEPH group is
higher than the age of the PAH group (64.5 versus 48.8 years, respectively). This is
not surprising since in general PAH patients tend to be younger than CTEPH
patients. No differences are observed in height, weight and BMI between patients
with PAH and CTEPH in this group. The percentage of females in each group is
relatively similar (63% and 70%, respectively). The 6MWD is not different between
patients with PAH or CTEPH, both at baseline and after 1.5 years of treatment.
Baseline characteristics for RVSP, mean PAP, PVR and CI are shown in table 3.2 for
each patient group, as well as RVSP after 1.5 years of treatment.
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Table 3.1: Characteristics of patients in the newly diagnosed group
Characteristic

PAH

CTEPH

n (%)

19 (58)

14 (42)

Gender, female (%)

14 (74)

6 (43)

Age, y

62.5 ± 14.7

63.9 ± 12.9

Height, cm

164.6 ± 9.8

174.5 ± 10.0 *

Weight, kg

72.9 ± 18.7

80.1 ± 17.6

BMI, kg/m

26.7 ± 5.6

26.4 ± 5.9

0:5:11:1

2:4:6:1

2

NYHA class (1:2:3:4)
Cause of Pulmonary Hypertension
HPAH (%)

2 (11)

IPAH (%)

4 (21)

CTD (%)

9 (47)

CHD (%)

0 (0)

HIV (%)

0 (0)

Portopulmonary (%)

3 (16)

Drugs/toxins/medication (%)

1 (5)

Other (%)

0 (0)

Type of CTD related PAH
SSc (%)

7 (78)

SLE (%)

1 (11)

Sjogren (%)

1 (11)

6MWD, m

352 ± 121

447 ± 240

Echocardiography, RVSP in mm/Hg

76.5 ± 19.9

72.1 ± 21.0

46.5 ± 14.0

42.0 ± 11.9

PVR, WU

7.3 ± 3.3

6.2 ± 3.2

CI

2.7 ± 0.7

2.8 ± 0.8

R-catheterisation
Mean PAH, mmHg

(*: p < 0.05, **: p < 0.01) compared to the PAH group
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Table 3.2: Characteristics of patients in the treated group
Characteristic

PAH

CTEPH

n (%)

38 (79)

10 (21)

Gender, female (%)

24 (63)

7 (70)

Age, y

48.8 ± 15.1

64.5 ± 12.0 **

Height, cm

168.7 ± 10.8

169.8 ± 6.3

Weight, kg

75.6 ± 18.4

83.3 ± 11.3

BMI, kg/m2

26.7 ± 7.1

28.9 ± 3.9

NYHA class (1:2:3:4)

1:14:19:2

2:3:5:0

Cause of Pulmonary Hypertension
HPAH (%)

2 (5)

IPAH (%)

14 (37)

CTD (%)

9 (24)

CHD (%)

8 (21)

HIV (%)

0 (0)

Portopulmonary (%)

4 (11)

Drugs/toxins/medication (%)

0 (0)

Other (%)

1 (3)

Type of CTD related PAH
SSc (%)

7 (78)

SLE (%)

2 (22)

Sjogren (%)

0 (0)

PAH specific drugs
PDE-5 inhibitor (%)

33

4

ERA (%)

33

8

Riociguat (%)

1

1

Prostacycline receptor agonist (Selexipag, %)

5

0

Prostacycline (IV) (%)

6

0

Treprostenil (IV/SC) (%)

2

0

Mono therapy (%)

5

3

Duo therapy (%)

21

5

Triple therapy (%)

11

0

Drug combination therapy
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Table 3.2 (continued)
6MWD, m
Baseline

374 ± 140

346 ± 99

18 months follow up

445 ± 142

420 ± 121

Baseline

76.9 ± 18.6

61.5 ± 17.5 *

18 months follow up

62.7 ± 22.6

48.1 ± 17.9

51.3 ± 13.8

38.9 ± 13.5 *

PVR, WU

9.6 ± 4.9

5.1 ± 2.6 *

CI

2.6 ± 0.7

2.7 ± 0.2

Echocardiography, RVSP in mmHg

R-catheterisation (baseline)
Mean PAP, mmHg

(*: p< 0.05, **: p< 0.01) compared to the PAH group
3.3.2 Prevalence of abnormal micronutrient and mineral blood concentrations
The percentage of patients with levels below the reference value for the
micronutrients analysed in both patient groups with the diagnostic subclasses are
shown in tables 3.3 and 3.4. Levels of micronutrients and nutrient-related factors in
all newly diagnosed and treated patients can be found in appendix I.
3.3.2.1 PAH patients
In the newly diagnosed patients with PAH, 42% can be classified as deficient in
25(OH)D (60% of the males and 36% of the females). Moreover, 21% of the newly
diagnosed PAH patients has a too low circulating concentration of magnesium.
In the group under treatment for 1.5 years, 68% of the patients with PAH has
25(OH)D levels below normal (79% of the males and 63% of the females) and 16%
have a too low circulating concentration of phosphate.
3.3.2.2 CTEPH patients
In newly diagnosed patients with CTEPH, 71% of the patients has 25(OH)D levels
below the reference value (63% of the males and 83% of the females). Moreover, 14%
show a low circulating concentration of calcium and 7% have a low circulating
concentration of magnesium.
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Of the CTEPH patients after 1.5 years of treatment, 70% has a too low 25(OH)D level
(100% of the males and 57% of the females), 20% has a low circulating concentration
of phosphate and 10% show a low circulating concentration of magnesium.
3.3.2.3 Newly diagnosed versus treated patients
Of all newly diagnosed patients in our study, 15% has a low circulating
concentration of calcium, another 15% has a low circulating concentration of
magnesium and 55% of the patients show a low 25(OH)D concentration. Of all
treated patients, 69% show too low 25(OH)D levels. Furthermore, a total of 17% of
the treated patients have a too low circulating concentration of phosphate.
3.3.2.4 Female patients
Of all female newly diagnosed patients in our study, 50% has too low 25(OH)D
levels, 20% has a low circulating concentration of magnesium and 15% has a low
circulating concentration of calcium.
Of all female patients in the treated group, 61% has a too low 25(OH)D level and
13% has a too low circulating concentration of phosphate.
3.3.2.5 Male patients
A total of 62% of the newly diagnosed males has a low 25(OH)D concentration, 16%
has a low circulating concentration of calcium and 8% has a low circulating
concentration of magnesium.
After 1.5 years of treatment, 82% of the males have a too low 25(OH)D level and 24%
has a low circulating concentration of phosphate.
3.3.2.6 Summary
All in all, a large part of the patients in our study are found to be deficient in 25(OH)-vitamin D, both at diagnosis as well as after 1.5 years of treatment. At
diagnosis, vitamin D deficiency is more prevalent in CTEPH patients than in PAH
patients. In the treated group, the prevalence of vitamin D deficiency is similar in
both PAH and CTEPH patients. Furthermore, low circulating concentrations for
magnesium, calcium and phosphate are demonstrated.
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Table 3.3: Percentage of patients below the reference value for micronutrients in newly diagnosed and treated patients,
split in gender and disease classification.

Newly diagnosed

Treated

Total

Female

Male

PAH

CTEPH

Total

Female

Male

PAH

CTEPH

(n = 33)

(n = 20)

(n = 13)

(n = 19)

(n = 14)

(n = 48)

(n = 31)

(n = 17)

(n = 38)

(n = 10)

Iron (< 10 µmol/l)

33%

40%

23%

42%

21%

27%

36%

12%

29%

20%

Magnesium (< 0.7 mmol/l)

15%

20%

8%

21%

7%

4%

3%

6%

3%

10%

Calcium (< 2.2 mmol/l)

15%

15%

15%

16%

14%

2%

0%

6%

3%

0%

Phosphate (< 0.8 mmol/l)

0%

0%

0%

0%

0%

17%

13%

24%

16%

20%

Vitamin B11 (< 5 nmol/l)

0%

0%

0%

0%

0%

0%

0%

0%

0%

0%

Vitamin B12 (< 145 pmol/l)

3%

5%

0%

5%

0%

4%

7%

0%

5%

0%

25(OH)D (< 50 nmol/l)

55%

50%

62%

42%

71%

69%

61%

82%

68%

70%
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Table 3.4: Percentage of patients below the reference value for micronutrients in newly diagnosed and treated patients in
gender subgroups of PAH and CTEPH patients.

Newly diagnosed

Treated

PAH
male

PAH
female

CTEPH
male

CTEPH
female

PAH
male

PAH
female

CTEPH
male

CTEPH
female

(n = 5)

(n = 14)

(n = 8)

(n = 6)

(n = 14)

(n = 24)

(n = 3)

(n = 7)

Iron (< 10 µmol/l)

20%

50%

25%

17%

14%

38%

0%

29%

Magnesium (< 0.7 mmol/l)

0%

29%

13%

0%

0

4%

33%

0%

Calcium (< 2.2 mmol/l)

20%

14%

13%

17%

7%

0%

0%

0%

Phosphate (< 0.8 mmol/l)

0%

0%

0%

0%

29%

14%

0%

29%

Vitamin B11 (< 5 nmol/l)

0%

0%

0%

0%

0%

0%

0%

0%

Vitamin B12 (< 145 pmol/l)

0%

7%

0%

0%

0%

8,3%

0%

0%

25(OH)D (< 50 nmol/l)

60%

36%

63%

83%

79%

63%

100%

57%
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3.3.3 Iron status in newly diagnosed and treated PH patients
Table 3.5 presents the values for the analytes specifically related to iron status.
In the newly diagnosed group, 30% of the females and 8% of the males have too low
Hb levels and could therefore be classified as having anemia. Thirty three percent of
the newly diagnosed patients have a low circulating concentration of plasma iron.
Of all the newly diagnosed PAH patients, 42% has low circulating iron
concentrations compared to 21% of the newly diagnosed CTEPH patients. Thirty one
percent of the newly diagnosed males and 40% of the females have a too low
transferrin saturation.
In the group under treatment for 1.5 years, 26% of the females and 24% of the males
have too low Hb levels and could therefore be classified as having anemia. In this
group, 27% of the patients has a low circulating concentration of plasma iron. Of all
the PAH patients after 1,5 years of treatment, 29% has a low circulating
concentration of iron compared to 20% of the treated CTEPH patients. A total of 59%
of the treated males and 36% of the females have a low transferrin saturation. In
summary, a considerable amount of the patients are deficient in iron, especially
female patients. Iron deficiency is higher in PAH patients than in CTEPH patients,
both at time of diagnosis as well as after 1.5 years of treatment.
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Table 3.5: Percentage of patients below the reference value for iron related factors in newly diagnosed and treated
patients, split in gender and disease classification.
Newly diagnosed
Total

Female

Male

PAH

Treated
CTEPH

Total

Female

Male

PAH

CTEPH

(n = 33) (n = 20) (n = 13) (n = 19) (n = 14) (n = 48) (n = 31) (n = 17) (n = 38) (n = 10)
Hb (F: < 7.5 mmol/l, M: < 8.5 mmol/l)

21%

30%

8%

26%

14%

25%

26%

24%

24%

30%

Iron (< 10 mmol/l)

33%

40%

23%

42%

21%

27%

36%

12%

29%

20%

Ferritin (F: < 10 µg/l , M: < 30 µg/l)

3%

0%

8%

0%

7%

6%

0%

18%

8%

0%

Transferrin sat. (F: < 15%, M: < 20%)

36%

40%

31%

47%

21%

44%

36%

59%

47%

30%
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3.3.4 Correlations between micronutrient deficiencies and clinical outcome
A significant positive correlation is found between the 6MWD and plasma iron
levels and between 6MWD and transferrin saturation in both newly diagnosed and
treated patients (all p < 0.01), see appendix II. Looking at the treated group with a
result of the 6MWD below and above the group mean (439 meters), we observe that
both iron and transferrin saturation levels are significantly lower in the group with
a 6MWD below the mean compared to the group with a 6MWD above the mean
(both p < 0.05), see figure 3.1A-B. NT-Pro-BNP levels of the group with a 6MWD
below the mean are significantly higher than those of the group with 6MWD above
the mean (with means of 104.6 pmol/l and 22.15 pmol/l, respectively, p < 0.05, see
appendix II). In the newly diagnosed group, both plasma iron and transferrin
saturation levels are also significantly lower in the group with a 6MWD below the
mean (both p< 0.05), see figure 3.1C-D. NT-Pro-BNP levels are not significantly
different between the newly diagnosed groups with a 6MWD below the mean
compared with the group with a 6MWD above the mean (see appendix II). Other
micronutrients tested are not significantly different between groups with a 6MWD
below or above the mean. This is the case in both the newly diagnosed and the
treated groups.
With respect to the NYHA class, a trend towards higher iron and higher transferrin
saturation levels in the lower NYHA classes (NYHA 1 and 2) versus higher the
higher NYHA classes (NYHA 3 and 4) is observed in the newly diagnosed patients,
but not in the treated patients (see figure 3.2). The mean plasma iron level in newly
diagnosed patients was 18.43 micromol/l in NYHA class 1 and 2 and 12.41
micromol/l in NYHA class 3 and 4 (p = 0.07). The mean transferrin saturation in
newly diagnosed patients is 27.3% in NYHA class 1and 2 compared to 19.0% in
NYHA class 3 and 4 (p = 0.09). Levels of the other micronutrients tested are not
different between groups with a lower and a higher NYHA classes This is the case
in both the newly diagnosed and as well as in the treated group.
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Figure 3.1 Iron levels and transferrin saturation in newly diagnosed and treated
patients with higher or lower 6MWD distance than the group mean. (*: p < 0.05)
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Figure 3.2 Iron levels and transferrin saturation in newly diagnosed and treated
patients with NYHA class 1+2 versus NYHA class 3+4.
3.3.5 The relation between iron, hepcidin and inflammation
Evaluating the results on iron status and inflammation in all patients, it becomes
clear that hepcidin levels are higher in newly diagnosed patients compared to
treated patients (p = 0.0001, see figure 3.3A) and ferritin levels as well (p < 0.05, see
figure 3.3B). Albumin levels are significantly lower in the newly diagnosed group
compared to the treated group (p < 0.05, see figure 3.3C). This suggests that
inflammation might play a role. Circulating levels of plasma iron, c-reactive protein
(CRP) and Hb levels are not significantly different between the newly diagnosed and
the treated groups (see figure 3.3D-F).
Considering the hepcidin levels of specific patients with low circulating iron
concentration, relatively high values are observed in the newly diagnosed group
(mean hepcidin level: 121 g/l, mean iron level: 6.53 micromol/l). At the same time
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these levels are low in patients with low circulating iron concentration in the treated
group (mean hepcidin level: 57 g/l, mean iron level: 7.10 micromol/l).

Figure 3.3 Iron, hepcidin and inflammation levels in newly diagnosed and treated
patients. (*: p < 0.05, ***: p < 0.001)
3.3.6 Vitamin D binding protein and 25(OH)D
Levels of DBP are strongly reduced in treated patients compared to newly diagnosed
patients (mean values 393.4 mg/l and 538.6 mg/l, respectively, p < 0.0001, see figure
3.4A). In general, lower DBP levels can lead to lower 25(OH)D levels measured in
plasma. However, in our patients 25(OH)D levels are not statistically different in
treated patients compared to the levels in the newly diagnosed patients (means: 40.0
nmol/l and 45.5 nmol/l, respectively), see figure 3.4B. A significant negative
correlation is found between 25(OH)D and CRP levels in newly diagnosed patients
(R = -0.37, p < 0.05, see figure 3.4C), but not in treated patients. There is no significant
correlation between 25(OH)D and albumin levels.
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Figure 3.4 Levels of 25(OH)D and vitamin D binding protein in newly diagnosed
and treated patients (***: p < 0.0001).
3.4 Discussion
Nutritional status in patients with PAH and CTEPH is an understudied field,
although recent papers suggest that nutritional status and micronutrient deficiencies
are likely to influence quality of life of these patients via their potential effects on
inflammatory status, skeletal muscle functions and other (patho-)physiological
processes (Semen & Bast, 2019; Vinke et al., 2018). Our study is the first showing
micronutrient status in both newly diagnosed as well as treated patients with PAH
and CTEPH.
Deficiencies in iron and vitamin D are highly prevalent in patients with PAH and
CTEPH both at diagnosis and after 1.5 years of conventional treatment. Depending
on the diagnostic subclass, iron deficiency occurs in up to 42% of the patients and
vitamin D deficiency in up to 83% of the patients. 25(OH)D status even seems to
worsen during the disease course. Iron deficiency is more prevalent in female than
in male patients and is also more prevalent in patients with PAH than in patients
with CTEPH. Other micronutrient deficiencies are observed for magnesium and
phosphate with prevalence rates up to 21%. Lower iron levels and transferrin
saturation are linked to lower 6MWD in both groups at diagnosis and after 1.5 years
of treatment.
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3.4.1 Iron deficiency
The present study shows that 42.1% of the newly diagnosed PAH patients and 21.4%
of the newly diagnosed CTEPH patients has low circulating levels of plasma iron. In
the treated group, this is 28.9% for PAH patients and 20% for CTEPH patients. Also,
in the newly diagnosed group 30% of the females and 8% of the males has a too low
Hb level. In the treated group, 25.8% of the females and 23.5% of the males has a too
low Hb level, indicating anaemia. An earlier study reported a prevalence of iron
deficiency of 43% in idiopathic PAH patients. Moreover, these authors found that
6MWD was reduced in iron-deficient patients compared to iron-sufficient patients
irrespective of the existence of anaemia. (Ruiter et al., 2011). They also demonstrated
that intravenous iron therapy in 15 iron-deficient iPAH patients improved exercise
endurance capacity, but not 6MWD (Ruiter et al., 2015).
The present study shows that there is a correlation between iron levels, transferrin
saturation and 6MWD. Levels of circulating iron and transferrin saturation are
significantly lower in patients with a 6MWD lower than average compared to
patients with higher 6MWD.
In addition, our study shows, in agreement with other studies (Ruiter et al., 2011;
Soon et al., 2011), that the prevalence of anaemia or iron deficiency is higher in
patients with PAH than in patients with CTEPH. This has been suggested to be
related to interleukin 6 (IL-6) levels, because IL-6 levels correlated with iron levels
in idiopathic PAH patients, but not in CTEPH patients (Soon et al., 2011). Inhibition
of dietary iron uptake by the negative regulator of plasma iron levels, hepcidin,
might be causally related to this effect. The main iron transporter of the intestine
(ferroportin) is inhibited by hepcidin, resulting in a decreased intestinal absorption
of iron (Ramakrishnan et al., 2018; Rhodes, Wharton, et al., 2011; Ruiter et al., 2015)
. Inflammatory cytokines such as interleukin 1-beta (IL-1b) and IL-6 stimulate
hepcidin transcription via different mechanisms, leading to excessive hepcidin
production. Interleukin 1-beta might even provide the onset signal, as it induces the
transcription of IL-6. This process is also being referred to as inflammation-induced
anemia (Kanamori et al., 2017).
In this study, increased inflammation is shown by lower albumin levels in the newly
diagnosed group and is also associated with increased hepcidin levels. Hepcidin
values found in our study are above the range normally seen in healthy people.
However, it should be noted that it is unknown which hepcidin values can be
49

Chapter 3

expected in chronically ill patients. The physiological challenge for these patients is
how to maintain adequate iron stores. Oral supplementation with the recommended
daily dose might not be useful when hepcidin levels are high due to underlying
inflammation (Ramakrishnan et al., 2018). In this situation, intravenous iron
supplementation might be preferable. Taken together, it is currently unknown
whether low iron levels can be prevented by supplementation with the normal
recommended daily dose of oral iron in combination with anti-inflammatory
treatment. Future studies are needed to reveal this.
3.4.2 Vitamin D deficiency
Vitamin D deficiency is related to increased inflammation and deregulation of the
immune system in several chronic diseases (Sassi et al., 2018). In our patient group,
vitamin D is the most prevalent micronutrient deficiency and this deficiency persists
during the disease course. Depending on the therapeutic subclass, vitamin D
deficiency occurs in 40-83% of the patients. In the normal European population,
vitamin D deficiency has a prevalence of 40%, when taking vitamin D levels <50
nmol/l as a cut-off and of 13% at cut-off levels < 30 nmol/l (Amrein et al., 2020;
Cashman et al., 2016). Another study examined the difference between vitamin D
deficiency (25-50 nmol/l) and vitamin D insufficiency (50-75 nmol/l) and found a
prevalence of 41% and 33%, respectively (Casey et al., 2019). A lower DBP level is
found in the treated group compared to the newly diagnosed group, although there
is no difference in 25(OH)D. It is possible that the treated group has higher levels of
free vitamin D. In this study, total vitamin D was measured: free and bound vitamin
D. Furthermore, we did not find a correlation between 25(OH)D levels and outcome
parameters. Therefore, it remains unclear what exactly is the significance of a
vitamin D deficiency in patients with PH.
The question whether supplementation of vitamin D would be clinically useful in
patients with PH is dependent on many factors, such as body fat and lifestyle. It has
been found that active elderly who spend much time outdoors have a low risk for
vitamin D deficiency (ten Haaf et al., 2019). A large European study found that
seasonally adjusted 25(OH)D concentrations were lower in smokers and higher with
increasing ultraviolet B (UVB) exposure, dietary vitamin D or oily fish consumption
and supplement use with omega-3 fatty acids and vitamin D (Casey et al.,
2019). Moreover, having a high BMI or being overweight is associated with lower
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vitamin D status or response to supplementation, which is explained by volumetric
dilution and/or sequestration in the adipose tissue (Drincic et al., 2013; Sousa-Santos
et al., 2018; Van Dam et al., 2007). There is very limited scientific knowledge on
vitamin D supplementation to increase vitamin D status in patients with PH. An
uncontrolled longitudinal study supplemented 22 PH patients with 50,000 IU
cholecalciferol weekly plus a preparation providing 200 mg magnesium + 8 mg zinc
+ 400 IU vitamin D daily for 3 months. Serum 25(OH)D and 6MWD significantly
increased in this study (Mirdamadi & Moshkdar, 2016). In another study, vitamin D
supplementation increased serum vitamin D levels in a rat model of PH (Tanaka et
al., 2017). There is however convincing evidence that vitamin D supplementation is
effective to increase 25(OH)D levels to an optimal level in the general population
(Amrein et al., 2020). More studies are needed to establish the effect on vitamin D
supplementation on its status and clinical outcome in PH patients. However, there
are recommendations for vitamin D supplementation in the healthy general
population that can be used for patients with PH until disease-specific
recommendations can be given (Balvers et al., 2015).
3.4.3 Summary and recommendations
In summary, the prevalence of vitamin D and iron deficiency is high in patients with
PAH and CTEPH. Therefore, it is recommended to monitor iron and vitamin D
status in these patients. In case of deficiency, supplementation of iron and vitamin
D should be considered. For iron, oral supplementation may not be successful in
case of underlying inflammation. In these cases, intravenous supplementation might
work. The effect of vitamin D supplementation in PH patients will need further
evaluation.
3.5 Conclusion
Both iron and vitamin D deficiency were highly prevalent in 2 groups of PAH and
CTEPH patients at time of diagnosis and after 1.5 years of conventional treatment.
Vitamin D was the most prevalent micronutrient deficiency in these patient groups.
There was no difference between the newly diagnosed and the treatment group. Iron
deficiency occurred more often in patients with PAH than in patients with CTEPH
and more often in females than in males. Moreover, data suggested that low iron
levels negatively impacted exercise tolerance. Therefore, this study shows the need
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for monitoring micronutrient status, especially for iron and vitamin D, in PAH and
CTEPH patients. To treat these deficiencies in PAH and CTEPH patients, future
studies are needed to investigate the effect of different supplementation strategies
both for iron and for vitamin D.
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Abstract
Long-term use of proton pump inhibitors (PPIs) is common in patients with muscle
wasting-related chronic diseases. We explored the hypothesis that the use of PPIs
may contribute to a reduction in muscle mass and function in these patients.
Literature indicates that a PPI-induced reduction in acidity of the gastrointestinal
tract can decrease the absorption of, amongst others, magnesium. Low levels of
magnesium are associated with impaired muscle function. This unwanted sideeffect of PPIs on muscle function has been described in different disease
backgrounds. Furthermore, magnesium is necessary for activation of vitamin D.
Low vitamin D and magnesium levels together can lead to increased inflammation
involved in muscle wasting. In addition, PPI use has been described to alter the
microbiota’s composition in the gut, which might lead to increased inflammation.
However, PPIs are often provided together with nonsteroidal anti-inflammatory
drugs (NSAIDs), which are anti-inflammatory. In the presence of obesity, additional
mechanisms could further contribute to muscle alterations. In conclusion, use of
PPIs has been reported to contribute to muscle function loss. Whether this will add
to the risk factor for development of muscle function loss in patients with chronic
disease needs further investigation.
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4.1 Introduction
4.1.1 Cachexia in chronic illness
There are several definitions of cachexia, but in general, the term includes weight
loss, low body mass index, fatigue, imbalance between anabolic and catabolic
metabolic pathways, and upregulation of biomarkers of systemic inflammation
(Carson et al., 2019; Evans et al., 2008; Fearon et al., 2006; Mak et al., 2011; Muscaritoli
et al., 2010). In malnutrition, weight and muscle loss are reversible when adequate
amounts of energy and protein are provided. However, in cachexia this is not the
case (von Haehling et al., 2016). A consensus definition has been proposed by Evans
and colleagues: “Cachexia is defined as a loss of lean tissue mass, involving weight
loss greater than 5% of body weight in 12 months or less in the presence of chronic
illness or as a body mass index (BMI) lower than 20 kg/m2. In addition, three of the
following five criteria are also required: decreased muscle strength, fatigue,
anorexia, low fat-free mass index, an increase of inflammation markers, anemia, or
low serum albumin” (Evans et al., 2008; Society on Sarcopenia Cachexia and Wasting
Disorders, 2018). Cachexia is a serious complication that frequently occurs at
advanced stage of many chronic illnesses, including cancer, chronic obstructive
pulmonary disease (COPD), and cardiovascular disease. Cachexia affects the quality
of life and survival of the patients. The prevalence of cachexia ranges between 15%
and 90% and is dependent on the underlying disease (Scherbakov & Doehner, 2019;
von Haehling et al., 2016). Mortality rates of patients are also disease-dependent and
range from 15% up to 80% (von Haehling et al., 2016). Muscle mass and muscle
function are to a large extent, related. It is only recently that it has become apparent
that preservation of only muscle mass without improving muscle function has no
effect on quality of life and mortality rates in cancer patients (Garcia, 2017).
Apparently, loss of muscle function is contributing to a higher extent to morbidity
and mortality than loss of muscle mass. Moreover, for age-related muscle loss, it has
been described that loss of muscle function, specifically gait speed, correlates to
morbidity and mortality (Tessier et al., 2019). Because most chronically ill patients
are older people, this further strengthens the importance of muscle function in the
chronically ill patient population.
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4.1.2 Pathophysiology of cachexia
Cachexia is a complex and multifactorial disease (Argilés, Busquets, et al., 2014;
Laviano et al., 2017). Chronic upregulation of inflammatory mediators, such as
interleukin-1 (IL-1), IL-6, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and
prostaglandin E2 (PGE2) (Argilés, Busquets, et al., 2014; Noguchi et al., 1996; von
Haehling et al., 2017) are an important part of its pathophysiology (von Haehling et
al., 2016). These inflammatory mediators, for example, affect appetite-regulating
hormones in the hypothalamus, leading to lower food intake (Dwarkasing et al.,
2014, 2016). Another important contributor to cachexia is the imbalance between
anabolic and catabolic metabolic pathways. This is also partly due to inflammatory
processes, but many other mechanisms play important roles as well. As a
consequence of the metabolic imbalance, muscle breakdown is increased and muscle
synthesis is decreased, leading to lower muscle mass, lower muscle strength, and a
sub-optimal body composition (von Haehling et al., 2016). Moreover, muscle
function further decreases, because muscle energy metabolism, including
mitochondrial functioning, is impaired (Argilés et al., 2015; Argilés, Fontes-Oliveira,
et al., 2014; van der Ende et al., 2018). In some cachectic patients, the gut microbiome
is altered as well. In cancer cachexia, gut permeability was found to be increased,
whereas villi length, crypt dept, cecal content, and tissue weight were reported to be
decreased. The inflammatory cytokine IL-6 was found to be a main driver behind
these alterations in the gut (Bindels et al., 2018).
4.1.3 Sarcopenic obesity in chronic illness
Sarcopenia in the general sense refers to a condition of reduced muscle mass and
functionality. Its underlying causes are diverse and include the process of normal
aging. Sarcopenia is an important component of cachexia. The situation in which
sarcopenia goes along with obesity is called sarcopenic obesity. This combination is
also seen with cachexia and is in cancer independently associated with higher
mortality and rate of complications in systemic and surgical cancer treatment
(Baracos & Arribas, 2018; Dolan et al., 2019; Martin et al., 2018; Tan et al., 2009). The
prevalence of sarcopenic obesity in advanced solid tumor patient populations is
around 9% (range 2.3%–14.6%). In this group, even one in four (24.7%, range 5.9%–
39.2%) of the patients with a body mass index ≥30 kg/m 2 is also sarcopenic (Baracos
& Arribas, 2018). Excess visceral adipose tissue seems to be particularly risk
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increasing, whereas subcutaneous adipose tissues appears to be associated with a
reduction in overall mortality risk (Martin et al., 2018). This apparent paradox
suggests that adipose tissue inflammation, which predominantly occurs in visceral
adipose tissue, might play a key role. In cardiovascular diseases and heart failure,
this obesity paradox is also frequently reported. A leading theory explains the
paradox with the heterogeneity of the obese population, in which different
phenotypes occur based on inflammatory characteristics and the relative amount of
visceral fat. The three most extreme phenotypes of this hypothesis are formed by the
metabolically healthy obesity (MHOB), describing an obese phenotype without
metabolic syndrome, metabolically unhealthy obesity (MUO), and the metabolically
obese normal weight (MONW) with normal BMI and obesity-related metabolic
complications (Vecchié et al., 2018). It seems that with cancer, being obese can be
beneficial and reduce mortality risk, as long as the adipose tissue is predominantly
subcutaneous, whereas being obese with predominantly visceral (inflammatory)
adipose tissue can be harmful and contribute to sarcopenic obesity.
4.1.4 Adverse effects of long-term use of PPIs
PPIs are among the most widely used medications worldwide, having high
prescription rates, especially for the elderly (Boucherie et al., 2018; Parsons et al.,
2012; Zhang et al., 2017). Many patients who suffer from chronic diseases use proton
pump inhibitors to reduce the risk of gastric ulceration and ulcer-related bleeding
caused by chronic use of nonsteroidal anti-inflammatory drugs (NSAIDs)
(Benmassaoud et al., 2016; Kinoshita et al., 2018; Scarpignato et al., 2016). PPIs
decrease the acidity in the stomach by inhibition of the H+/K+-ATPase enzyme in the
parietal cells of the gastric glands. As a consequence, the pH of the proximal intestine
is increased (Kinoshita et al., 2018; Shin & Sachs, 2008), which can affect the gut
microbiome (Hojo et al., 2018; Imhann et al., 2016). The use of PPIs has also been
associated with a decreased absorption of vitamin B 12, magnesium, calcium, iron,
vitamin C, β-carotene, and zinc, which is at least in part a direct consequence of their
reduced release from the food matrix and (or) effects on the absorption process
(Freedberg et al., 2017; Gröber et al., 2020; Kinoshita et al., 2018; Mohn et al., 2018;
Sheen & Triadafilopoulos, 2011) At the clinical level, PPI use has been reported as a
variable of importance, after gait speed, oxidative stress, and depression, in the
prediction of muscle mass and function loss in aging (sarcopenia) (Cernea et al.,
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2019). Moreover, it has been reported that long term use of PPIs can result in
polymyositis, a type of chronic inflammation in the muscles (Clark & Strandell,
2006). Another possible, but rare side-effect of PPI use is rhabdomyolysis, a
condition in which damaged muscle breaks down rapidly, and the breakdown
product can effect kidney function (Capogrosso Sansone et al., 2017; Vaezi et al.,
2017). To conclude, although generally considered safe, long-term use of PPIs could
ultimately lead to deficiencies in several vitamins and minerals (Freedberg et al.,
2017; Igaz et al., 2018; Mohn et al., 2018). Furthermore, the changed pH can affect the
gut microbiome (Hojo et al., 2018; Imhann et al., 2016), and finally, it can result in
the presence of myopathy, which might affect muscle function and mass (Cernea et
al., 2019).
4.1.5 Aim and scope
The adverse effects of long term PPI use can possibly impact the development of
muscle mass and function loss (van Dijk et al., 2018) and influence the risk of
developing cachexia in the presence or absence of obesity (Bindels et al., 2018; Varian
et al., 2016). The aim of this paper is to elaborate on the possible effects of PPI use on
muscle function and mass in individuals prone to loss of muscle mass and function,
such as chronically ill patients. We focus on the possible effects of PPI use on
magnesium levels and vitamin D metabolism, which may impact inflammatory
processes in the body that are relevant in the development of muscle mass and
function loss in chronic illnesses (Vinke et al., 2018) and on alterations in the gut
microbiota (Argilés, Busquets, et al., 2014). Next to that, we evaluate the impact of
these deficiencies in a subtype of cachexia patients: the sarcopenic obese patients,
because the presence of obesity might further enhance the impact of a reduction in
these micronutrient levels. Additionally, we discuss the relation between PPI use,
micronutrient status, and muscle function
Proton pump inhibitors can influence the levels of certain micronutrients, such as
magnesium, which in turn can influence vitamin D status. Changes in the levels of
these micronutrients can enhance the development of chronic low-grade
inflammation in chronic disease.
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4.2 Relation between PPI use, micronutrient status and muscle function
4.2.1 PPI use is associated with low magnesium status
Magnesium functions as a second messenger molecule in many inflammatory
processes (Shahi et al., 2019) and is essential in a few hundred enzymatic reactions
(de Baaij et al., 2015; Shahi et al., 2019). A normal range of serum magnesium levels
is 0.7–1.07 mmol/L (or 1.7–2.6 mg/dL). Magnesium is mostly stored in the bone,
muscles, and organs, but lower quantities can be found in the extracellular fluid (de
Baaij et al., 2015; Shahi et al., 2019). Average magnesium ingestion from most diets
is about 300 mg/day of which 100 mg/day is actually absorbed by the intestine (de
Baaij et al., 2015; Shahi et al., 2019). Absorption occurs by a paracellular passive
pathway and by active transcellular pathways via the receptors transient receptors
potential melastatin 6 and 7 (TRPM6 and TRPM7) (Shahi et al., 2019).
Epidemiological studies have shown that low levels of magnesium are associated
with several chronic illnesses, such as diabetes and cardiovascular disease (de Baaij
et al., 2015; Shahi et al., 2019).
Hypomagnesemia (serum magnesium below 0.7 mmol/L) is a known side-effect of
PPI use (Freedberg et al., 2017; Gröber et al., 2020; Kinoshita et al., 2018; Mohn et al.,
2018; Sheen & Triadafilopoulos, 2011). PPIs may decrease intestinal magnesium
absorption by interfering with passive transport in the ileum and with active
transport in the large intestine (de Baaij et al., 2015; Thongon & Krishnamra, 2012;
Toh et al., 2015; William & Danziger, 2016). The activity of TRMP6 is regulated by
intracellular magnesium along with pH, where a lower pH increases TRMP6
activity. It is hypothesized that PPI use could potentially decrease TRPM6 activity,
resulting in decreased magnesium absorption (de Baaij et al., 2015; William &
Danziger, 2016). The prevalence of hypomagnesemia in patients using PPI has been
reported to range of 11%–55% (Park et al., 2014; van Orten-Luiten et al., 2018). In two
recent meta-analyses of nine observational studies with a total of 115,455 and 109,798
patients, pooled relative risks of hypomagnesemia in patients with PPI use were 1.78
(95% CI 1.08–2.92) (Park et al., 2014) and 1.43 (95% CI 1.08–1.88) (Cheungpasitporn
et al., 2015), respectively. It should be noted that data of six out of a total of 12
original studies were used in both meta-analyses (Cheungpasitporn et al., 2015; Park
et al., 2014). In a study in hospitalized elderly using PPI, a hazard risk of 1.80 (95%
CI 1.20–2.72) was observed (van Orten-Luiten et al., 2018). Although results of
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observational studies showed an increased risk of hypomagnesemia in PPI users,
the mechanisms by which PPIs induce hypomagnesemia are still being investigated.
4.2.2 Low magnesium levels are related to decreased muscle function
Epidemiological data show that serum magnesium levels are independently
correlated with muscle performance in older individuals (Dominguez et al., 2006).
In a cross-sectional study with adult women (18–79 years), a higher magnesium
intake was associated with better indices of skeletal muscle mass and some but not
all measures of muscle strength. The association was higher for younger age groups
than for older age groups (Welch et al., 2016). Recently, it was also shown that
magnesium intake is associated with the prevalence of sarcopenia (ter Borg et al.,
2016; Verlaan et al., 2017).
That magnesium supplementation can improve physical performance in elderly
women in a weekly exercise program, was shown in a randomised controlled trial
(Veronese et al., 2014). Magnesium is thought to help with muscle relaxation and so
improve muscle function (van Dronkelaar et al., 2018). Magnesium plays a role in
the muscle as a physiological antagonist of calcium, which is also responsible for
muscle contraction. Muscle cramps and muscle weakness are indeed often seen in
individuals with hypomagnesemia (de Baaij et al., 2015). Systematic reviews have
not shown any reduction in muscle cramps after magnesium supplementation in the
general public (Garrison et al., 2012), although it might be beneficial during
pregnancy (Young & Jewell, 2002). Because the studies were limited by a small
patient population, more research is needed to study the effect of magnesium
supplementation on muscle cramps in specific populations.
Next to the effects on muscle function, low magnesium status can also stimulate
muscle breakdown. In observational studies, magnesium intake was found to be
inversely related to cachexia-associated inflammatory cytokines (Argilés et al., 2019)
such as CRP, TNFα, and IL-6, in a dose-dependent manner (Galland, 2010). At
present, more evidence is accumulating that low magnesium levels can contribute
to a state of chronic low-grade inflammation in the body (Galland, 2010; Mazur et
al., 2007; Rayssiguier et al., 2010; Shahi et al., 2019). Because magnesium acts as a
natural calcium antagonist in a number of processes, the inflammatory response is
probably a result of changes in intracellular calcium concentrations by opening of
calcium channels and activation of the N-methyl-D-aspartate (NMDA) receptor.
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Other possible mechanisms behind its effects on inflammation include activation of
phagocytic cells; release of neurotransmitters, such as substance P; ROS production;
and activation of NF-κB. Magnesium deficiency can also induce a systemic stress
response through neuroendocrinological pathways (Mazur et al., 2007; Shahi et al.,
2019).
4.2.3 Magnesium and vitamin D deficiency, together, can lead to increased
inflammation affecting the muscle
Next to direct effects of magnesium on inflammation, low magnesium levels may
also indirectly increase levels of inflammatory cytokines by inhibition of the
production of the active form of vitamin D, 1,25(OH) 2D3, since magnesium plays a
key role in vitamin D metabolism (Uwitonze & Razzaque, 2018). Vitamin D is
derived from the production of vitamin D3 in the skin, via a non-enzymatic two-step
process induced by UVB radiation and heat, or otherwise obtained from the diet
(Bikle, 2014). In the blood, pre-vitamin D is transported by vitamin D binding
protein (VDBP). The production of VDBP is magnesium-dependent; therefore, low
magnesium levels may lead to lower levels of circulating VDBP, resulting in less
transportation of vitamin D to the liver and kidney (Bikle, 2014). In the liver, vitamin
D is converted by 25-hydroxylase to 25-hydroxy vitamin D3 (25(OH)D3). Finally,
25(OH)D3 is converted to its active form 1,25(OH)2D3 by 1-α hydroxylase in the
kidney (Bikle, 2014). Both enzymes are magnesium-dependent (Risco & Traba, 1992).
So lower magnesium levels may lead to hampered production of the active form of
vitamin D.
Vitamin D plays a crucial role in many physiological functions, including bone and
muscle metabolism (DeLuca, 2004). Associations between low vitamin D levels and
muscle metabolism disorders have been reported during aging and disease, leading
to loss of muscle mass and function (van Dijk et al., 2018). This effect is potentially
mediated by the role of vitamin D in inflammation. The active form of vitamin D,
1,25(OH)2D3, also has anti-inflammatory effects (Gonçalves De Carvalho & Ribeiro,
2017; Guillot et al., 2010). Two main mechanisms by which 1,25(OH)D3 exerts antiinflammatory responses have been suggested. First, 1,25(OH) 2D3 may inhibit nuclear
factor kappa B (NFκB) signalling (Krishnan & Feldman, 2011). NFκB is an important
transcription factor involved in the regulation of inflammation. Activation results in
the production of pro-inflammatory cytokines (Karin & Lin, 2002). Second,
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1,25(OH)2D3 may suppress p38 stress kinase signalling through the upregulation of
mitogen-activated protein kinase phosphate 5, resulting in an inhibition of proinflammatory cytokine production, such as interleukin 6 (IL-6) (Krishnan &
Feldman, 2011). Inflammatory cytokines, especially IL-6, are an important driver of
muscle wasting in chronic disease that leads to cachexia.
4.3 PPI use and the gut microbiota in relation with cachexia
4.3.1 The gut microbiota is altered by PPI use
Proton pump inhibitors elevate the pH of the stomach and upper gut, which enables
more bacteria, including those with pathogenic properties, to survive gastric
passage and enter the gut. A study confirmed this by showing that bacteria from the
oral cavity are more abundant in the gut microbiomes of PPI users (Imhann et al.,
2016). The authors also found that PPI use is associated with a decrease in bacterial
richness and considerable changes in the gut microbiome, including significantly
increased levels of the class Gammaproteobacteria, the family Enterobacteriaceae and
the genus Enterococcus. Increased levels of these bacteria are associated with
Clostridium difficile infections in both humans and animal models (Imhann et al.,
2016) . Several other studies also show that PPI use is associated with increased risk
of enteric infections (Bouwknegt et al., 2014; Janarthanan et al., 2012; Leonard et al.,
2007; McDonald et al., 2015). These shifts in composition of the microbiota may have
immunological consequences, including an elevated pro-inflammatory status.
Interestingly, mice on a magnesium-deficient diet were found to develop a
microbiota composition that is considered less favorable for health and an
attenuated gut barrier function compared to mice on a magnesium sufficient diet
(Pachikian et al., 2010). This supports a link between low magnesium levels and a
less healthy gut microbiota that affect inflammation and metabolic disorders
(Pachikian et al., 2010).
Moreover, a small human study suggests that consumption of inulin can improve
blood

magnesium

concentrations

in

proton

pump

inhibitor-induced

hypomagnesaemia. The explanation of the effect may lie in a combination of
changed pH levels of the colon and a change in microbiota (Hess et al., 2016).
Interestingly, the study of Winther and colleagues showed (Winther et al., 2015) that
a magnesium-deficient diet altered the gut microbiota of mice, and this led to
depression-like behavior. The altered gut microbiota also correlated positively with
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IL-6 levels in the hippocampus, suggesting that inflammatory processes in the brain
played a role (Winther et al., 2015). As discussed before, similar inflammatory
mediators have been shown to affect appetite-regulating hormones in the
hypothalamus, leading to lower food intake (Dwarkasing et al., 2014, 2016). What
has to be taken into account, however, is that PPIs are often taken together with
NSAIDs that will counteract this effect. In view of these findings, crosstalk between
the PPI-induced processes leading to inflammation might occur when PPIs are
provided in the absence of NSAIDs (figure 4.1), while the effect on muscle function
is more likely to occur both in the presence and absence of NSAIDs. This might be
the reason why for PPIs side-effects on muscle function are described while effects
on muscle wasting are not. There is, however, a knowledge gap for situations in
which PPIs are provided in the absence of NSAIDs and for the situation in which
the combination treatment of PPIs with NSAIDs is stopped and gut microbiota
might be altered, as described in the next paragraph.
4.3.2 Alterations in gut microbiota can contribute to both muscle wasting and
obesity
An increase in Enterobacteriaceae can be seen in both cachectic patients and in PPIusers, which results in increased LPS production and activation of TLR4, increasing
inflammatory status (Garcia, 2017). Moreover, animal data indicate that the PPI
omeprazole reduces microbiota diversity. In (Garcia, 2017), microbiota-derived
formate levels were increased. Microbiota-derived formate levels have been
associated with increased intestinal inflammation. Next to that, the authors showed
an association between a low dietary magnesium bioavailability and formate levels.
These data indicate that changes in microbiota might occur due to PPI use (Gommers
et al., 2019). Next to that, increased TLR4 stimulation by LPS has been reported to
increase hypothalamic inflammation, inducing disease-induced anorexia and loss of
muscle mass and function (Van Norren et al., 2017; Witkamp & van Norren, 2018).
Bacteria in the gut also produce metabolites and contain structural components that
act as signaling molecules to enteroendocrine cells in the mucosa. These cells in turn
produce regulatory hormones (e.g., CCK, PYY, GLP-1, and serotonin) in key
metabolic processes such as appetite regulation, glucose tolerance, and fat storage
in the body (Luttikhold et al., 2013; Martin et al., 2019). Alterations in the gut
microbiota can, therefore, impact metabolic disorders such as cachexia, either
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directly, via metabolic deregulation, or indirectly, by contributing to the underlying
inflammatory processes of chronic illness. The impact of gut health on cachexia has
recently been shown in animal models for cancer cachexia (Bindels et al., 2018). In
COPD patients, there are indications of decreased splanchnic perfusion and an
impaired barrier function, leading to a reduction in the uptake of nutrients from the
gut and contributing to inflammation (Sanders et al., 2016). Moreover, alterations in
microbiota also play a key role in the development of obesity. There are many
mechanisms involved, such as increased energy uptake from the food due to
fermentation of the gut microbiota and influencing appetite regulation and
metabolism via signaling molecules (Baothman et al., 2016; Gérard, 2016).

Figure 4.1 The proposed mechanism by which the use of proton pump inhibitors
can lead to increased muscle function loss and increased muscle breakdown in
cachexia-related chronic diseases. The use of proton pump inhibitors leads to an
increase in chronic low-grade inflammation by altering the gut microbiota and
decreasing magnesium and vitamin D levels. Lower magnesium levels lead to
muscle function loss and increase inflammation directly and indirectly via
vitamin D. The increase in inflammation leads to muscle breakdown. When PPIs
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are given together with NSAIDs, it is likely that the effect on inflammation is
abandoned. The impact of PPI use on muscle function is likely not affected by the
use of NSAIDs.
4.4 PPI use and muscle wasting in the presence of obesity
Obesity is associated with magnesium and vitamin D deficiencies; metabolic
disturbances, such as insulin resistance; and chronic low-grade inflammation. Given
the key role for inflammation in the development of muscle wasting, PPI use might
further worsen the condition of an obese patient by increasing muscle wasting via
an increase in inflammatory responses.
4.4.1 Low magnesium levels are often seen in obesity
Magnesium deficiencies have been reported frequently in obesity (De Leeuw et al.,
1992; De Oliveira et al., 2017; Farhanghi et al., 2009; Guerrero-Romero et al., 2016;
Günther, 2011; Johansson et al., 2009; Kurpad & Aeberli, 2012; Morais et al., 2017;
Morrell et al., 2012; Mostafavi et al., 2015; Nielsen, 2010; Resnick, 1992). Different
causal factors between obesity and hypomagnesemia have been suggested. A
relationship between insulin sensitivity and magnesium levels (De Leeuw et al.,
1992; Gagnon et al., 2011; Liu et al., 2019; Mostafavi et al., 2015) and an inadequate
intake due to a poor quality of the diet (Astrup & Bügel, 2019) were reported as key
factors contributing to the association between obesity and low magnesium levels.
This poor nutritional intake can further worsen in the presence of a restricted diet, if
this is not supported by nutritional counseling. The dietary guidance for patients
with heart failure (HF) (Vest et al., 2019), for example, states that next to the
traditional focus on sodium and fluid intake restriction, adequate intake of macroand micronutrients should be monitored and properly counseled as well, because it
may influence morbidity and mortality (Vest et al., 2019). The link with insulin
sensitivity rather than with obesity further supports the need to look into obese
phenotypes, since the visceral obese inflamed phenotype is also related to the
presence of insulin resistance. Another important causal factor for low magnesium
levels in obesity is the increased blood levels of non-esterified or free fatty acids that
directly bind to magnesium and so reduce the free magnesium concentration in the
blood (Kurstjens et al., 2019).
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4.4.2 Low magnesium levels lead to insulin resistance
In obesity, a chronic, low-grade inflammatory state is involved in the development
of insulin resistance (IR), metabolic syndrome, and type II diabetes mellitus (T2DM)
(McGill et al., 2008). Currently, more awareness is also rising of the fact that low
magnesium levels occur at higher frequency in diabetic patients (Mostafavi et al.,
2015). The underlying mechanism has been elucidated to a certain extent. Insulin
stimulates magnesium uptake in insulin-sensitive tissues like muscle. Subsequently,
the magnesium is used by the tissue to form magnesium-ATP complexes. Lower
levels of magnesium-ATP complexes result in insulin resistance, reducing muscle
glucose utilization. For the muscle, this implies lower energy status, resulting in
increased muscle breakdown. Next to that, magnesium is involved in insulin
signaling. Lower intracellular pancreatic Mg levels result in a reduction of insulin
secretion (Mostafavi et al., 2015).
4.4.3 Vitamin D deficiency is prevalent in obesity
Systematic reviews and meta-analyses have shown that obese individuals are at a
greater risk for vitamin D deficiency (Pereira-Santos et al., 2015; Slusher et al., 2015),
although the intake of vitamin D from food or supplements is not reduced in obese
individuals (Slusher et al., 2015). This can be explained by the finding that
researchers showed an inverse association between BMI and the response to vitamin
D supplementation to increase serum vitamin D levels. It is hypothesized that the
increased amount of adipose tissue withdraws more fat-soluble vitamin D in obese
individuals compared to non-obese individuals, leading to a decreased
bioavailability of vitamin D from cutaneous and dietary sources (Wortsman et al.,
2000). Vitamin D deficiencies should be avoided, because adequate vitamin D levels
in obese individuals are correlated with an increase in adiponectin. This
adipocytokine is involved in regulation of glucose levels and fatty acid breakdown
and can so help reduce the metabolic disturbance and the development of insulin
resistance as seen in obesity (Stokić et al., 2015).
Moreover, adequate levels of vitamin D act as a suppressor of pro-inflammatory
cytokines IL-6 and TNFα (Gao et al., 2013). These cytokines are upregulated in the
obese state and contribute to metabolic disturbance (Kahn et al., 2006). A deficiency
of vitamin D in obesity might contribute to the increased inflammatory state that is
already seen in obesity and that contributes to sarcopenic obesity.
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4.4.4 PPI use might increase prevalence of micronutrient deficiences and enhance
development of sarcopenic obesity
The presence of obesity might aggravate an effect of PPIs on muscle wasting and
lead to the development of sarcopenic obesity. In obesity, the development of insulin
resistance and lower levels of magnesium, vitamin D, and adiponectin contribute to
chronic low-grade inflammation, the underlying factor for muscle wasting.
Adequate levels of both vitamin D and magnesium might prevent this effect and
contribute to a decrease of the inflammatory state and a reduction in metabolic
disturbances, such as insulin resistance. Because the use of proton pump inhibitors
is likely to increase the severity of these deficiencies, the use of proton pump
inhibitors might contribute to an enhancement of the mechanisms involved in the
development of sarcopenic obesity (figure 4.2).

Figure 4.2 The proposed mechanism by which the use of proton pump inhibitors
can lead to increased muscle breakdown in the presence of obesity. The use of
proton pump inhibitors may lead to an increase in chronic low-grade
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inflammation by altering the gut microbiota and by lowering magnesium and
vitamin D levels. Obesity contributes to the presence of low magnesium levels
via increased free fatty acids (FFAs) and insulin resistance (directly and via lower
adiponectin levels). The increase in inflammation also contributes to insulin
resistance. Low magnesium levels and insulin resistance both lead to muscle
function loss. The increased inflammation, together with insulin resistance, lead
to muscle breakdown. This leads to the development of sarcopenic obesity. When
PPIs are given together with nonsteroidal anti-inflammatory drugs (NSAIDs), the
(increase in) inflammation is likely diminished, leading to no additional PPIinduced muscle breakdown. The impact of PPI use on muscle function is likely
not strongly affected by NSAIDs, and might, therefore, occur both in the presence
and absence of PPIs. The obesity-related mechanisms that contribute to muscle
function loss and muscle breakdown are highlighted in blue.
4.5 Discussion
In this paper, we hypothesized that long term use of proton pump inhibitors
contributes to an increase in symptoms of cachexia and sarcopenic obesity in
patients with chronic illness. This effect might be mediated by negatively
influencing the status of magnesium and by alterations in the gut microbiota.
Magnesium deficiency in turn, might negatively impact the level of active vitamin
D. A low magnesium status, lower levels of active vitamin D, and a less healthy gut
microbiota might all contribute to the state of chronic low-grade inflammation in
chronic illness that is a key symptom in the development of muscle wasting in the
presence or absence of obesity. Next to that, a less healthy microbiota might also
directly contribute to the metabolic deregulation in cachexia and sarcopenic obesity.
Figure 4.1 summarizes the hypothesized pathway from PPI-induced changes in
magnesium and the microbiota to loss of muscle function in chronic illness-induced
(pre-)cachexia. Concerning the PPI-induced changes, the change in pH induces
changes in gut microbiota and receptor-mediated uptake of magnesium. Low
magnesium levels lead to decreased muscle function. A reduced level of magnesium
also reduces the activation of vitamin D, and alters the gut microbiota as well. Both
an altered microbiota and reduced levels of magnesium and active vitamin D can
contribute to the inflammation that is already present due to the chronic illness and
the presence of (pre-)cachexia. In this way the inflammatory status worsens and may
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lead to increased muscle breakdown. NSAIDs are often prescribed in chronic
illnesses and often combined with the use of PPIs to reduce side-effects. When PPIs
are given together with NSAIDs, the (increase in) inflammation is likely to be
reduced, leading to less muscle breakdown. The impact of PPI use on muscle
function loss might, however, not be corrected by NSAIDs. Moreover, the effect on
microbiota might remain after termination of the combined NSAID and PPI
treatment. Whether PPI use has a negative effect on muscle function and muscle
breakdown in the context of NSAID use, therefore, needs further investigation.
Figure 4.2 summarizes the hypothesized pathway from PPIs-induced changes in the
presence of obesity that may lead to the development of sarcopenic obesity. Next to
the pathways discussed in Figure 4.1, in this case the obese state influences
magnesium levels itself via an increase in free fatty acids, contributes to the
development of insulin resistance via a decrease in vitamin D and adiponectin, and
leads to the development of muscle wasting or sarcopenic obesity. It is likely that in
the presence of visceral adipose tissue-induced inflammation, as is present in
sarcopenic obesity, the inflammatory status can be further affected by use of PPIs,
leading to accelerated muscle breakdown. This, however, needs further
investigation. In view of these findings, possible side effects of PPIs in patients with
chronic illnesses susceptible to the development of cachexia, including sarcopenic
obesity, merit further study.
The question that remains is whether the benefits of PPI use outweigh the risks in
chronically ill patients with risk of muscle mass and function loss. If properly
prescribed (Freedberg et al., 2017), it is likely that they do. PPIs contribute
extensively to reductions in all kinds of upper gastro-intestinal complications and
their prevention if NSAIDs are taken (Freedberg et al., 2017; Lanas-Gimeno et al.,
2019). Proton pump inhibitor use has also been reported to be associated with a
lower risk of acute exacerbation and mortality in COPD patients with
gastroesophageal reflux disease (Su et al., 2018). Moreover, the level of evidence of
the risks of PPIs is still low. One should also take into account that the possibility of
a relation of PPI with sarcopenia was based on a study with a limited number of
subjects (n = 200). The paper, however, does not indicate if corrections for
confounding factors were made. This sarcopenic population is older, has a higher
prevalence of co-morbidities, and has poly-drug use, which might all contribute to
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confounding factors. On the other hand, are the data obtained with a data-driven
machine-learning model to characterise factors involved, which are to a certain
extend unbiased. Still, causal relationships need to be further investigated.
The mechanistic aspects described in this paper are in part based on animal research.
In humans, the relationships between PPI use and magnesium levels or between
magnesium and inflammation were investigated only in epidemiological studies or
described in case reports (Cabras et al., 2020; Cheungpasitporn et al., 2015; Park et
al., 2014). For our hypothesis of PPI use leading to muscle function loss, most
support from literature is available. For the effect of PPI on magnesium levels, a
recent meta-analysis indicated a 1.4-fold increase on the risk of developing
hypomagnesia in PPI-users (Liao et al., 2019). However, authors indicate that
heterogeneity in de data reduced the level of evidence, and therefore, more studies
are needed to come to a high level conclusive answer. The in Figures 4.1 and 4.2,
predicted side effects of PPI use, however, might add to existing muscle function
loss and might be prevented by nutritional interventions, which warrants further
investigation.
The relationship between PPI use and muscle protein breakdown has not been
described in the literature. In practice, PPIs are (most of the time) provided together
with NSAIDs, which means that the possible inflammatory effect of PPIs might be
superseded by the anti-inflammatory effect of the NSAIDs. There is, however, some
data supporting a PPI-induced change in microflora. This indicates that after
termination of the combined PPI and NSAID treatment, inflammation might be
induced by the still-altered gut microbiota. It is, however, purely hypothetical
because it is not possible to establish a direct cause and effect relationship based on
the data available.
Magnesium and vitamin D deficiencies and alterations in the gut microbiota have
been reported in chronic diseases such as cancer, heart failure, and COPD. In cancer,
multiple pathological changes contribute to an altered energy metabolism and
anorexia, which both contribute to nutrient deficiencies (Argilés, Busquets, et al.,
2014). Gut barrier dysfunction and bacterial translocations are associated with
cancer, also in the absence of chemotherapy (Bindels et al., 2018; Klein et al., 2013).
Patients with heart failure have a low intake of several micronutrients, such as
magnesium, vitamin D, and iron. These micronutrients are important cofactors for
normal cardiac metabolism and deficiencies are often seen during progression of the
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disease (Cascino & Hummel, 2018; Soukoulis et al., 2009). The development of
anorexia and malnutrition further contributes to the development of micronutrient
deficiencies in patients with advanced heart failure (von Haehling et al., 2017).
Moreover, alterations in the gut were reported in those patients: ischemia of the
intestinal mucosa may lead to an increased gut permeability and bacterial
translocation (Sundaram & Fang, 2016). In COPD patients, micronutrient
deficiencies are also common; in particular, for vitamin D, vitamin B12, and iron
(Horadagoda et al., 2017; Schols et al., 2013; 2014).
Another point to consider is that interpretation of the relationship between
magnesium levels and health is difficult for two main reasons. First, discussions are
ongoing on the current serum magnesium reference interval of 0.70–0.95 mmol/L
(Costello et al., 2016). Second, only 0.8% of the total magnesium in the body is
available in serum (de Baaij et al., 2015), making it questionable whether serum
magnesium is a sensitive and specific biomarker of magnesium status (Witkowski
et al., 2011). Serum magnesium levels can still be in the normal range, even when
body stores of magnesium are depleted. In addition, the exact mechanisms by which
PPI induce magnesium deficiency are still being investigated. It is, however,
reported frequently that long term PPI use can decrease magnesium levels
(Freedberg et al., 2017; Gröber et al., 2020; Mohn et al., 2018; Sheen &
Triadafilopoulos, 2011) and that low magnesium levels are associated with increased
risk of chronic illness (Shahi et al., 2019). More insight into the impact of PPI use on
magnesium status and a more reliable biomarker of magnesium status is necessary.
To summarize, patients with chronic illness have been described to be susceptible to
develop micronutrient deficiencies and an altered gut microbiota. PPI use has been
linked to both phenomena, but causal relationships need further investigations
(Freedberg et al., 2014; Strand et al., 2017; Wilhelm et al., 2013; Yu et al., 2017).
Therefore, we suggest monitoring the micronutrient status in patients on long term
use of proton pump inhibitors. In case of a vitamin D deficiency, supplementation
of vitamin D together with magnesium might be considered if magnesium intake or
blood levels are low.
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4.6 Conclusions
The mechanisms and relationships described in this review underline that use of
proton pump inhibitors might add to the symptoms of muscle function loss in
patients with chronic illness. There is a need for prospective studies among these
patients to investigate whether PPI use increases muscle function loss and
inflammation, during and after use of PPIs, with special attention for gut microbiota,
and vitamin D and magnesium status.
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Abstract
Pulmonary arterial hypertension (PAH) is characterized by remodeling of the
pulmonary arteries and right ventricle (RV) and leading to functional decline of
cardiac and skeletal muscle. This study investigated effects of a multi-target
nutritional combination with extra protein, leucine, fish oil and oligosaccharides on
cardiac and skeletal muscle in a PAH model. PAH was induced in female C57/BL6
mice by weekly injection of monocrotaline (MCT) for 8 weeks. One MCT group and
the sham group received a control diet, while another MCT group received the
isocaloric nutritional intervention. The results show that, compared to sham, MCT
mice showed an increase in heart weight by 7%, RV thickness by 13% and fibrosis
by 60% (all p<0.05), which were attenuated in MCT+NI mice. Microarray and qRTPCR analysis on the RV confirmed effects on fibrotic pathways. Skeletal muscle fiber
cross-sectional area (CSA) of the TA was reduced (P<0.05) by 22% in MCT compared
to sham mice, but preserved in the MCT+NI group. In the EDL a similar effect was
seen. The findings show that nutritional intervention significantly attenuated
changes in both cardiac and skeletal muscle in a mouse model of PAH, providing
directions for future therapeutic strategies targeting functional decline of both
tissues.
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5.1 Introduction
Pulmonary hypertension (PH) is a syndrome that can result from different
pathological changes in the pulmonary vasculature. PH is a progressive disease that
is incurable and eventually lethal. An idiopathic or heritable form of PH, called
pulmonary arterial hypertension (PAH), is the most severe form. PAH occurs mostly
in women. The prevalence of PAH in Europe is estimated to be 15-100 subjects per
million, with 1- and 3-year survival rates of 87% and 67%, respectively (Alami et al.,
2016; Galiè, Humbert, et al., 2015). The pathophysiology of PAH involves
endothelial dysfunction of the pulmonary vasculature, metabolic shifts in vascular
cells, hypertrophy and proliferation of smooth muscle cells, and uncontrolled
growth of neointimal, medial, and adventitial layers, leading to thickening and
occlusion of the small- and medium-sized pulmonary arteries (de Jesus Perez, 2016).
Next to vascular changes, right ventricular (RV) remodeling is a major characteristic
of PAH. RV dysfunction is considered to be mainly responsible for disease
progression and the symptoms impairing quality of life, such as shortness of breath,
exercise

intolerance

and

fatigue

(Galiè,

Humbert,

et

al.,

2015).

Other

pathophysiological processes that contribute to exercise intolerance in PAH include
inflammation, dysregulated metabolism, skeletal muscle alterations, and impaired
nutritional status (Vinke et al., 2018).
Three known pathways involved in PAH pathophysiology are currently targeted by
drugs (Galiè, Humbert, et al., 2015), i.e. the endothelin pathway, the nitric oxide
pathway and the prostacyclin pathway (Humbert et al., 2014). Compounds used aim
to reduce pulmonary vascular resistance, provide relief of symptoms, and delay
disease progression, but are neither disease-modifying nor treating extra-cardiac
impairments. This means that patients live longer, but their quality of life is impaired
by symptoms of fatigue and exercise intolerance. Therefore, the development of
novel treatment options, targeting both the heart as well as other extracardiac
organs, such as skeletal muscle, is of great clinical importance. Nutritional status and
nutritional intervention are understudied subjects in PAH and an unmet medical
need in clinical practice, since targeted nutritional intervention is currently not
applied in PAH treatment, and there exists little knowledge about nutritional status
of PAH patients. However, metabolic alterations may contribute to the poor quality
of life in PAH patients (Vinke et al., 2018), and a wealth of evidence exists in other
disorders to support that nutritional interventions can correct nutritional
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deficiencies and improve muscle function (Collins et al., 2012; van Norren et al.,
2009; von Haehling et al., 2017). More specifically, up until now, the development of
nutritional strategies that target both cardiac and skeletal muscle remodelling in
PAH remains elusive.
To complicate matters further, inflammation is an important factor also contributing
to pathological ventricular remodelling that underpins the development of fibrosis
(Passino et al., 2015; Wynn & Ramalingam, 2012). It has been consistently shown that
the presence of chronic low-grade inflammation (CLGI) (e.g. shown from circulating
TNFα and IL-6 levels) is linked to the development of cardiovascular disease (Calder
et al., 2017) and to changes in body composition that negatively affect physical
performance (Bowen et al., 2015; Calder et al., 2017; Klein et al., 2013). The use of fish
oil-derived omega-3 poly-unsaturated fatty acids (PUFAs), in particular
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) seems a promising
option

for the treatment of GLGI, because of their mild anti-inflammatory

properties (Calder, 2017). Nutritional intervention with high protein, leucine, fish oil
and oligosaccharides has been shown to have a beneficial effect on inflammation
and skeletal muscle atrophy in a mouse model of cancer (van Norren et al., 2009).
Given these effects, the present study aimed to determine if a nutritional
intervention high in protein, fish oil and oligosaccharides could attenuate RV
remodelling and skeletal muscle wasting in a PAH model. We induced PAH by
injection of monocrotaline (MCT) for 8 weeks, which is a validated animal model for
PAH in both male and female mice (Ahn et al., 2013; Bowen, Adams, et al., 2017). In
the present study, female mice were selected in view of the sex-dependent incidence
rate of PAH in humans.
5.2 Materials & Methods
5.2.1 Experimental diets
The experimental diet was designed to test the effect of the combined nutritional
intervention consisting of extra protein, leucine, oligosaccharides and fish oil added
to the background diet AIN-93M (Research Diet Services, Wijk bij Duurstede, the
Netherlands). The control diet was isocaloric to the experimental diet and contained
per kg feed 110,3 g protein (casein), 53,6 g fat (corn oil), and 653,1 g carbohydrates.
The isocaloric experimental diet (further referred to as Nutritional Intervention; NI)
contained per kg feed: 210 g protein (189 g intact protein of which 68% casein and
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32% whey and 21 g free leucine), 57 g fat (20.2 g corn oil, 10.2 g rapeseed oil, and 22.2
g fish oil (providing 6.9 g EPA and 3.1 g DHA)), 561 g carbohydrates, 18 g galactooligosaccharides and 2 g fructo-oligosaccharides. Both diets were supplied as pellets.
5.2.2 Animals and study design
All experiments and procedures were approved by the local Animal Research
Council, University of Leipzig and the Landesbehörde Sachsen (TVV 39/17). All
experiments were performed in accordance with relevant guidelines and
regulations.
This study included three groups of female C57BL/6 mice (aged 8 weeks) mice: 1)
saline-treated (sham; n=9); 2) monocrotaline (MCT)-treated fed standard semisynthetic diet AIN-93M (MCT; 600 mg/kg; n=9); and 3) MCT-treated fed an isocaloric
semi-synthetic diet with high protein, leucine, oligosaccharides and fish oil
(MCT+NI; n=10). MCT was given weekly by subcutaneous injection and sham mice
received a matched volume of saline for 8 weeks. During that time period, MCT is
known to induce pulmonary hypertension and RV dysfunction (Ahn et al., 2013;
Bowen, Adams, et al., 2017). Mice were exposed to identical conditions under a 12:12
h light/dark cycle with food and water provided ad libitum. All groups received
their treatment diet one week prior to the MCT injections. Body weight and food
intake were recorded every week. Mice were sacrificed following deep
anesthetization with i.p. administration of fentanyl (0.05 mg/kg), medetomidine (0.5
mg/kg), midazolam (5 mg/kg) and ketamine (100 mg/kg). At sacrifice, the heart,
lungs, tibialis anterior (TA), soleus and extensor digitorum longus (EDL) were dissected,
cleaned, blotted dry and weighed and tibia length was measured. A medial section
of the heart was fixed in 4 % PBS-buffered formalin. The RV was dissected from the
left ventricle and immediately frozen in liquid N2 for RNA and protein analysis. The
lungs were dried at 37°C to measure wet/dry lung weight.
5.2.3 Tissue Analyses, RNA isolation and quantification of mRNA expression
Total RNA was isolated from RV tissue and reverse transcribed into cDNA using
random hexamers and Sensiscript Reverse Transcriptase (Qiagen, Hilden,
Germany). An aliquot of the cDNA was used for quantitative RT-PCR.

The

expression of specific genes was normalized to the expression of hypoxanthin
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phosphoribosyltransferase (HPRT) mRNA. For quantification of expression of
specific genes, primers listed in table 5.1 were used. For tumor necrosis factor alpha
(TNFα) commercial primers for SYBR Green assay were used (PrimePCR, Biorad
laboratories).
Table 5.1: Sequences of quantitative RT-PCR primers
Symbol
HPRT
ADAMTS-1
VCAN
TGFb1I1
COL14a1
COX-2

Forward primer sequence (5´-3´)

Reverse primer sequence (5´-3´)

CTCATGGACTGATTATGGAC

GCAGGTCAGCAAAGAACTT

AGGAC

ATAGCC

AAGTGAAGCCAGCCAGTAC
CA

TCCCGCAAGTTTTGGAACA

ATCAATGGGAAGCAGCTCGT

GCATGGTAGTTGACGATTCT

T

GT

GCCTCTGTGGCTCCTGCAAT

CTTCTCGAAGAAGCTGCTGC

AAAC

CTC

CAAAAATTCTGAGCCGCTAG

GAGTTTCCATTTGGTCCTCTT

TT

G

TGAGCAACTATTCCAAACCA

GCACGTAGTCTTCGATCACT

GC

ATC

5.2.4 Western blot analysis
Frozen TA muscle samples were homogenized in relax buffer (90 mmol/L HEPES,
126 mmol/L KCl, 36 mmol/L NaCl, 1 mmol/L MgCl, 50 mmol/L EGTA, 8 mmol/L
ATP,10 mmol/L creatine phosphate; pH 7.4) containing a protease inhibitor mix
(inhibitor mix M, Serva, Heidelberg,Germany) and sonicated. Protein concentration
was determined (bicinchoninic acid assay, Pierce, Bonn,Germany), and aliquots (5
μg) were separated by SDS-polyacrylamide gel electrophoresis (10% gels). Proteins
were transferred to a polyvinylidene fluoride membrane and incubated overnight at
4°C with the following primary antibodies: MuRF1 (1/1000, Myomedix Ltd.,
Neckargemünd, Germany) or MuRF2 (1/1600, Myomedix Ltd., Neckargemünd,
Germany). Membranes were subsequently incubated with a horseradish
peroxidase-conjugated secondary antibody and specific bands visualized by
enzymatic chemiluminescence (Super Signal West Pico, Thermo Fisher Scientific
Inc.,Bonn, Germany) and densitometry quantified using a 1D scan software package
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(Vision-Capt, Vilber Lourmat, Eberhardzell, Germany). Blots were then normalized
to the loading control GAPDH (1/30 000; HyTest Ltd., Turku, Finland).
5.2.5 Histology
Paraffin-embedded medial cross sections (3 μm) of the heart, TA, soleus and EDL
were mounted on glass slides. Subsequently, slides of the heart were stained with
H&E and Picrosirius red to assess right ventricle wall thickness and fibrosis by
imaging software (ImageJ, 1.51d, NIH and Sigma Scan Pro 5.0, Systat Software Inc).
Slides of the TA and EDL were stained with H&E to assess muscle fiber crosssectional area by imaging software (ImageJ, 1.51d, NIH). Fiber type and crosssectional area (CSA) of the soleus were analyzed by immunohistochemistry; after
target retrieval with Signal Stain Citrate solution (Cell Signaling), the slides were
covered with proteinase K solution (Sigma, P2308), peroxidase and protein block
(Dako), then incubated with anti-slow skeletal myosin heavy chain (Abcam,
ab11083) in antibody dilution with background reducing factor (Dako) and antimouse HRP (Sigma 9044) in antibody dilution with background reducing factor
(Dako). Development was performed with DAB+ coloring agent (Dako) and nuclei
were colored with Mayer's Hematoxylin Solution.
5.2.6 Microarray analysis
Total RNA from the right ventricle was isolated using trizol. RNA concentrations
were measured by absorbance at 260 nm (nanodrop). RNA quality was checked
using the RNA 6000 nano kit assay on the Agilent 2100 bioanalyser (Agilent
Technologies, Amsterdam, The Netherlands) according to the manufacturer’s
protocol. For each mouse, total RNA (100 ng) was labelled using the Affymetrix WT
plus reagent kit (Life Technologies, Bleiswijk, The Netherlands).
Microarray experiments were performed using Affymetrix mouse gene 1.1 ST
arrays. From the experiment, 3 control samples, 3 MCT samples and 3 MCT + NI
samples that were matched for disease severity were included in this experiment.
Array data were analyzed using an in-house, online system (Lin et al., 2011). Arrays
passed quality control, so no samples had to be excluded from analysis. Briefly,
probe sets were redefined according to Dai et al. (Dai et al., 2005), using remapped
computable document format version 19 based on the Entrez gene database. In total
these arrays target 21.114 unique genes. Normalized expression estimates were
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obtained from the raw intensity values using the robust multi-array analysis (RMA)
preprocessing algorithm available in the library ‘affyPLM’ using default settings
(Irizarry et al., 2003). Differentially expressed probe sets were identified using linear
models, applying moderated t-statistics that implemented intensity-based empirical
Bayes regularization of standard errors (library ‘limma’). The moderated t-test
statistic has the same interpretation as an ordinary t-test statistic, except that the
standard errors have been moderated across genes, i.e. shrunk to a common value,
using a Bayesian model (Ritchie et al., 2015; Sartor et al., 2006). Probe sets that
satisfied the criterion of P < 0.01 or P < 0.05 (depending on the research question)
were considered to be significantly regulated.
Changes in gene expression were related to biologically meaningful changes using
gene set enrichment analysis (GSEA) of broadinstitute.org (Subramanian et al.,
2005). Gene sets were retrieved from the expert-curated Kyoto Encyclopedia of
Genes and Genomes (KEGG), Biocarta, Reactome and WikiPathways pathway
databases. Only gene sets consisting of more than 15 and fewer than 500genes were
taken into account, which resulted in the inclusion of 1,382 gene sets. For each
comparison, genes were ranked on their t-value that was calculated by the empirical
Bayes method. Statistical significance of GSEA results was determined using 1,000
permutations.
The array data has been submitted to the Gene Expression Omnibus (GEO) (Edgar
et al., 2002), under accession number GSE125537.
5.2.7 Statistical analyses
Data are presented as mean±SD. One-way analysis of variance (ANOVA) followed
by Tukey post hoc was used to compare groups (GraphPad Prism). Significance was
accepted as P<0.05.
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5.3 Results
5.3.1 Weight development
Consistent with previous data (Bowen, Adams, et al., 2017), MCT injections over an
8 week period resulted in a significantly reduced body weight increase over time
when compared to sham animals. The increase in body weight was 7.4±1.5% for
sham mice, whereas MCT mice only increased weight by 2.3±3.2% and MCT mice
receiving nutritional intervention (MCT+NI) increased weight by 2.1±4.9%: (figure
5.1A). The change in body weight was not due to a lower food intake in the MCT
group compared to the sham group, as cumulative food intake of the mice was
identical at the end of the intervention (see appendix III).
5.3.2 Development of pulmonary congestion and cardiac remodeling
Compared to sham mice, MCT mice showed an increase in pulmonary congestion
(figure 5.1B), heart weight corrected for tibia length (6.30±0.62 mg/mm vs 5.95±0.29
mg/mm) (figure 5.1C) and right ventricular thickness (0.53±0.03 mm vs 0.48±0.05
mm) (figure 5.1D) (all p<0.05). These are signs of the development of pulmonary
hypertension and subsequent RV hypertrophy in the MCT group. In the MCT+NI
group, heart weight was not different from sham mice and reduced compared to
MCT mice (p<0.01) (figure 5.1C). Pulmonary congestion was increased in the
MCT+NI group compared to sham mice (p<0.05) and not different from the MCT
group (figure 5.1B). RV thickness in the MCT+NI group was attenuated compared
to the MCT group, such that no difference was detected compared to sham mice
(figure 5.1D). There were no significant changes in the thickness of the left ventricle
and the septum.
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Figure 5.1: Total body weight development, lung weight and cardiac hypertrophy
after 8 weeks of MCT injection. A) Compared to sham mice, relative body weight
was impaired (p<0.05) in MCT and MCT+NI by 5%. B) Both MCT groups showed
an increase in lung weight (p<0.05) compared to shams. C) An increase in heart
weight of MCT mice compared to shams was also seen, however these alterations
were attenuated in MCT+NI mice. D) Right ventricle thickness was increased only
in MCT mice. Scatterplots showing variation of the data represented in these
graphs are depicted in appendix IV.
(* p < 0.05, ** p<0.01)
5.3.3 Anti-fibrotic effect of the nutritional intervention on the right ventricle
Histological analysis showed a 1.6 fold change increase in fibrosis of the RV in the
MCT group compared to sham (p<0.05), that was normalized in the group receiving
nutritional intervention (p<0.05) (fold change of 1.02 versus sham) (figure 5.2A-B).
Comparison of genes from the microarray analysis showed 245 genes that were
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differentially regulated (p < 0.05) when comparing MCT vs Sham and MCT+NI vs
MCT group (figure 5.3A), with several of these genes involved in fibrosis. Using a
cut-off of p < 0.01, 32 significantly differentially expressed genes were detected
(figure 5.3B). Two of these genes are involved in fibrotic pathways (TGFb1I1 and
ADAMTS-1).

Figure 5.2: Nutritional intervention prevents increased right ventricular fibrosis
after MCT injection. Right ventricular fibrosis was increased in MCT mice
(p<0.05) compared to shams and attenuated in MCT + NI mice. A scatterplot
showing variation of the data represented in this graph is depicted in appendix
IV (* p < 0.05)
Gene Set Enrichment Analysis (GSEA) of the RV of a representative subset of three
mice showed overrepresentation of fibrotic pathways upon MCT injection (MCT vs.
Sham) (no FDR q-value cut-off was used; the complete datasets were added as
supplementary data, see appendix V). Upon nutritional intervention, fibrotic
pathways were underrepresented in MCT+NI versus MCT (supplementary data, see
appendix V). GSEA of the RV also showed underrepresentation of pathways
involved in energy metabolism and mitochondrial function in MCT versus Sham.
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Upon

nutritional

intervention,

these

pathways

were

overrepresented

(supplementary data, see appendix V).

Figure 5.3: Differential expression of genes in the right ventricle after MCT
injection. A) Heatmap showing 32 genes that are differentially expressed in MCT
compared to sham and in MCT+NI compared to MCT, using a cutoff of p < 0.01.
B) A total of 245 genes were differentially expressed in MCT compared to Sham
and MCT+NI compared to MCT, using a cutoff of p < 0.05.
5.3.4 Validation of the microarray data on right ventricular fibrosis
Next, we validated the two fibrotic genes (TGFb1I1 and ADAMTS-1) with a
significance level of p < 0.01 in the microarray analysis in all our samples by qRTPCR. We also validated two genes with a significance level of p < 0.05 (VCAN and
Col14a1) by qRT-PCR. This confirmed upregulation of fibrotic genes in the right
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ventricle in MCT vs Sham and downregulation in MCT+NI vs MCT (figure 5.4).
MCT injection induced a 2-fold increase in VCAN mRNA expression relative to
sham mice (p < 0.001, figure 5.4A). In MCT-injected mice receiving nutritional
intervention, this increase was 80% lower (p< 0.01, figure 5.4A). For ADAMTS-1, the
effect was similar, with a 2.5-fold increase in MCT versus sham mice (p < 0.001) and
only 1.25-fold increase in MCT-injected mice receiving nutritional intervention
(p<0.05, figure 5.4B). Col14a1 mRNA expression was increased 1.35-fold in MCTinjected mice relative to sham (p<0.05), although the expression normalized in MCT
mice receiving nutritional intervention (p<0.05, figure 5.4C). mRNA expression of
TGFb1I1 was increased by 65% in MCT-injected mice compared to sham (p<0.05).
The increase in MCT-injected mice receiving nutritional intervention showed no
significant effect (p = 0.18, figure 5.4D).

Figure 5.4: Fibrotic genes were upregulated in MCT, but not in MCT+NI goup.
Compared to sham mice, mRNA levels of genes involved in fibrosis were
upregulated in MCT mice, but not in MCT + NI mice (* p <0.05, ** p < 0.01, *** p <
0.001). (VCAN: versican; ADAMTS-1: a disintegrin and metalloproteinase with
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thrombospondin motifs 1; Col14a1: collagen type XIV alpha 1; TGFb1I1:
transforming growth factor beta 1 induced transcript 1)
5.3.5 Effect of nutritional intervention on inflammation markers in the right
ventricle
Next to higher mRNA levels of fibrotic genes, we could also show that MCT injection
induced a 5.5-fold increased level of tumor necrosis factor alpha (TNFα) in the right
ventricle of MCT mice relative to sham mice (p<0.05, figure 5.5A). In MCT-injected
mice receiving the nutritional intervention, this increase was only 2.26 fold (figure
5.5A). COX-2 mRNA levels also tended to be increased in right ventricle of MCT
compared to sham and MCT+NI mice, although the effect was not significant
(p=0.068, figure 5.5B). These results suggest an anti-inflammatory effect of the
nutritional supplement.

Figure 5.5: Nutritional intervention reduces an increase in TNFα mRNA levels in
the right ventricle. A) MCT injection induced a 5.5-fold increased level of TNFα
mRNA in the right ventricle of MCT relative to sham mice. In MCT+NI mice this
increase was only 2.26 fold. B) COX-2 mRNA levels tended to be increased in right
ventricle of MCT compared to sham mice (p 0.068)
TNFα: tumor necrosis factor alpha; COX2: cyclooxygenase-2. (* p< 0.05)
5.3.6 Effect of nutritional intervention on the skeletal muscle
The weight of the tibialis anterior (TA) muscle was similar in all groups (figure 5.6A),
however fiber cross-sectional area (CSA) of the TA muscle was reduced (P<0.05) by
22% in MCT compared to sham mice, but preserved in the MCT+NI group (1503 vs.
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1178 vs 1495 µm2, respectively) (figure 5.6B). Protein expression of the key E3 ligase
MuRF1 was reduced by 30% in the group receiving nutritional intervention
compared to MCT mice alone (p<0.05) (figure 5.7A). The E3 ligase MuRF2 was
increased by 41% (p<0.05) in the MCT group compared to sham. Nutritional
intervention reduced MuRF2 protein levels by 28% (p<0.05) (figure 5.7B). The weight
of the extensor digitorum longus (EDL) muscle was similar in all groups (figure
5.6C). However, fiber cross-sectional area was reduced by 29% (p<0.05) in the MCT
mice compared to sham, and preserved in the MCT+NI group (764 vs 542 vs 742
µm2, respectively) (figure 5.6D). The weight of the soleus muscle was also similar in
all groups (figure 5.6E), with no effect of MCT or nutritional treatment on muscle
fiber cross-sectional area (figure 5.6F).

Figure 5.6: Changes in skeletal muscle weight and muscle fiber cross-sectional
area. A) Weight of the tibialis anterior (TA) muscle was unchanged, B) but muscle
fiber cross-sectional area (CSA) of the TA was reduced by 22% in MCT mice
compared to sham, but unaltered in MCT+NI. B) Weight of the EDL muscle was
unchanged, but D) skeletal muscle fiber CSA of the EDL was reduced by 29% in
the MCT mice compared to sham and preserved in the MCT+NI group(* p < 0.05).
E) Weight of the soleus muscle was similar in all groups and F) skeletal muscle
fiber CSA was also unchanged
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Figure 5.7: An increase in E3 ubiquitin-protein ligases MuRF1 and MuRF2 in MCT
mice is prevented by nutritional intervention. A) Protein levels of the key E3
ligase MuRF1 was reduced by 30% in the group receiving nutritional intervention
compared to MCT mice alone. B) The E3 ligase MuRF2 was increased by 41% in
the MCT group compared to sham. Nutritional intervention reduced MuRF2
protein levels by 28%. (* p <0.05)
Pictures are cropped from full-length pictures of blots. Full-length blots are
presented in appendix VI. A MuRF1 knock-out (KO) sample was included to
separate the MuRF1 bands from other bands due to nonspecific binding of the
antibody.
5.4 Discussion
The objective of this study was to assess the impact of a targeted nutritional
intervention on both cardiac and skeletal muscle remodeling in a PAH model
induced by MCT in mice. Indeed, adding more protein, leucine, fish oil and
oligosaccharides to the feed caused an attenuation of RV hypertrophy, fibrosis and
inflammation, while simultaneously preventing skeletal muscle atrophy. To our
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knowledge, this is the first study to show that PAH-associated pathological changes
in both cardiac and skeletal muscle can be attenuated simultaneously by multipletarget nutritional intervention.
This is of great clinical importance, since current treatment options do not target
both the cardiac and skeletal muscle alterations in PAH. If nutritional intervention
can prevent such pathological changes and reduce the development of exercise
intolerance leading to an impaired quality of life, this is a important step forward.
Further studied are needed to check whether targeted nutritional intervention can
improve physical status and wellbeing in PAH patients.
Eight weekly injections with MCT induced a clear PAH phenotype in mice with RV
hypertrophy. Histological analysis of the RV showed an increase in fibrotic tissue in
the mice receiving MCT-injections which clearly indicates cardiac remodeling
typical of PAH (de Jesus Perez, 2016; Voelkel et al., 2014). The MCT mice receiving
nutritional intervention did not show increased RV hypertrophy nor fibrosis.
Microarray analysis of the RV and subsequent verification of the results by qRT-PCR
showed that nutritional intervention prevented an increase of mRNA levels of
fibrotic genes after MCT-injection in nearly all four genes. Probably the study was
not powered to detect significant changes in all the genes studied. Microarray GSEA
also showed downregulation of pathways involved in energy metabolism and
mitochondrial function in mice receiving MCT-injections. Metabolic remodeling is
another symptom of PAH. A switch from fatty acid metabolism and oxidative
phosphorylation to the energetically inefficient aerobic glycolysis (also called the
Warburg effect), is often seen (Archer et al., 2013; Samson & Paulin, 2017; Voelkel et
al., 2014). Our GSEA clearly showed the downregulation of genes in energy
metabolism and mitochondrial function in MCT compared to sham mice, suggesting
a metabolic switch from FA oxidation to glycolysis. It also showed that this effect
was reduced in the MCT group receiving the nutritional intervention. A possible
explanation for these findings is a reduction in inflammation due to the effect of
added omega 3 fatty acids EPA and DHA. The mRNA levels of TNFα in the RV of
the MCT mice were higher compared to sham mice. This effect was reduced upon
nutritional intervention. This theory is supported by other studies using the
monocrotaline model in male rats, showing reduction of PAH symptoms when antiinflammatory treatments were provided. Anti-inflammatory drugs such as
acetylsalicylic acid (aspirin) (Gao et al., 2017; Shen et al., 2011) or 5-aminosalicylic
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acid (Sun et al., 2017) have produced improvements in right ventricular systolic
pressure (RVSP), RV hypertrophy and pulmonary artery remodeling. Next to this,
there are also indications that certain nutritional supplements with antiinflammatory properties including resveratrol (Csiszar et al., 2009; Koyama et al.,
2008; Paffett et al., 2012; Zhou et al., 2015) and betaine (Yang et al., 2018) reduce the
effects of PAH in the MCT rat model. Supplementation with branched chain aminoacids has been described to preserve cardiac function and prolonged survival in a
cancer cachexia mouse model (Tanada et al., 2015). Moreover, a diet high in leucine
provided after a myocardial infarction in mice was reported to decrease fibrosis and
apoptosis, and improve cardiac structure (Witham et al., 2013).
Injection with MCT induced a reduction of muscle fiber CSA in the TA and EDL, but
did not lead to alterations in the soleus. This might be due to the fact that the soleus
has a more oxidative phenotype, reflected by a higher content of mitochondria,
which might provide a certain level of protection against muscle wasting
(Romanello & Sandri, 2016). In addition, the soleus is more resistant to fatigue due to
a relatively lower presence of glycolytic type II (fast twitch) muscle fibers, which are
predominant in the EDL and TA (Augusto et al., 2004). The nutritional intervention
was able to prevent the reduction in muscle fiber CSA in TA and EDL, indicating an
anti-atrophic effect. This was confirmed by a reduced upregulation of the E3 ligases
MuRF1 and MuRF2, which promotes muscle wasting by increasing protein
degradation via ubiquitination (Koyama et al., 2008).
Faber et al reported that the same nutritional combination as used in our study
reduced plasma TNF and prostaglandin E2 (PGE2) in a mouse cancer cachexia
model (Faber et al., 2008). Both PGE2 and TNF have been reported to induce
MURF1 induction, leading to elevated proteolysis and increased protein breakdown
12, 37

. When TNF is decreased due to attenuated inflammatory tone, protein

breakdown in the skeletal muscle is decreased, explaining the effects in the TA.
Furthermore, skeletal muscle protein synthesis is stimulated by branched chain
amino acids, especially leucine (Kobayashi et al., 2006), which was added to the
nutritional intervention. The effect on the skeletal muscle can be direct, by a
reduction of inflammation and therefore protein breakdown in the muscle itself, or
indirect by a reduction in disease severity.
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Chronic

low-grade

inflammation

(CLGI)

is

an

important

part

of

the

pathophysiology of PAH (Rabinovitch et al., 2014). Potential triggers for CLGI in
PAH include chronic hypoxia, mechanical stretch, mitochondrial dysfunction and
systemic complications such as changes in intestinal functioning (barrier function,
dysbiosis etc.) (Calder et al., 2011; Klein et al., 2013; Pullamsetti et al., 2011). Chronic
inflammation and expression of pro-inflammatory cytokines such as interleukin 6
(IL-6) and TNFα are known to contribute to muscle wasting which is also seen in
PAH (Cohen et al., 2015; Manders et al., 2015; von Haehling et al., 2017). Fish oil
containing (EPA) and (DHA) can influence inflammatory processes by changing the
production of pro- or anti-inflammatory cytokines (Calder, 2015). Other nutritional
components, such as galacto- and fructo-oligosaccharides, can restore the microbial
balance in case of dysbiosis (Calder et al., 2017; Fernandes et al., 2017) and also have
anti-inflammatory and immune-regulating effects (Macfarlane et al., 2008). Galactoand fructo-oligosacharides have been shown to be able to restore T cell function
during chronic inflammation in a murine tumor model when combined with omega3 fatty acids and high quality and quantity protein (Faber et al., 2008). Increased
intake of high quality protein and the anabolic amino acid leucine can also help
prevent muscle wasting (Kobayashi et al., 2006; van Norren et al., 2009), which is
why the combination of extra protein, leucine, fish oil and oligosaccharides was
chosen for this study. It is unclear whether it is the whole combination or just a
subset of the nutrients from the nutritional intervention that is responsible for the
effects observed in this study. Further studies are warranted to reveal this aspect.
The model used for this study is an adapted version of our recently developed
cachectic mouse model with monocrotaline-induced RV heart failure (Bowen,
Adams, et al., 2017). The adaptation concerns the control diet and the length of time
the animals are in the experiment. The result is a model with similar RV remodeling
but a more modest loss of body weight, which more closely resembles the clinical
situation in PAH. The presence of both pulmonary congestion and RV hypertrophy,
shows that this method produces effects comparable to those seen in the male rat
model (Gomez-Arroyo et al., 2012) that is widely accepted as a model for PAH. RV
thickness increased, but we found no change on the septum and thickness of the left
ventricle, showing that the monocrotaline mostly affects the RV. An additional
advantage of the present model is that it concerns female animals, which is more in
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line with the notion that PAH occurs mostly in women (de Jesus Perez, 2016; Galiè,
Humbert, et al., 2015).
5.5 Conclusion
A multi-compound nutritional intervention providing higher amounts of protein,
leucine, fish oil and oligosaccharides significantly attenuated cardiac and skeletal
muscle changes in a female mouse model of pulmonary hypertension. The effect on
the development of fibrosis in the RV was the most profound and is at least partly
due to anti-inflammatory effects mediated via TNFα and COX2. These results
provide directions for further study to develop novel therapeutic strategies to
prevent pathophysiological alterations in pulmonary hypertension.
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6.1 Objectives and structure of the thesis
In this thesis I focused on the knowledge gaps that exist regarding the possible
connections between PAH pathophysiology, drug medication use, nutritional status
and micronutrient deficiencies, muscle mass and function and exercise tolerance
from different perspectives.
The main objectives of this thesis were to gain more insight in the prevalence of
micronutrient deficiencies of patients with pulmonary hypertension and to obtain
more knowledge on the potential usefulness of nutritional interventions aiming to
reduce fatigue and improve exercise tolerance and quality of life in PAH patients.
The research questions were:
1) What is currently known about the nutritional status of patients with
pulmonary hypertension and how does the pathophysiology of PAH
impact the relation between nutritional status, exercise intolerance and
fatigue?
2) What is the prevalence of micronutrient deficiencies related to exercise
tolerance and fatigue in patients with pulmonary hypertension and can
deficiencies in certain micronutrients be related to clinical and patientrelated outcomes?
3) Can the use of certain medications, such as proton pump inhibitors,
contribute to a reduction in muscle mass and function in chronically ill
patients?
4) Can nutritional intervention reduce cardiac and skeletal muscle changes in
PAH?
In this final chapter, findings as shown in the previous chapters will be summarized
and synthesized. Furthermore, I will reflect on how the answers regarding the
above-mentioned research questions relate to implementation of possible nutritional
interventions in PAH treatment and lastly, I will discuss possible future research
directions. This chapter consists of 5 sections (6.2 – 6.6) centred around propositions
on nutritional therapy for PAH patients. Section 6.7 contains the conclusions and a
reflection on the overall objectives of this thesis.
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6.2 Nutritional therapy is a promising emerging field in the treatment of PAH
Over the past decades, there have been major advances in PAH treatment by
developments in the field of medication targeting the major pathways in PAH
pathophysiology. Moreover, new evidence underlining the multifactorial nature of
the disease have fueled multiple target treatments (Maron et al., 2021). Combination
treatment using two or three PAH-specific drugs seem beneficial according to recent
clinical trials (Galiè, Barberà, et al., 2015; Lajoie et al., 2017; Semen & Bast, 2019).
Nutrition has also gained attention as a factor potentially influencing the
progression and burden of PAH. Nutritional intervention represents a multipletarget approach by definition, as dietary components act via different mechanisms
and so simultaneously modulate multiple physiological processes. Next to the work
published in this thesis, other authors have recently published interesting data on
the role of micronutrient deficiencies and nutritional status in the development and
progression of PAH. Omega-3 fatty acids and dietary polyphenols influence
pathophysiological mechanisms such as inflammation or remodeling of the
pulmonary arteries as shown in animal models of PAH (Semen & Bast, 2019).
Moreover, it was found that the gut microbiota is changed in a rat model of PAH
(Callejo et al., 2018). This would merit further elucidation of the potential role of gut
microbiota and its interplay with the diet, immune function and energy metabolism
in the context of PAH (Callejo, Barberá, et al., 2020). As described in chapter 3 of
this thesis, drugs can also influence gut microbiota, so the interplay between the gut
and often used drugs in PAH might be an interesting topic for future research.
Chapter 2 of this thesis describes that the pathophysiology of PAH involves many
mechanisms that may influence nutritional status and induce muscle wasting, such
as inflammation, mitochondrial abnormalities, an increased energetic demand, and
a decreased uptake of nutrients from the gut. The effect of certain treatment
strategies, such as exercise intervention, might be limited if nutritional status is not
optimal. Therefore, assessing the patient’s nutritional status including screening for
micronutrient deficiencies can be recommended. When indicated, nutritional
interventions might help to optimize the nutritional status of the patient. However,
only little is known on the nutritional status of PAH patients, the prevalence of
micronutrient deficiencies and the way this may impact disease progression and
quality of life. The only micronutrient that is relatively well studied is iron, since it
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is known that PAH patients often have low iron status (Rhodes, Howard, et al., 2011;
Rhodes, Wharton, et al., 2011; Ruiter et al., 2011). In chapter 4 of this thesis, the
prevalence of micronutrient deficiencies that are related to exercise tolerance and
fatigue in PH patients is described for the first time. The results show that vitamin
D and iron deficiency were highly prevalent in PAH and CTEPH patients, both at
diagnosis and after 1,5 years of PH treatment. Low magnesium and phosphate levels
were found in up to 21% of the patients. It was demonstrated that iron levels and
transferrin saturation correlate with 6MWD, which is well in line with findings of
others (Rhodes, Howard, et al., 2011; Rhodes, Wharton, et al., 2011; Ruiter et al.,
2011). Vitamin D levels however did not correlate with any of the outcome
parameters, therefore it remains unclear what the significance is of a vitamin D
deficiency in PH.
Other authors that reviewed studies on the presence of micronutrient deficiencies in
PAH also found that iron and vitamin D deficiencies are highly prevalent in PAH
patients (Callejo, Barberá, et al., 2020; Semen & Bast, 2019). However, for vitamin D
there are only a few studies available with a with a small sample size. There have
been some studies on vitamin C deficiency and the development of PAH (Callejo,
Barberá, et al., 2020; Kupari & Rapola, 2012), as vitamin C impacts mechanisms
involved in the PAH pathophysiology, such as the NO pathway (Taddei et al., 1998).
Since a deficiency in vitamin C is rare in the Western world, this has remained
outside the scope of this thesis. However, for future research, it might be interesting
to study whether moderate vitamin C deficiency plays a role in PAH. Moreover, the
effect of vitamin C supplementation in PAH patients is still unclear.
Figure 6.1 depicts how both inflammation and micronutrient deficiencies have a
central place in the role of nutrition in PAH treatment. This picture summarizes the
main findings from this thesis. All in all, it becomes clear that more research is
needed on the anti-inflammatory effect of nutritional components and the
connections between micronutrient deficiencies and outcome parameters in PAH.
This knowledge can then be used to start intervention studies that investigate the
possible effects of supplementation strategies in PAH patients. Providing evidence
for nutritional interventions in rare and also progressive diseases such as PAH
however is challenging. The effect of nutritional supplementation is not always
immediately clear, and this might be overshadowed by progression of the disease.
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Furthermore, getting a sufficient sample size could be difficult. Still, the potential of
nutritional interventions for PAH treatment is a promising emerging field, because
it can give patients a tool that actively contributes to their physical wellbeing and is
also likely to generate positive psychological effects in dealing with their disease.

Figure 6.1: The relation of nutritional factors on the pathophysiology of PAH, as
hypothesized from the results of the research described in this thesis. The effects
of nutritional factors such as oligosaccharides, omega 3 PUFAs and vitamin D on
the pathophysiology of PAH are mediated (at least) through inflammation and
micronutrient deficiencies. Other nutritional factors, such as iron and
protein/leucine exert direct effects on muscle mass and function and exercise
tolerance via different mechanisms. The effects of the gut microbiota and vitamin
D on inflammatory processes in PAH needs further investigation. Also, the effect
of drug medication use on micronutrient levels and the effect of micronutrient
deficiencies on muscle mass and function needs further study. Green lines
indicate an increasing effect, red lines indicate a decreasing effect. Full lines
indicate a known or thoroughly studied relation. Dotted lines indicate that further
research is needed to confirm the hypothesized relation in PAH.
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6.3 Medication use should be considered a potential factor influencing nutritional
status in PAH patients
PAH-specific drugs, especially those that target the prostacyclin pathway, such as
selexipag, epoprostenol, iloprost and treprostinil (Del Pozo et al., 2017), are known
to induce side-effects that have a negative impact on nutritional intake such as
nausea, loss of appetite, vomiting, diarrhea, jaw pain and fatigue (Alami et al., 2016),
as described in chapter 2. Such symptoms may lead to micronutrient deficiencies
and impair nutritional status on the long term. In general, patients with chronic
illness such as PAH are susceptible to develop micronutrient deficiencies (Cascino
& Hummel, 2018; Horadagoda et al., 2017; Schols, 2013; Soukoulis et al., 2009), an
altered gut microbiota (Sundaram & Fang, 2016) and muscle alterations resulting in
function loss (Ebner et al., 2015; Schols et al., 2014). The use of certain commonly
prescribed medications, such as proton pump inhibitors (PPIs) is also linked to these
effects, as has been described in chapter 4 of this thesis. The causal relationships
proposed in this chapter should however be seen as hypotheses and need further
investigation.
Although research into the impact of drug use on the nutritional status of patients
with PAH is still limited, it should be recognized as a potential factor influencing the
physical status of the patient. Particularly in case of polypharmacy, screening for
malnutrition and deficiencies in micronutrients is therefore recommended.
6.4 Vitamin D deficiency is highly prevalent in PH patients. Investigators should
broaden their field in the search for clinical implications.
Vitamin D deficiency is highly prevalent in the general population and this has been
linked to musculoskeletal, metabolic, and cardiopulmonary diseases and to
disorders of the immune system (Mirdamadi & Moshkdar, 2016; Zittermann, 2003).
There is currently no consensus on the definition of vitamin D deficiency, optimum
levels and dietary requirements (Balvers et al., 2015; Norman & Powell, 2014).
However, even when using conservative thresholds, vitamin D deficiency is a global
problem. The principal causes of low 25(OH)D3 levels are inadequate sun exposure
in combination with reduced dietary intake (Roth et al., 2018). It has been suggested
that vitamin D influences smooth muscle cell proliferation and endothelial function,
which are both affected in PAH (Atteritano et al., 2016; Demir et al., 2013; Mirdamadi
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& Moshkdar, 2016). A relation between vitamin D levels and pulmonary function
has been found, suggesting that low vitamin D levels can be detrimental for patients
with respiratory disease (Black & Scragg, 2005).
In chapter 3 of this thesis, the prevalence of vitamin D deficiency is described in PAH
and CTEPH patients at diagnosis and in patients that received 1,5 years of PH
treatment. Depending on the diagnostic subclass, vitamin D deficiency occurs in up
to 83% of the patients in this study. Other authors have also studied the prevalence
of vitamin D deficiency in PH patients. A Japanese study concerning12 PAH and 29
CTEPH patients described that 95% of the studied population had insufficient
vitamin D levels (Tanaka et al., 2017). In a Spanish cohort, 70% of the 67 PAH
patients (idiopathic, heritable, or drug-induced) had severe vitamin D deficiency
(total 25(OH)vitamin D < 10 ng/ml), with no difference between sexes. Patients with
a total plasma 25(OH)vitamin D level above the median of the cohort (7.15 ng/ml)
were classified as functionally better and showed higher 6MWD and better survival
(Callejo, Mondejar-Parreño, et al., 2020). An Argentinian study found low 25(OH)
vitamin D levels (mean: 19.25 ng/ml) in 53 PH patients from different PH subgroups.
These authors also found a relation between vitamin D levels, functional class and
6MWD (Atamañuk et al., 2019). In the study described in chapter 3 of this thesis, no
correlation was found between 25(OH)D levels and 6MWD or any other outcome
parameter. It is possible that the power of our study was not sufficient to find an
effect between vitamin D levels and outcome parameters. However, other factors
might also play a role, such as the subtype classification of PH or the functional class
of the patients included. Such data was not always available in the above cited
papers.
There is hardly any data on the effect of vitamin D supplementation in PAH patients.
In a small clinical study including 22 patients with pulmonary hypertension who
had a vitamin D deficiency, weekly supplementation of cholecalciferol (vitamin D3)
plus a daily dose of magnesium, zinc, and vitamin D for a 3-month period has been
demonstrated to significantly increase the serum vitamin D level. Moreover, also the
6MWD improved. It also led to improvement in right ventricle size and function
(Mirdamadi & Moshkdar, 2016). Unfortunately, due to small sample size, a short
observation period and the use of a combined intervention, it is hard to interpret the
potential of correcting vitamin D deficiencies to improve the quality of life of PAH
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patients from this study alone. Two studies have tried to restore vitamin D levels in
animal models of severe vitamin D deficiency. They found that serum 25(OH)
vitamin D levels could be restored by supplementation (Callejo et al., 2021; Tanaka
et al., 2017) and that this intervention partially improved pathological symptoms of
PAH such as endothelial function (Callejo et al., 2021).
Dysregulation of cells of the innate and adaptive immune system have been found
in both PAH and CTEPH patients (Heukels et al., 2021; Humbert et al., 2019; Perros
et al., 2012; Quarck et al., 2015; Simonneau et al., 2017). Moreover, inflammatory and
immune markers correlated with the hemodynamics and prognosis of the patient
(Koudstaal, Boomars, et al., 2020). Pulmonary inflammation mediated by
accumulation of macrophages near the lung arterioles is an important symptom of
pulmonary remodelling in PAH (Chen et al., 2020). Another mechanism in which
inflammation might play a role in PH development is by enhanced dendritic cell
activation (van Uden et al., 2021). In a mouse model, this led to the development of
PH and was dependent on IL-6 expression (Koudstaal, van Hulst, et al., 2020).
Vitamin D has a role in immune function, since almost all immune cells express the
vitamin D receptor (VDR). The effect of vitamin D on immune cells is however
complex, since the expression of the VDR is different depending on the activation
status (Martens et al., 2020). It can be hypothesized that preventing vitamin D
deficiency could help in the treatment of immune deregulations in PAH, although
more research into this topic is clearly needed.
All in all, given the limited knowledge available, it can be concluded that the
significance of a vitamin D deficiency in patients with PAH remains currently
uncertain. I thereby advice that researchers broaden their field and focus on
functional outcome parameters related to vitamin D deficiency such as
musculoskeletal, metabolic and cardiopulmonary related outcomes. Effects of
vitamin D deficiency on the immune system can also be expected and need further
research. Moreover, the safety and efficacy of vitamin D supplementation in PAH
patients needs investigation.
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6.5 Reducing hepcidin levels in iron deficient PAH patients by nutritional
interventions could improve the response to oral iron supplementation
As described in chapter 3 of this thesis, our study showed that 26% of the newly
diagnosed PAH patients and about 14% of the newly diagnosed CTEPH patients
have anemia. Forty-two percent of the newly diagnosed PAH patients and 21% of
the newly diagnosed CTEPH patients have too low plasma iron levels. In the group
receiving medical treatment, about 25% of the PAH and CTEPH patients have
anemia and low plasma iron levels. In general, iron deficiency was more prevalent
in the PAH patients than in the CTEPH patients and more prevalent in females than
in males. Low iron levels and low transferrin saturation was also linked to lower
6MWD scores in PAH and CTEPH patients in our study, which is in line with other
studies (Quatredeniers et al., 2021; Sonnweber et al., 2020).
A lot of research has been done on iron deficiency in PAH patients. The relation
between pulmonary hypertension, iron homeostasis and anaemia is complex. The
underlying mechanisms depend on the type of PH and are still only partly
understood. Because of this, the prevalence of iron deficiency is likely to differ
between types of PH, which has consequences for treatment (Sonnweber et al., 2020).
Inflammation plays an important role in (functional) iron deficiency, due to
deregulation of iron homeostasis by the main regulator of iron status, hepcidin.
Inflammatory cytokines lead to higher hepcidin levels and so negatively influence
the uptake of iron in the gut (Kanamori et al., 2017). Because of this, there is currently
no consensus on standardized diagnostic methods to assess iron deficiency in
patients with diseases involving chronic inflammation. However, in order to
evaluate the effect of iron supplementation strategies, this is needed (Quatredeniers
et al., 2021; Sonnweber et al., 2020). Current knowledge on the effect of iron
supplementation is limited, because all trials appear to be uncontrolled open-label
trials in small populations combining different PH types, sometimes also lacking an
RHC-confirmed PAH diagnosis. Moreover, iron status was assessed by different
methods and secondary measurements such as plasma levels of CRP, hepcidin,
vitamin D or inflammatory markers were not performed. Nevertheless, all these
studies demonstrated that oral iron supplementation did not improve serum iron
levels, possibly due to high hepcidin level since intravenous iron did improve iron
status and also some outcome measurements (Quatredeniers et al., 2021).
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In our study described in chapter 3, newly diagnosed patients had higher hepcidin
and ferritin levels than patients already receiving PH treatment. In the newly
diagnosed patients showing low iron levels, mean hepcidin levels were higher than
in treated patients with low iron levels. This might suggest that deregulation of iron
homeostasis by high hepcidin production is a bigger problem in newly diagnosed
patients compared to treated patients. From these results, it can be derived that it is
worthwhile to measure hepcidin levels in patients displaying low serum iron levels.
In case hepcidin levels are low, oral iron supplementation might still be effective.
However, when hepcidin levels are high, intravenous iron supplementation might
be indicated. However, future studies should still confirm this hypothesis.
In chapter 5, it is shown that a nutritional intervention with fish-oil and
oligosaccharides had anti-inflammatory effects and positive effects on the heart and
skeletal muscle in a mouse model of PAH. Whether anti-inflammatory effects of
nutritional intervention can also be beneficial in counteracting the deregulation of
iron homeostasis by suppressing hepcidin levels merits further study. Research in
children with anemia and patients with chronic kidney disease (CKD) has shown
that vitamin D can also suppress hepcidin production. In both cases, vitamin D
supplementation led to a decrease of serum hepcidin concentration (Bacchetta et al.,
2014; Moran-Lev et al., 2019). Given the fact that both vitamin D and iron levels were
low in PAH and CTEPH patients in our study, this raises the question whether
treating the vitamin D deficiency might suppress hepcidin concentration and
thereby increasing iron levels or improving the response to iron supplementation in
these patients.
From all of the findings described above, it seems likely that reducing hepcidin
levels in iron deficient PAH patients by nutritional interventions could improve the
response to oral iron supplementation. However, studies in the future should still
confirm this.
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6.6 A nutritional intervention focused on anti-inflammatory effects can suppress
pathological changes in PAH
Chapter 5 of this thesis shows that a diet containing relatively high amounts of antiinflammatory nutritional components (fish oil and oligosaccharides) together with
substances known to stimulate anabolic processes (high protein and leucine) can
prevent the development of pathophysiological changes in the heart and skeletal
muscle in a mouse model of PAH. Suppression of pro-inflammatory and fibrotic
gene expression was part of the mechanism behind this effect. This suggests that
such an intervention might have beneficial effects during the initiation and perhaps
early progression of the disease. However, our data do not allow us to draw any
conclusion yet regarding the effect of the intervention once the disease is
progressing. To this end, further studies are warranted.
First indications that fish oil consumption can be beneficial in PAH have already
been obtained by others. In a small cohort of 7 newly diagnosed PAH patients, a
relative deficiency of omega 3 PUFA’s (elevated omega 6 PUFA versus omega 3
PUFA ratio) was found (Semen et al., 2016). Supplementation with omega 3 PUFAs
can help to restore this ratio and have anti-inflammatory effects by reduction of
proinflammatory cytokines, which has been shown in a monocrotaline rat model of
PAH (Morin et al., 2014) and in several other studies not specific for PAH (Semen &
Bast, 2019). Administration of omega 3 PUFAs also induced a reduction of vascular
remodeling in the beforementioned rat model of PAH (Morin et al., 2014). The effects
of oligosaccharides on the increased inflammatory status in PAH have not been
intensively studied, but oligosaccharides have shown to induce general antiinflammatory effects via modification of the gut microbiota. In a PAH rat model,
modification of the gut microbiota by antibiotics suppressed the development of
PAH (Sanada et al., 2020). Unfortunately, inflammatory markers were not measured
in this study. Whether anti-inflammatory effects of nutritional intervention can also
be beneficial in counteracting the deregulation of iron homeostasis by suppressing
hepcidin levels, such as described in chapters 2 and 4, is an interesting topic for
future studies.
All in all, the research conducted in this thesis together with the knowledge from the
literature suggests that nutritional intervention with anti-inflammatory components
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such as fish oil and oligosaccharides, has the potential to suppress pathological
changes in PAH.

6.7 Conclusion
From the research summarized in this thesis, it can be concluded that PAH is a
disease with multifactorial nature, which warrants multiple-target treatment.
Nutritional therapy seems to have the potential to add to the effect of current
conventional treatment with medication and exercise intervention, although there
are still many knowledge gaps. This thesis shows new insights into the prevalence
of micronutrient deficiencies in PAH and CTEPH patients. Deficiencies in iron and
vitamin D were found to be highly prevalent both at time of diagnosis and after 1,5
years of treatment. For iron, deficiencies were clearly related to clinical and patientrelated outcome. The clinical implications of vitamin D deficiency are still unclear.
Vitamin D and iron deficiency might even be interrelated via hepcidin levels and
inflammatory processes, although more research regarding this subject is needed.
Moreover, our research showed some first promising effects of the potential of
nutritional intervention by showing prevention of pathological changes in cardiac
and skeletal muscle in a PAH mouse model.
The results obtained during this project, combined with what is known from the
literature, show several promising options in the field of nutrition in PAH patients.
Unfortunately, only few of these measures are currently substantiated in such a way
that their implementation in practice can be considered. However, the following
recommendation for clinical practice can be given:
• Assessment of the nutritional status including screening for micronutrient
deficiencies in PAH and CTEPH patients, especially in the case of polypharmacy.
At the same time, there are several other research directions worth exploring
further. These lead to the following suggestions for a future research agenda:
• Further elucidation of the clinical implications of vitamin D deficiency in PAH
and CTEPH patients.
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• The potential interrelation of vitamin D and iron deficiency via an effect on
hepcidin levels and inflammatory processes.
• Intervention studies investigating the safety and efficacy of supplementation
strategies for vitamin D in PAH and CTEPH patients.
• The effect of moderate vitamin C deficiency and the development of PAH.
• Elucidation of the potential role of the gut microbiota and its interplay with the
diet, drug medication use, immune function, and energy metabolism in the context
of PAH and CTEPH.
• The response to oral iron supplementation in PAH and CTEPH patients with low
iron levels in combination with low versus high hepcidin levels.
• The effect of anti-inflammatory nutritional components on iron homeostasis by
suppressing hepcidin levels
• The effect of nutritional intervention with anti-inflammatory and anabolic
components in PAH and CTEPH once the disease has progressed.
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Appendix I
Additional information for chapter 3

Figure A.I.1: Levels of Hb, iron and ferritin and transferrin saturation of newly
diagnosed and treated patients (PAH and CTEPH mixed).
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Figure A.I.2: Hemoglobin levels of newly diagnosed and treated male and female
patients (PAH and CTEPH mixed).

Figure A.I.3: Ferritin levels of newly diagnosed and treated male and female patients
(PAH and CTEPH mixed).

148

Appendix I

Figure A.I.4 Levels of magnesium, calcium and phosphate in newly diagnosed and
treated patients (PAH and CTEPH mixed).
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Figure A.I.5: Levels of vitamin B12, folic acid and vitamin D in newly diagnosed and
treated patients (PAH and CTEPH mixed).
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Appendix II
Additional information for chapter 3

Figure A.II.1: Correlation 6MWD with iron and transferrin saturation levels in
PAH and CTEPH patients.
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Figure A.II.2: NT-Pro-BNP levels of newly diagnosed and treated patients (PAH
and CTEPH mixed) with 6MWD below and above the mean.
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Appendix III

Appendix III
Additional information for chapter 5

Figure A.III: Cumulative food intake after 7 weeks was similar in sham and MCT
mice, but lower in MCT+NI mice compared to MCT and sham mice. (* p < 0.01
versus sham; § p < 0.05 versus MCT)
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Appendix IV
Additional information for chapter 5

Figure A.IV: Scatterplots showing the variation of the physiological data depicted
in figures 1 and 2 of the main manuscript.
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Appendix V

Appendix V
Additional information for chapter 5
Supplementary datasets 1-4 are published separately with the article and can be
found at: https://doi.org/10.1038/s41598-019-46331-4.
Supplementary dataset 1: GSEA Nutrition PAH RV MCT_vs_sham negative.xls
Supplementary dataset 2: GSEA Nutrition PAH RV MCT_vs_sham positive.xls
Supplementary dataset 3: GSEA Nutrition PAH RV MCT+NI_vs_MCT negative.xls
Supplementary dataset 4: GSEA Nutrition PAH RV MCT+NI_vs_MCT positive.xls
Reference:
Vinke, Paulien, T. Scott Bowen, Mark V. Boekschoten, Renger F. Witkamp, Volker
Adams, and Klaske van Norren. 2019. ‘Anti-Inflammatory Nutrition with High
Protein Attenuates Cardiac and Skeletal Muscle Alterations in a Pulmonary
Arterial Hypertension Model’. Scientific Reports 9 (1): 10160.
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Figure A.VIA: Complete blot of MuRF1 and GAPDH on the same blot shown in
figure 7A. The red boxes depict the area used in the cropped figure 7A. A MuRF1
knock-out (KO) sample was included to separate the MuRF1 bands from other bands
due to nonspecific binding of the antibody. GAPDH was measured after MuRF1
incubation.
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Figure A.VIB: Complete blot of MuRF2 and GAPDH on the same blot shown in
figure 7B. The red boxes depict the area used in the cropped figures in figure 7B.
GAPDH was measured after MuRF2 incubation
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Pulmonary arterial hypertension (PAH) is a chronic and progressive disease
characterized by vasoconstriction and structural remodelling of the pulmonary
arteries. Increased vascular resistance and elevated pulmonary arterial pressures
contribute to right ventricular hypertrophy and eventually lead to heart failure and
premature death. Symptoms of PAH include serious exercise intolerance, reducing
the quality of life of patients. Nutrition is increasingly being recognized as an
important factor contributing to quality of life during disease, especially when
exercise intolerance is present. There is however limited knowledge on the role of
nutrition in PAH and nutritional guidelines are scarce. In the meantime, PAH
patients are actively seeking advice on such matters. In the clinic, assessment of
nutritional status or micronutrient concentrations are currently not standard
practice and nutritional intervention is not part of regular treatment, due to the lack
of evidence-based recommendations for PAH patients.
In this thesis, the role of nutrition in PAH pathophysiology and the potential of
nutritional intervention in the treatment of PAH is being explored. The aim of this
thesis is to gain more knowledge on the prevalence of micronutrient deficiencies of
patients with PAH and to explore possible nutritional interventions to reduce
fatigue and improve exercise tolerance and quality of life in PAH patients. These
objectives are addressed by 1) literature research and hypothesis generation, 2)
measurement of micronutrient status in PAH and CTEPH patients, 3) exploration of
the relation between levels of micronutrients and clinical and patient-related
outcomes and 4) a study on the effect of nutritional intervention on muscle function
in a mouse model of PAH.
Chapter 2 summarizes current insights in the pathophysiological mechanisms
underlying PAH. It zooms in on the potential involvement of nutritional status and
micronutrient deficiencies on PAH exercise intolerance and fatigue, also
summarizing the potential benefits of exercise and nutritional interventions.
Pathophysiological processes that contribute to exercise intolerance and impaired
quality of life in PAH patients include right ventricular dysfunction, inflammation,
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skeletal muscle alterations and dysfunctional energy metabolism. Moreover, PHrelated nutritional deficiencies and metabolic alterations are linked to fatigue,
exercise intolerance and endothelial dysfunction. Available evidence suggests that
exercise interventions can be effective in PAH patients to improve exercise tolerance
and decrease fatigue. By contrast, knowledge on the prevalence of micronutrient
deficiencies and the possible effects of nutritional interventions in PAH patients is
limited. Although data on nutritional status and micronutrient deficiencies in PAH
are scarce, the available knowledge, including that from adjacent fields, suggests
that nutritional intervention to correct deficiencies and metabolic alterations may
contribute to a reduction of disease burden.
In Chapter 3, the prevalence of micronutrient deficiencies in both newly diagnosed
and treated patients with PAH and chronic thrombo-embolic pulmonary
hypertension (CTEPH) are described and correlations between micronutrients and
clinical outcomes are assessed.
Deficiencies in both iron and vitamin D are highly prevalent in both PAH and
CTEPH patients at diagnosis as well as after 1,5 years of treatment. In the newly
diagnosed group, 42% of PAH patients and 21% of CTEPH patients were iron
deficient, compared to 29% of PAH patients and 20% of CTEPH patients in the
treatment group. Vitamin D deficiency occurred in 42% of the newly diagnosed PAH
patients, in 71% of the newly diagnosed CTEPH patients, in 68% of the treated PAH
patients and in 70% of the treated CTEPH patients.
Iron plasma levels correlate with 6-minute walk distance. Low iron levels seem to
be related to inflammation via hepcidin levels. Vitamin D levels did not correlate
with any of the outcome measures in our study. Therefore, the relevance of vitamin
D deficiency in PAH and CTEPH patients remains unclear and further studies into
this topic are needed. The high prevalence of deficiencies in vitamin D and iron
however underline the need for monitoring their status. Studies evaluating the
possible effects and safety of different supplementation strategies for iron as well as
vitamin D in PAH and CTEPH patients are necessary.
Chapter 4 discusses the hypothesis that the use of proton pump inhibitors (which
are highly used by PAH patients) can contribute to a reduction in muscle mass and
function in chronically ill patients. Literature indicates that a PPI-induced reduction
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in acidity of the gastrointestinal tract can decrease the absorption of, amongst others,
magnesium. Low levels of magnesium are associated with impaired muscle
function. This unwanted side-effect of PPIs on muscle function has been described
in different disease backgrounds, but has not been studied in PAH. Magnesium is
necessary for activation of vitamin D. Low vitamin D and magnesium levels together
can lead to increased inflammation involved in muscle wasting. In addition, PPI use
has been described to alter the microbiota’s composition in the gut, which might lead
to increased inflammation. However, PPIs are often provided together with
nonsteroidal anti-inflammatory drugs (NSAIDs). In conclusion, use of PPIs has been
reported to contribute to muscle function loss. Whether this will add to the risk
factor for development of muscle function loss in patients with PAH needs further
investigation.
Chapter 5 describes the effect of a multi-targeted nutritional intervention with extra
protein, leucine, and the anti-inflammatory components of fish oil and
oligosaccharides on pathological changes in cardiac and skeletal muscle of a PAH
mouse model. PAH was induced in female C57/BL6 mice by weekly injection of
monocrotaline (MCT) for 8 weeks. One MCT group and the sham group received a
control diet, while another MCT group received the isocaloric nutritional
intervention. The results show that, compared to sham, MCT mice have an increase
in heart weight, RV thickness and fibrosis, which were attenuated in MCT+NI mice.
Microarray and qRT-PCR analysis on the RV confirmed effects on fibrotic pathways.
Skeletal muscle fiber cross-sectional area (CSA) of the TA was reduced in MCT
compared to sham mice, but preserved in the MCT+NI group. In the EDL a similar
effect was seen. The findings show that nutritional intervention significantly
attenuated changes in both cardiac and skeletal muscle in a mouse model of PAH,
providing directions for future therapeutic strategies targeting functional decline of
both tissues.
The combined results of this thesis show that inflammation is a recurring factor in
the pathophysiology of PAH that is not only related to disease outcome, but also to
nutritional factors. Recommendations for the clinic and future directions for
research are provided in chapter 6. The future has to reveal the full potential of
nutritional intervention to complement treatment strategies in PAH.
161

Nederlandse samenvatting

Nederlandse samenvatting
Pulmonale arteriële hypertensie (PAH) is een chronische, progressieve ziekte
gekarakteriseerd door vasoconstrictie en structurele veranderingen in de
longaderen. Verhoogde veneuze druk en verhoogde bloeddruk in de longaderen
leiden tot vergroting van de rechter hartkamer en uiteindelijk tot hartfalen en een
vervroegde

dood.

Een

belangrijk

symptoom

van

PAH

is

ernstige

bewegingsintolerantie wat de kwaliteit van leven van PAH-patiënten verlaagd.
Voeding wordt toenemend gezien als een belangrijke factor die bijdraagt aan
levenskwaliteit

tijdens

chronische

ziekte,

vooral

als

er

sprake

is

van

bewegingsintolerantie. Helaas is er maar beperkte informatie beschikbaar over de
rol van voeding in PAH en voedingsrichtlijnen zijn schaars. In de tussentijd zoeken
PAH-patiënten toenemend informatie en advies rondom voeding. In de klinische
setting wordt bepaling van de voedingsstatus of deficiënties in micronutriënten
(vitamines en mineralen) niet standaard uitgevoerd. Voedingsinterventies zijn geen
onderdeel van de reguliere zorg, vanwege het gebrek aan wetenschappelijk
onderbouwde aanbevelingen voor PAH-patiënten
In dit proefschrift wordt de rol van voeding in de pathofysiologie van PAH
bestudeerd en het potentiaal van voedingsinterventie in de behandeling van PAH
onderzocht. Het doel van dit proefschrift is om meer kennis te vergaren rondom de
prevalentie van deficiënties in micronutriënten in PAH-patiënten. Ook worden
mogelijke

voedingsinterventies

onderzocht

om

vermoeidheid

en

bewegingsintolerantie te verminderen en de kwaliteit van leven van PAH-patiënten
te verbeteren. Deze doelen worden bereikt door middel van l) literatuuronderzoek
en hypothesegeneratie, 2) meting van de micronutriëntstatus in PAH- en CTEPH atiënten, 3) onderzoek naar de relatie tussen micronutriënten en klinische en patiëntgerelateerde uitkomstmaten en 4) een studie naar het effect van voedingsinterventie
op de spierfunctie in een muismodel van PAH.
Hoofdstuk 2 vat de huidige inzichten omtrent de pathofysiologische mechanismen
in PAH samen. Het zoomt in op de rol van de voedingsstatus en deficiënties aan
micronutriënten op de bewegingsintolerantie en vermoeidheid van PAH-patiënten.
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Bovendien vat het de mogelijke voordelen van bewegings- en voedingsinterventies
samen. Ziekteprocessen die bijdragen aan vermoeidheid en bewegingsintolerantie
zijn een dysfunctionele rechter hartkamer, onstekingsprocessen, veranderingen in
de skeletspieren en in het energiemetabolisme. Typische voedingsdeficiënties in
PAH zijn bovendien gerelateerd aan veranderingen in het endotheel van de vaten.
Er is wetenschappelijk bewijs dat therapie in de vorm van sport en bewegen effectief
kan zijn om bewegingsintolerantie en vermoeidheid in PAH-patiënten tegen te
gaan. Wetenschappelijk bewijs over het effect van voedingsinterventies in PAH is
helaas beperkt. De beschikbare informatie, in combinatie met wetenschappelijke
kennis uit gerelateerde vakgebieden, laat wel zien dat voedingsinterventies om
deficiënties en metabole veranderingen te corrigeren kunnen bijdragen aan een
verminderde ziektelast.
In hoofdstuk 3 wordt de prevalentie van micronutriënten deficiënties in net
gediagnosticeerde en behandelde PAH- en CTEPH-patiënten beschreven en
correlaties tussen micronutriënten en klinische uitkomstmaten besproken.
Deficiënties in ijzer en vitamine D komen veel voor in zowel PAH als CTEPHpatiënten en zowel bij diagnose als na 1,5 jaar behandeling. In de net
gediagnosticeerde groep heeft 42% van de PAH en 21% van de CTEPH-patiënten
ijzer deficiëntie, vergeleken met 29% van de PAH-patiënten en 20% van de CTEPHpatiënten in de behandelde groep. Deficiëntie in vitamine D kwam in 42% van de
net gediagnosticeerde PAH-patiënten, in 71% van de net gediagnosticeerde CTEPHpatiënten, in 68% van de behandelde PAH-patiënten en in 70% van de behandelde
CTEPH-patiënten voor. Plasma niveaus van ijzer correleerden met de 6 minuten
looptest. Lage ijzerwaarden leken gerelateerd aan ontstekingsprocessen via
hepcidine waarden. Vitamine D waarden correleerden met geen enkele
uitkomstmaat in deze studie. Daarom is de relevantie van vitamine D deficiënties in
PAH- en CTEPH-patiënten onzeker. Verdere studies naar dit onderwerp zijn nodig.
De hoge prevalentie aan ijzer en vitamine D deficiëntie maakt wel duidelijk dat er
een noodzaak bestaat om deze waarden regelmatig te monitoren. Studies om het
effect en de veiligheid van supplementatie van ijzer en vitamine D in PAH en
CTEPH-patiënten zijn nodig.
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Hoofdstuk 4 behandelt de hypothese dat het gebruik van proton pomp inhibitoren
(PPIs) (die veelvuldig worden gebruikt door PAH-patiënten) kunnen bijdragen aan
een vermindering van de massa en functie van de spieren in chronisch zieken. PPIs
leiden tot een vermindering van de zuurtegraad van het maagdarmstelsel, waardoor
de absorptie van o.a. magnesium verminderd. Lage magnesium waarden zijn
geassocieerd met verminderde spierfunctie. Magnesium is nodig voor de activatie
van vitamine D. Lage vitamine D en magnesium waarden kunnen leiden tot
verhoogde ontstekingsprocessen, wat weer kan leiden tot verlies van spiermassa.
Bovendien is beschreven dat PPI gebruik de samenstelling van de darm microbiota
kan veranderen, wat ook weer tot verhoogde ontstekingsprocessen kan leiden. PPIs
worden echter vaak samen met ontstekingsremmers (NSAIDs) gegeven. Eventuele
ongewilde neveneffecten van PPI gebruik op de spieren in PAH-patiënten moet
verder bestudeerd worden.
Hoofdstuk 5 beschrijft het effect van een multi-target voedingsinterventie met extra
eiwit, leucine en de ontstekingsremmende componenten visolie en oligosacchariden
op pathologische veranderingen in het hart en de skeletspieren in een PAHmuismodel. PAH was geïntroduceerd in vrouwelijke C57/BL6 muizen door
wekelijkse injectie met monocrotaline (MCT) gedurende 8 weken. Een MCT groep
en de controle (sham) groep ontvingen een controlevoeding, terwijl een andere MCT
groep de isocalorische voedingsinterventie kreeg. De resultaten laten zien dat MCT
muizen een vergroot hart, een verdikte rechter hartkamer en fibrose ontwikkelden
en dat deze symptomen in MCT muizen die de voedingsinterventie kregen zich
minder ontwikkelden. Microarray en qRT-PCR analyse op de rechter hartkamer
bevestigden het omhoog reguleren van fibrotische signaalwegen. De dikte van
spiervezels van de tibialis anterior en extensor digitorum longes was verminderd in
MCT muizen, maar behouden in de MCT muizen die de voedingsinterventie kregen.
De bevindingen laten zien dat voedingsinterventie belangrijke pathofysiologische
veranderingen in een muismodel van PAH verminderden. Dit geeft een potentieel
aan voor voeding als toekomstige behandelingsmogelijkheid om functionele
vermindering van hart en spieren in PAH tegen te gaan.
De resultaten van dit proefschrift laten zien dat onstekingsprocessen een
terugkerende factor zijn in de pathofysiologie van PAH die niet alleen gerelateerd
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zijn aan de prognose van de patiënt, maar ook aan voedingsfactoren. Klinische
aanbevelingen en suggesties voor vervolgonderzoek staan beschreven in hoofdstuk
6. De toekomst zal het volledige potentiaal van voedingsinterventies om bestaande
behandelingsstrategieën voor PAH te complementeren nog moeten uitwijzen.
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