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Results 

Baseline characterisƟcs 

Baseline charactĞƌŝƐƟĐs of all treatment-naïve paƟents with PH, PAH, CTEPH and 

healthy controls are summarized in Table 1. PH paƟents were older and had higher 

heart rate and body mass index than controls. PAH pĂƟĞŶƚƐ showed more severe 

PH than CTEPH�ƉĂƟĞŶƚƐ.  

Levels of plasma melatonin 

The median of plasma melatonin levels in healthy volunteers was 108.0 [102.3-

115.2] pM, and was higher in treatment-naïve paƟents with PH (118.7 [108.2-139.9] 

pM, p<0.001), PAH (118.9 [109.3-147.7] pM, p<0.001) and CTEPH (118.3 [106.8-

130.1] pM, p<0.01) (Figure 2A). There was no diīerence between paƟĞŶƚs with PAH 

and CTEPH, and there was no sex diīerence in either controls or PH pĂƟĞŶƚƐ͘ In 

addŝƟon, melatonin levels were signiĮcantly higher in rat models of monocrotaline-

induced PH (148.0 [107.2-175.8] pM, p<0.01) and Sugen-hypoxia-induced PH 

(103.2 [83.7-118.1] pM, p<0.01) as compared to the control rats (67.6 [58.9-80.2] 

pM), and were similar in these two rat models of PH (Figure 2B). 

CorrelaƟon analysis 

In healthy controls, there was a weak associaƟon between melatonin and heart 

rate (r=-0.229, p=0.016), while no associaƟon was seen between melatonin with 

age, sex, body mass index, and systolic blood pressure (Table 2).  

In pĂƟĞŶƚs with PH, melatonin was inversely associated with age (r=-0.368, p=0.003) 

and systolic blood pressure (r=-0.251, p=0.046). In the subgroup of pĂƟĞŶƚs with 

PAH, melatonin was also inversely associated with age (r=-0.334, p=0.029). No 

associaƟon was seen in paƟĞnts with CTEPH (Table 2). 

Neither in pĂƟĞnts with PH, nor in the subgroups of PAH and CTEPH, a correlaƟon 

was found between melatonin levels with hemodynamic parameters (mean 
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pulmonary artery pressure, pulmonary artery wedge pressure, pulmonary vascular 

resistance), or cardiac funĐƟon (cardiac output, cardiac index), or 6-minute walk 

distance, or NYHA class (Table 2).  

Figure 2. Plasma melatonin was increased in paƟents with PH and 2 rat models of 

PH. A. Plasma melatonin was higher in pĂƟĞŶƚƐ with PH (n=64), PAH (n=43), and 
CTEPH (n=21) than in healthy controls (n=111), but there was no diīerence 
between PAH and CTEPH. B. Plasma melatonin was higher in 2 rat models of PH, 
including MCT-induced PH (n=11) and SuHx-induced PH (n=10), than in controls 
(n=9), but there was no diīĞƌĞŶĐĞ between these two models. DistribuƟon of the 
Data was shown in violin plot with median and interquĂƌƟle range. *p<0.05, 
**p<0.01, ***p<0.001, Mann-Whitney Test or Kruskal-Wallis Test. PH: pulmonary 
hypertension; PAH: pulmonary arterial hypertension; CTEPH: chronic 
thromboembolic PH; MCT: monocrotaline; SuHx: sugen and hypoxia.  
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Figure 3. DistribuƟon of mortality in PAH paƟents. PAH pĂƟĞŶts were strĂƟĮed 
into 4 groups according to the quĂƌƟles of melatonin levels in PAH pĂƟĞŶts: 1st 
quĂƌƟle (Q1) < 109.3 pM, 2nd quĂƌƟle (Q2) from 109.3 to 118.9 pM, 3rd quĂƌƟle 
(Q3) from 118.9 to 147.7 pM, 4th quĂƌƟle (Q4) > 147.7 pM. The mortality per 
quĂƌƟle was 55% (6/11), 10% (1/10), 0% (0/12), and 40% (4/10), respecƟvely. 
 

LogisƟc regression analyses 

LogisƟc regression analysis was performed to determine whether plasma 

melatonin was an independent risk factor that disƟnguishes PH pĂƟĞŶƚƐ and 

controls. Before correcƟon for the potenƟĂů confounders (age, sex, and body mass 

index), plasma melatonin dŝƐƟnguished PH pĂƟĞŶts and controls (Odds RaƟo 1.035 

[95% CI 1.016-1.055], p<0.001), PAH paƟents and controls (1.036 [1.016-1.057], 

p<0.001), CTEPH paƟĞŶƚƐ and controls (1.029 [1.002-1.056], p=0.033) (Table 3).  

 

However, ĂŌĞƌ correĐƟon for potĞŶƟĂl confounders, although plasma melatonin 

ƐƟůů dŝƐƟnguished PH paƟents and controls, it only disƟnguished PAH paƟĞŶƚs but 

not CTEPH paƟents and controls (Table 3). These results indicated that plasma 

melatonin was only an independent risk factor for PAH, but not for CTEPH.  
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Table 3. LogisƟc regression analyses of plasma melatonin to disƟnguish PH 

paƟents and controls 

  
Univariate 

MulƟvariate # 

  Model 1 Model 2 

PH 

Odds RaƟŽ 
(95% CI) 

1.035 
(1.016-1.055) 

1.048 
(1.022-1.074) 

1.047 
(1.021-1.073) 

p value <0.001 <0.001 <0.001 

PAH 

Odds RaƟŽ 
(95% CI) 

1.036 
(1.016-1.057) 

1.049 
(1.022-1.076) 

1.047 
(1.020-1.074) 

p value <0.001 <0.001 <0.001 

CTEPH 

Odds RaƟŽ 
(95% CI) 

1.029 
(1.002-1.056) 

1.025 
(0.989-1.062) 

1.025 
(0.988-1.062) 

p value 0.033 0.175 0.184 

#Model 1 was adjusted for age, and body mass index. Model 2 was adjusted for age, 
sex, and body mass index. CI: conĮdĞŶƟĂl interval. 
 

Long-term survival analyses  

During a median follow-up Ɵme of 42 [32-58] month, 12 paƟents (11 PAH�ƉĂƟĞnts 

and 1 CTEPH pĂƟĞnt) reached the primary endpoint, the observed mortality rates 

were 19% (12/64) in the total PH group, 26% (11/43) in the PAH subgroup, and 5% 

(1/21) in the CTEPH subgroup. Long-term survival analysis was performed in the 

PAH subgroup. 

 

InŝƟĂlly, PAH paƟĞŶƚs were sƚƌĂƟĮĞd into 4 groups according to the quĂƌƟles of 

melatonin levels in the PAH subgroup: 1st quĂƌƟle group < 109.3 pM, 2nd quarƟle 

group from 109.3 to 118.9 pM, 3rd quĂƌƟle group from 118.9 to 147.7 pM, 4th 

quĂƌƟle group > 147.7 pM. The mortality in these 4 groups was 55% (6/11), 10% 

(1/10), 0% (0/12), and 40% (4/10), respecƟvely (Figure 3). No signiĮcant diīerence 

in the cumulaƟve survival curves was observed among the 4 groups (Log-rank for 

trend, p=0.478, Figure 4A).  
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Table 4. Cox proporƟonal hazard analysis for death per pM increase in melatonin 

in PAH paƟents 

Analyses Hazard rĂƟŽ (95% CI) p value 

Univariate 0.995 (0.981-1.010) 0.546 
MulƟvariate #   
Model 1 0.999 (0.992-1.005) 0.653 
Model 2 0.998 (0.992-1.005) 0.645 

#Model 1 was adjusted for age, and body mass index. Model 2 was adjusted for age, 
sex, and body mass index. CI: conĮdĞŶƟĂl interval. 

 
However, pĂƟĞŶƚƐ in the 1st quĂƌƟle and 4th quarƟle seemed to have worse 

survival than others. Therefore, when considering melatonin levels as conƟnuous 

variable in Cox proporƟonal hazard analysis, there was no signiĮcant associaƟon 

between melatonin levels and mortality, without or with adjustment for age, sex, 

and body mass index (Table 4). 

 

We next undertook a two-group survival comparison based on quĂƌƟles of 

melatonin levels. Kaplan-Meier analyses showed that there was no signiĮcant 

diīerence between paƟents with melatonin levels below and above the median 

(118.9 pM, Log-rank, p=0.449, Figure 4B). Similarly, ƐƚƌĂƟĨying paƟents based on 

melatonin levels within and below the 4th quĂƌƟle showed no signiĮcant diīerence 

in survival (147.7 pM, Log-rank, p=0.122, Figure 4C).  

 

However, paƟents with melatonin levels in the 1st quĂƌƟle (<109.3 pM) had worse 

long-term cumulaƟve survival than paƟents with melatonin levels in the 2nd to 4th 

quĂƌƟle (mean survival Ɵmes were 46 (95% CI: 30-65) versus 68 (95% CI: 58-77) 

months, Log-rank, p=0.026, Figure 4D) with a signiĮcant increased hazard raƟo of 

3.529 (95% CI: 1.070-11.642, p=0.038). 
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Figure 4. Long-term survival analysis in PAH paƟents. (A). There were no 
signiĮcant diīerences in long-term survival among 4 quĂƌƟles straƟĮĞd according 
to melatonin levels in PAH pĂƟĞŶƚƐ͘ (B). There was no signiĮcant diīerence in long-
term survival between paƟents with melatonin levels below and above the median 
(118.9 pM). (C). There was no signiĮcant diīerence in long-term survival between 
pĂƟĞŶƚƐ with melatonin levels in the 4th quĂƌƟle (>147.7 pM) as compared to 
quĂƌƟle 1-3. (D). PĂƟĞŶts with melatonin levels in the 1st quĂƌƟle (<109.3 pM) had 
a worse long-term cumuůĂƟǀe survival than pĂƟĞnts with melatonin levels in 
quĂƌƟle 2-4. 
 
 
When looking at baseline characterisƟcs, paƟĞŶƚs with melatonin levels in the 1st 

quĂƌƟle were older than others, while there was no diīerence in other 

characterisƟĐs (Table 5). AŌer adjustment for age in the Cox model, the hazard 

ƌĂƟon of death for low melatonin levels was no longer signiĮcant (1.607 (95% CI: 
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0.402-6.426), p=0.503)), suggesƟng that age may be a potĞŶƟĂl confounding 

variable. 

 

Table 5. Baseline characterisƟcs in PAH paƟents in and above the 1st quarƟůe of 

melatonin levels. 

 PAH  

 
1st QuarƟůe  
(<109.3 pM) 

QuarƟůe 2–4 
( ) 

p value 

N 11 32  

EƟŽlogy    

- iPAH, n (%) 
- CTD-PAH, n (%) 
- CHD-PAH, n (%) 

2 (18) 
6 (55) 
3 (27) 

13 (41) 
11 (34) 
8 (25) 

 

Age, years old 66 ± 13 48 ± 15 0.001 

Sex, women n (%) 9 (82) 20 (63) 0.213 

sBP, mmHg 127 ± 14 123 ± 15 0.466 

HR, beats·min  79 ± 14 80 ± 18 0.965 

BMI, kg·m  27.1 ± 3.9 26.9 ± 6.8 0.931 

mPAP, mmHg 47.0 (38.0–65.0) 45.0 (38.8–65.3) 0.880 

PAWP, mmHg 13.0 ± 5.1 11.3 ± 5.8 0.450 

PVR, WU 5.7 (3.9–11.4) 8.8 (5.6–11.9) 0.316 

CO, L·min  5.1 ± 1.5 4.8 ± 1.4 0.522 

CI, L·min ·m  2.9 ± 0.8 2.6 ± 0.7 0.312 

6MWD, m 271 ± 148 356 ± 152 0.172 

NYHA, 1:2:3:4 0:4:4:3 1:9:19:3 0.359 

Data are presented as mean ± SD, median (IQR), or numbers (percentages). Student 
T Test, Mann-Whitney U Test, or chi-square test were used for comparison. PAH: 
pulmonary arterial hypertension; iPAH: idiopathic PAH; CTD-PAH: connecƟve 
ƟƐƐƵĞƐ diseases associated PAH; CHD-PAH: congenital heart diseases associated 
PAH; sBP: systolic blood pressure; HR: heart rate; BMI: body mass index; mPAP: 
mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; 
PVR: pulmonary vascular resistance; CO: cardiac output; CI: cardiac index; 6MWD: 
6-min walking distance; NYHA: New York Heart AssociĂƟon classiĮcaƟon. 
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Figure 3. De novo pathway and salvage pathway of NAD+ and link to tryptophan 
melatonin pathway. NAD+ is synthesized through the de novo pathway and the 

salvage pathway in mammalian cells. Tryptophan is metabolized through the 

serotonin and melatonin. NAMPT: nicotinamide phosphoribosyl-transferase. NRK: 

nicotinamide riboside kinases. NMNAT: nicotinamide mononucleotide 

adenylyltransferase. TPH: tryptophan hydroxylase. (Adjusted from Chapter 4). 

There is emerging evidence showing that IL6 signaling plays a primary role in the 

inflammatory of PAH. Elevated circulating levels of the pro-inflammatory cytokines 

IL6, have been observed in PAH patients in many studies.48, 49 Furthermore, it was 

found that the membrane bound IL6R was upregulated in the smooth muscle layer 

of remodeled vessels in human IPAH and experimental PAH animal models, which 

suggests a key role for IL6R in pulmonary arterial smooth muscle cell activation in 

PAH.50, 51 In Chapter 4, we stimulated the main three types of human lung cells 

;ŵŝĐƌŽǀĂƐĐƵůĂƌ�ĞŶĚŽƚŚĞůŝĂů�ĐĞůůƐ͕�ƐŵŽŽƚŚ�ŵƵƐĐůĞ�ĐĞůůƐ͕�ĨŝďƌŽďůĂƐƚͿ�ǁŝƚŚ�ƚŚĞ�/>ϲͬ/>ϲZɲ͕�

which mimicked the KP metabolites profile observed in the PAH patients, 

ƐƵŐŐĞƐƚŝŶŐ� ƚŚĂƚ� ĂĐƚŝǀĂƚĞĚ� ƚŚĞ� />ϲͬ/>ϲZɲ� ƐŝŐŶĂůŝŶŐ� ĐŽŶƚƌŝďƵƚĞƐ� ƚŽ� <W� ĂĐƚŝǀĂƚŝŽŶ� ŝŶ�

PAH patients. Conversely, stimulation with IL6 alone failed to induce such a similar 

KP profile, and the other cytokines (TNF-ɲ�ĂŶĚ�d'&ɴͿ�ĂŶĚ�ŚǇƉŽǆŝĂ�ĂůƐŽ� ĨĂŝůĞĚ�ƚŽ�

induce the KP profile like the PAH patients.  
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�ĞƐƉŝƚĞ�ƚŚŝƐ�ŝŶĚŝĐĂƚŝŽŶ�ƚŚĂƚ�/>ϲͬ/>ϲZɲ�ƐŝŐŶĂůŝŶŐ�ŝƐ�ŝŶǀŽlved in pathogenesis of PAH, 

a phase 2 study using tocilizumab, an IL6R antagonist in PAH (TRANSFORM-UK), 

altering IL-6 signaling, demonstrated no overall change in pulmonary vascular 

resistance (PVR) through 6 months of therapy.52, 53 Unfortunately, RV function was 

not assessed in TRANSFORM-UK. It is possible that the IL6R antagonist alone is 

insufficient to normalize the KP metabolites and hence does not change the PVR 

ĂŶĚ�ƚŚĂƚ�ŝŶŚŝďŝƚŝŽŶ�ŽĨ�/>ϲZɲ is also necessary. Further studies into the role of KP 

metabolites as biomarkers for PH and ŝŶƚŽ�ŝŶŚŝďŝƚŝŽŶ�ŽĨ�/>ϲͬ/>ϲZɲ are required to 

establish whether this pathway may provide a new therapeutic target in future 

studies.  

Melatonin and pulmonary hypertension 

Tryptophan is metabolized not only along with the kynurenine pathway but also 

via the serotonin pathway (Figure 3), resulting in serotonin and melatonin. 

Balancing both pathways has been proposed to be critical for maintaining the 

healthy homeostasis.54 Melatonin is the end product of tryptophan metabolism of 

the serotonin pathway. Melatonin is a neurohormone with mutiple effects on 

vascular function and antioxidant functions.55 Melatonin treatment reduces 

ŝŶĨůĂŵŵĂƚŽƌǇ� ĨĂĐƚŽƌƐ͕� ŝŶĐůƵĚŝŶŐ� dE&ɲ͕� />ϭɴ� ĂŶĚ� />ϲ56, 57 and prevents hypoxia 

induced PH in rat models by inhibiting inflammation and proliferation in pulmonary 

arterial smooth muscle cells.58, 59 In 2015, Maarman et al treated rats with 

monocrotaline (MCT) induced PAH with melatonin showed a reduction in RV 

hypertrophy, improved RV function and reduced plasma oxidative stress.60 In 2020, 

Zhang et al verified that melatonin treatment attenuated inflammation-associated 

vascular disorders by directly improving endothelial leakage and decreasing the 

formation of inflammatory in macrophages in PAH mice models.61  
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In the same study, they used a small cohort (15 PAH patients and 8 healthy control) 

to show that melatonin was lower in the serum of PAH patients.61 Contrary to this 

previous study, in Chapter 5, we demonstrated that the plasma melatonin levels in 

our cohort were higher in treatment-naïve PH patients compared with healthy 

controls, which was supported by the findings in two experimental PH animal 

models. One potential explanation may be that we used a more sensitive method 

of determination, liquid chromatography-tandem mass spectrometry (LC-MS/MS), 

compared with Dr. �ŚĂŶŐ͛Ɛ� ƐƚƵĚǇ�ǁŚŝĐŚ used enzyme-immunoassay.58  Another 

important reason is that blood sampling in our study was conducted during a longer 

period (between 9.00 and 18.00), while Dr. �ŚĂŶŐ͛Ɛ� ƐƚƵĚǇ� ƚŽŽŬ� ďůŽŽĚ� ƐĂŵƉůĞƐ�

between 9.00 and 10.00.  As melatonin shows a diurnal rhythm, being low in the 

morning, this may explain why our measurements resulted in higher melatonin 

levels. Despite the overall higher melatonin levels in PAH patients, in Chapter 5, we 

demonstrated that the lower levels of melatonin were predictive of worse long-

term survival within our PAH cohort (43 PAH patients and 21 CTEPH patients VS 111 

healthy controls). We therefore concluded that the higher levels of melatonin 

observed in treatment-naïve PAH patients which were shown in Chapter 5, and 

were also observed in some types of hypertension,62 may be a counter-regulatory 

adaptive mechanism against-sympathetic overstimulation and/or endothelial 

dysfunction. Taken together, melatonin is certainly of interest in PAH studies but 

further clarification about its therapeutic potential is needed. 

Future studies 

Future studies, to fully understand the melatonin function in PAH, and to examine 

the differences in male and female PAH patients, are required as there are sex 

differences in the circadian rhythm regulation and up to four-fold more women 

than men develop PAH.58, 63 Since melatonin has a strong diurnal rhythm,  a full 
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24hours profile of melatonin in PAH patients and healthy controls should be 

measured.  

Given the complex multifactorial nature of PH, no single animal model can per se 

completely mimic the human condition.64 In Chapter 4, we indeed found that the 

KP metabolites in 2 PH animal models were different from PAH patients. For 

translational studies, animal models that exhibit a KP metabolite profile similar to 

human PAH patients should be identified and used. In such a model a preclinical 

trial could be performed to evaluate the effect of inhibition of the de novo NAD+ 

synthesis through the KP. 

3. Future perspectives

For the treatment of PH, the options are still limited to the pulmonary vascular

vasodilator therapies but these do not reverse the vascular remodeling. Changes in

pulmonary vascular stiffness are now recognized as early drivers of pulmonary

vascular remodeling, which occurs both in the proximal and distal pulmonary

arteries. Mechanotransduction pathways have been demonstrated to play crucial

roles in vascular pathogenesis.65 The mechanosensors and mechanotransduction

responsible for this vascular stiffening process have become increasingly well-

recognized.66 In the future, more efforts should be directed towards further

investigate the regulatory mechanisms of this vascular stiffening early process, and

corresponding research and discovery of novel targets on mechanotransduction

signaling as potential therapeutics is warranted.

Animal models play a critical role in studying the mechanotransduction pathways 

as well as investigating new therapeutic targets in PH. In PAH, pulmonary vascular 

remodeling is typically found at branching points where disturbed flow or altered 

shear stress occurs.67 The altered shear stress leading to vascular remodeling may 
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also show in the animal models. However, the classic PH animal models like chronic 

hypoxia models and monocrotaline (MCT)-induced PH rodent models, are 

associated with a less severe response in the worsening of hemodynamics and are 

lack of typical complex vascular neointimal lesions.67, 68 The large animal models 

seem to have a special interest since they more closely resemble humans and allow 

the identification of biomarkers (e.g., circulating biomarkers in the blood, 

hemodynamic biomarkers or ECG traits) to facilitate early detection of disease 

and/or disease progression.69-71 Besides, large animal models enable clinically 

applicable interventions, including catheter-based approaches, which give us more 

insight into the mechanotransduction pathways involved in vascular remodeling.69 

Given the complex multifactorial nature of PH, no single animal model can 

completely mimic the human condition.64 Taken together, due to inherent 

limitations of currently available animal models, it is recommended to develop 

large animal models of PH and to test interventions in different animal models, 

which may further help us to translate the new therapies into the clinical setting. 

Biomarkers are useful tools in PH, providing crucial information regarding risk 

assessment, response to therapy, and prognosis.72 The ideal biomarkers should 

have the following characteristics: high sensitivity and specificity, reproducibility, 

and easy to measure and capable of monitoring the course of PAH and its response 

to therapy,73, 74 A variety of biomarkers have been explored in PAH, but only the 

brain natriuretic peptide (BNP) and the N-terminal fragment (NT) of pro-BNP (NT-

proBNP) biomarkers are recommended by current guidelines for risk stratification 

and assessing response to treatment.75, 76 PAH is a highly complex multifactorial 

disease, which involves many different pathogenic mechanisms.77 Nevertheless, 

most studies only focused on a single biomarker, even though there is increasing 

evidence that a multiple biomarker approach could be more appropriate to obtain 

as much information as possible on the stage of disease and prognosis.77, 78 Thus, 
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using a multi-biomarker approach can contribute to better risk stratification in PH 

and should be further investigated in larger studies with the use of continuous 

levels in a multivariable analysis.79 
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