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Abstract

BACKGROUND—An elevated serum level of interleukin-6 (IL-6) in pulmonary arterial 

hypertension (PAH) patients results in a greater symptom burden and increased mortality; 

however, the mechanisms underlying these observations remain unclear. Because both pre-clinical 

and clinical data associate elevated IL-6 levels with impaired cardiac function, we hypothesized 

that the adverse effects of IL-6 in PAH result, in part, from right ventricular (RV) dysfunction.

METHODS—We analyzed the relationship between IL-6 and RV function in 40 patients with 

PAH identified in our institutional PAH registry. Serum IL-6 levels was quantified by enzyme-

linked immunoassay.

RESULTS—PAH patients had higher IL-6 levels than age- and gender-matched controls. 

Circulating IL-6 levels correlated inversely with echocardiography-based measures of RV function 

and RV–pulmonary artery (RV-PA) coupling. When dividing PAH patients by median IL-6 level, 

patients with higher IL-6 had significantly worse RV function (fractional area change [FAC] 23 

± 12% vs 38 ± 11%, tricuspid annular plane systolic excursion [TAPSE] 1.3 ± 0.3 cm vs 2.1 ± 0.5 

cm), impaired RV-PA coupling (0.6 ± 0.5%/mm Hg vs 0.9 ± 0.5%/mm Hg), higher right atrial 

pressure (13 ± 7 mm Hg vs 9 ± 5 mm Hg), reduced cardiac index (2.0 ± 0.5 liters/min/m2 vs 2.8 

± 1.0 liters/min/m2) and lower stroke volume (48 ± 20 ml vs 70 ± 28 ml). In contrast, the 

relationships between IL-6 and mean pulmonary artery pressure (mPAP), pulmonary vascular 

resistance (PVR) and pulmonary arterial compliance (PAC) were not significant. Finally, IL-6 was 

independently associated with RV function and RV-PA coupling after adjusting for static (PVR) 

and pulsatile (PAC) after-load on the RV.
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CONCLUSIONS—Serum IL-6 levels are independently associated with RV function and RV-PA 

coupling in PAH. Patients with higher IL-6 levels have more severe RV dysfunction and 

diminished RV-PA coupling despite a comparable severity of pulmonary vascular disease.
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Pulmonary arterial hypertension (PAH) has a substantial inflammatory phenotype 

characterized by accumulation of CD68+ macrophages in the pulmonary vasculature, 

decreased T-regulatory cells and dysregulation of natural killer cells.1 In some PAH patients, 

such as those with systemic lupus erythematosus, anti-inflammatory therapies can be 

extremely effective; however, none of the currently approved PAH-targeted therapies are 

primarily directed at inflammatory mechanisms.1 Thus, a better understanding of the role of 

inflammation in PAH pathogenesis may offer new biomarkers and therapeutic targets to 

assist in managing this devastating disease.

Levels of the inflammatory cytokine interleukin-6 (IL-6) are elevated in patients with 

PAH2,3 and animal models of PAH.4,5 High serum levels of IL-6 are associated with greater 

symptomatic burden6 and increased mortality in PAH3,7; however, a mechanistic 

understanding for the negative effects of IL-6 is not well defined. One possible reason for 

the adverse association between outcomes and IL-6 levels is its ability to promote adverse 

pulmonary vascular remodeling. This is suggested in pre-clinical data, as transgenic 

overexpression of IL-6 induces pulmonary vascular remodeling and elevates right ventricular 

(RV) pressures under normoxic conditions and causes an even more severe PH phenotype in 

hypoxic conditions.8 Conversely, knockout of IL-6 leads to partial protection against chronic 

hypoxia-induced pulmonary hypertension.9 Furthermore, transgenic overexpression of a 

mutant bone morphogenic protein receptor II (BMPRII) increases IL-6 levels in the lungs 

and renders mice susceptible to PAH.10 Finally, IL-6 reduces BMPRII protein levels through 

activation of a microRNA 17/92 cluster pathway.11 Although there are substantial data 

supporting a role for IL-6 in the pathogenesis of pulmonary vascular remodeling in animal 

models, the contribution of elevated IL-6 levels to pulmonary vascular disease severity in 

humans with PAH is not well established.

Interestingly, both pre-clinical and clinical data have also identified a link between IL-6 and 

cardiac dysfunction. IL-6 has an acute negative inotropic effect on isolated hamster and 

chicken left ventricular cardiomyocytes that is mediated by nitric oxide overproduction.12,13 

Furthermore, neonatal rat ventricular cardiomyocytes cultured in the presence of IL-6 have 

reduced sarcoplasmic reticulum Ca2+ ATPase (SERCA2a) mRNA and protein levels,14 

which may explain the impaired calcium-handling kinetics induced by IL-6 in isolated 

cardiomyocytes.13 Moreover, IL-6 knockout mice exhibit less pathologic left ventricular 

(LV) remodeling and have improved cardiac function in response to LV pressure overload 

when compared with control littermates.15 Like-wise, IL-6 knockout mice have shown less 

LV cardiac fibrosis and improved cardiac function in the streptozotocin-induced diabetic 

cardiomyopathy model.16
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An association between cardiac structure/function and IL-6 exists in clinical studies as well. 

IL-6 levels have a negative relationship with LV systolic function, as defined by cardiac 

magnetic resonance imaging, in asymptomatic patients in the Multi-Ethnic Study of 

Atherosclerosis (MESA).17 IL-6 levels are also related to functional impairment in patients 

with LV systolic heart failure.18 In addition, cardiac IL-6 mRNA levels are elevated in 

advanced heart failure patients undergoing cardiac transplantation and they correlate 

inversely with LV ejection fraction.19 Although less is known about the effects of IL-6 on 

the RV, IL-6 level was shown to be an independent predictor of RV dilation in the MESA-

RV study.20 Because of the substantial data connecting elevated IL-6 to cardiac dysfunction, 

it is possible that the increased mortality in PAH patients with elevated IL-6 is related to the 

adverse effects of IL-6 on RV function, which is the major determinant of long-term 

outcomes in these patients.21–25 Accordingly, in this study, we investigated the hypothesis 

that elevated IL-6 levels in patients with PAH are associated with RV dysfunction and 

impaired RV–pulmonary artery (RV-PA) coupling.

Methods

Study population

We studied patients in the Minnesota Pulmonary Hypertension Repository,26 which is a 

customized patient database that tracks clinical variables on every patient evaluated at the 

University of Minnesota Pulmonary Hypertension Clinic (March 2014 to present). Data are 

collected by chart review and entered using an internet-based electronic data capture system. 

Patients diagnosed before March 2014 were entered retrospectively. Informed consent was 

obtained before participation in the repository. The institutional review boards of the 

University of Minnesota approved the Minnesota Pulmonary Hypertension Repository.

For the current study, we identified 40 adult patients (≥18 years of age) with PAH in the 

Minnesota Pulmonary Hypertension Repository who had a right heart catheterization 

(RHC), a transthoracic echocardiogram (TTE) and a serum IL-6 level obtained within an 8-

month time interval. We included both prevalent and incident World Health Organization 

(WHO) Group 1 PAH. In brief, the diagnosis of PAH required the following: (1) a mean 

pulmonary artery pressure (mPAP) ≥25 mm Hg at rest, with a pulmonary capillary wedge 

pressure of ≤15 mm Hg and a pulmonary vascular resistance (PVR) > 3 Wood units; and (2) 

the exclusion of other WHO categories of pulmonary hypertension by clinical evaluation and 

objective tests. Patients were excluded if they had obstructive lung disease diagnosed by 

reduced expiratory flow rates (forced expiratory volume in 1 second [FEV1] / forced vital 

capacity [FVC] < 75% predicted); more than mild interstitial lung disease, as diagnosed by 

reduced total lung capacity < 60%; and chronic pulmonary thromboembolic disease, as 

diagnosed by high or intermediate probability ventilation perfusion scan or evidence of a 

pulmonary embolism on a contrast-enhanced chest CT or pulmonary angiogram. Patients 

with pulmonary venous hypertension, defined as mPAP ≥25 mm Hg at rest with a 

pulmonary capillary wedge pressure of > 15 mm Hg, were also excluded.

We included 10 age- and gender-matched healthy volunteers with no significant medical 

history as control subjects. The mean age of the control group was 49 ± 6 years. There were 

8 females and 2 males.
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Measurement of IL-6 levels

Serum IL-6 levels were measured from the peripheral venous blood samples drawn during 

routine clinic visits for patients with PAH. Peripheral venous blood samples were collected, 

kept on ice, and centrifuged within 30 minutes. IL-6 levels were measured using a 

Quantikine enzyme-linked immunoassay kit (R&D Systems, Minneapolis, MN) at the 

University of Minnesota Cytokine Reference Laboratory. Control and PAH serum samples 

were stored at −80°C until analyzed. The normal reference range for this assay is < 3.01 

pg/ml.

Hemodynamics

Patients being evaluated for pulmonary hypertension underwent right heart catheterization at 

the cardiac catheterization laboratory of the University of Minnesota. The following 

hemodynamic variables were recorded at the end of expiration: right atrial pressure; right 

ventricular systolic and end-diastolic pressures; systolic pulmonary artery pressure; diastolic 

pulmonary artery pressure; mPAP; and pulmonary capillary wedge pressure, as an average 

of 3 beats. Cardiac output was determined as the mean of 3 measurements with the 

thermodilution method or indirect Fick method based on total body oxygen consumption 

estimated via the formula of LaFarge and Miettinen.27 PVR was calculated in Wood units as 

the difference between mPAP measure and pulmonary capillary wedge pressure divided by 

the cardiac output. Stroke volume (in mm) was calculated from cardiac output and heart rate. 

Pulmonary arterial compliance (PAC, in mm per mm Hg) was calculated as the ratio of 

stroke volume to the pulmonary artery pulse pressure, as described elsewhere.28 All 

formulas used are presented in Table S1 in the Supplementary Material (available online at 

www.jhltonline.org).

RV function and RV-PA coupling as determined by echocardiography

RV function was quantified using RV fractional area change (RVFAC) and/or tricuspid 

annular plane systolic excursion (TAPSE), as recommended by the American Society of 

Echocar-diography.29 If patients did not have M-mode of the tricuspid annulus recorded on 

their clinical echocardiogram, we measured TAPSE by post-processing of 2-dimensional 

apical 4-chamber images using a Java-based imaging software program (Image J, National 

Institutes of Health, Bethesda, MD), as described elsewhere.30 RV-PA coupling was 

estimated non-invasively by the following formulas (also described elsewhere): RV FAC/

mPAP from RHC data (%/mm Hg) or TAPSE/mPAP from RHC data (mm/mm Hg),26,31–35 

which were shown to correlate with invasively measured RV-PA coupling.35

Statistical analysis

Categorical data are expressed as frequency and proportion, whereas continuous data are 

presented as mean ± standard deviation. Unpaired t-tests were used to compare means of 2 

groups with continuous variables with equivalent variance. If there was unequal variance, as 

determined by F-test, we used the Mann–Whitney U-test (serum IL-6 level, TAPSE, RV-PA 

coupling defined as TAPSE/mPAP, cardiac index, N-terminal pro–brain natriuretic peptide). 

Either the chi-square or Fisher’s exact test was performed to compare proportions for 

categorical variables. Pearson's correlation was used to compare IL-6 with invasively 
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measured hemodynamic parameters and RV function as determined by echocardiography. 

We performed multivariable analysis of 2 models of RV function as defined by RVFAC and 

TAPSE, and 2 models of RV-PA coupling adjusting for PVR, PAC and the natural 

logarithmic transformation of serum IL-6. Because of the small sample size, we did not 

include other variables in the model. Statistical analyses were performed using GRAPHPAD 

PRISM version 7.01 (GraphPad, Inc., La Jolla, CA) and STATA version 10 (StataCorp LP, 

College Station, TX). p < 0.05 was considered statistically significant.

Results

We identified 40 patients with PAH who had an echocardio-gram, serum IL-6 level 

assessment and right heart catheterization all performed within 8 months of each other. Table 

1 presents the clinical characteristics of the study group. The mean age of the study group 

was 55 ± 12 years and there were 35 females (88%). Eighteen patients had connective tissue 

disease–associated PAH (45%), 11 being scleroder-ma-associated PAH; 14 patients had 

idiopathic PAH (35%), 3 had portopulmonary hypertension (7.5%), 2 had drug-induced PAH 

(5%), 1 had human immunodeficiency virus–associated PAH (2.5%), 1 had congenital heart 

disease–associated PAH (2.5%) and 1 had pulmonary veno-occlusive disease (2.5%). There 

were 21 incident cases (52.5%) and 19 prevalent cases (47.5%). The cohort had severe PAH 

with mPAP 48 ± 13 mm Hg, PVR 10 ± 5 Wood units and PAC 1.6 ± 1.0 ml/mm Hg. The 

mean RVFAC and TAPSE were 31 ± 14% and 1.7 ± 0.6 cm, respectively.

The mean IL-6 level was 15.1 ± 21.1 pg/ml, which was significantly elevated when 

compared with 10 age- and gender-matched controls (2.5 ± 5.5 pg/ml, p < 0.0001; Figure 1). 

The median time interval between serum IL-6 measurement and echocardiogram was 1 day 

(interquartile range 12 to 19 days) and between serum IL-6 measurement and right heart 

catheterization was 0 day (interquartile range 11 to 18 days). The median time interval 

between echocardiogram and right heart catheterization was 1 day (interquartile range −29 

days to 25 days).

Relationship between serum IL-6 levels and RV function

Next, we analyzed the relationship between serum IL-6 levels and RV function and RV-PA 

coupling. There were negative logarithmic associations between serum IL-6 and RVFAC (r = 

−0.67), TAPSE (r = −0.61), RV-PA coupling defined as RVFAC/mPAP (r = −0.53) and 

TAPSE/mPAP (r = −0.48) (Figure 2A–D). Because the relationships between RV function 

and serum IL-6 were logarithmic, we used the natural logarithmic transformation of serum 

IL-6 with each measure of RV function to define statistical significance. The natural 

logarithmic transformation of IL-6 was significantly associated RVFAC (r = −0.64, p < 

0.0001), TAPSE (r = −0.55, p = 0.0002), RVFAC/mPAP (r = −0.50, p = 0.001) and TAPSE/

mPAP (r = −0.44, p = 0.005). Importantly, the relationships between IL-6 and RV function 

remained significant, even after excluding patients with connective tissue disease (refer to 

Figure S1A–D in the Supplementary Material available online at www.jhltonline.org). 

Finally, although only available for 8 patients, there was a similar negative logarithmic 

relationship between RV ejection fraction on cardiac MRI and serum IL-6 (r = −0.66) (see 

Figure S2 online).

Prins et al. Page 5

J Heart Lung Transplant. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.jhltonline.org


To further define the association between IL-6 and RV function in PAH, we separated our 

cohort by median IL-6 level and compared echocardiography- and hemodynamics-based 

assessments of RV function. Higher levels of IL-6 were associated with reduced RV 

function, as defined by RVFAC (23 ± 12% vs 38 ± 11%, p = 0.0004) (Figure 3A) and 

TAPSE (1.3 ± 0.3 cm vs 2.1 ± 0.5 cm, p < 0.0001) (Figure 3B). RV-PA coupling defined as 

RVFAC/mPAP (0.6 ± 0.5%/mm Hg vs 0.9 ± 0.5%/mm Hg, p = 0.03) and TAPSE/mPAP (0.3 

± 0.1 mm/mm Hg vs 0.5±0.3 mm/mm Hg, p = 0.003) was reduced in the patients with 

higher IL-6 (Figure 3C and D). Moreover, hemodynamics-based analysis of RV function 

revealed higher RA pressure (13 ± 7 mm Hg vs 9 ± 5 mm Hg, p = 0.04), lower cardiac index 

(2.0 ± 0.5 liters/min/m2 vs 2.8 ± 1.0 liters/min/m2, p = 0.002) and lower stroke volume (48 

± 20 ml vs 70 ± 28 ml, p = 0.009) (Figure 3E–G) in the group with higher IL-6 levels. There 

was a trend for higher N-terminal pro–brain natriuretic peptide (NT pro-BNP) in patients 

with higher IL-6, but this was not statistically significant (Table 1). Finally, patients with 

higher IL-6 had a greater frequency of WHO Functional Class IV (Table 1).

Relationship between serum IL-6 levels and pulmonary vascular disease

Next, we investigated whether serum levels of IL-6 were associated with invasively 

measured hemodynamics markers of pulmonary vascular disease. There were no significant 

relationships between serum IL-6 levels and mPAP (r = 0.09, p = 0.60), PVR (r = 0.11, p = 

0.50) and PAC (r = −0.31, p = 0.07) (Figure 4A–C). Furthermore, there was no difference in 

the severity of pulmonary vascular disease when patients were separated by median serum 

IL-6 levels: mPAP (low 47 ± 15 mm Hg, high 49 ± 12; p = 0.69); PVR (low 9 ± 5 Wood 

units, high 12 ± 5 Wood units; p = 0.20); and PAC (low 1.9 ± 1.0 ml/mm Hg, high 1.4 ± 0.9 

ml/mm Hg; p = 0.09) (Figure 4D–F). Thus, it appears that differences in pulmonary vascular 

disease did not explain the reduced RV function in patients with high serum IL-6 levels.

Relationship between serum IL-6 levels and RV function after adjusting for RV after-load

Finally, to determine whether serum IL-6 levels were related to RV function, independent of 

pulmonary vascular disease (RV after load), we performed multivariable analysis using 

PVR, PAC and IL-6 levels as the independent variables and RV function and RV-PA 

coupling as the dependent variables. The relationships between IL-6 and RVFAC, TAPSE 

and RV-PA coupling (RVFAC/mPAP) remained significant after adjusting for the static 

(PVR) and pulsatile after-loads (PAC) of the RV (Figure 5A–C). The second model of RV-

PA coupling (TAPSE/mPAP) did not show a significant relationship with IL-6 after adjusting 

for PVR and PAC.

Discussion

Our results identify a novel relationship between IL-6 and RV function in PAH. We have 

shown that patients with higher levels of serum IL-6 have worse RV function and RV-PA 

coupling despite having similar pulmonary vascular disease severity. Although pre-clinical 

data suggest IL-6 has a role in pulmonary vascular remodeling, we did not observe 

statistically significant relationships between serum IL-6 levels and mPAP, PVR and PAC. 

Finally, we found that serum IL-6 levels were independently associated with RV function 

and RV-PA coupling after adjusting for the static and pulsatile after-loads of the RV. Taken 
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together, these data document a novel relationship between RV function and serum IL-6 

levels in PAH, and may provide mechanistic insight into the increased mortality associated 

with elevated IL-6 in PAH.

Two reports have shown that elevated serum IL-6 levels are associated with poor survival in 

PAH. However, neither study evaluated RV function and its relationship to serum IL-6 

levels. When we used the logarithmic equation derived from the relationship between 

TAPSE and serum IL-6 in our cohort to predict RV function based on serum IL-6 levels that 

were associated with increased mortality in earlier work by Heresi et al7 and Soon et al,3 we 

encountered some notable findings. First, using the results of Heresi et al, with the serum 

IL-6 level of 4.7 pg/ml associated with reduced survival,7 our equation predicts a TAPSE of 

1.79 cm. Forfia et al showed that a TAPSE of < 1.8 cm was associated with increased 

mortality in PAH.24 Then, if we predict TAPSE based on a serum IL-6 level of 15.19 pg/ml, 

which Soon et al showed portended the worst prognosis in their PAH population,3 then the 

TAPSE value is 1.5 cm. Interestingly, a TAPSE of 1.5 cm identified patients with the highest 

mortality rates in the study by Ghio et al.36 In summary, using our data to predict TAPSE, 

based on serum IL-6 levels that are associated with reduced survival in previous published 

reports, led to TAPSE values that could also predict high mortality rates.

Although our results are hypothesis-generating, more studies are required to understand how 

IL-6 impacts RV function in PAH. Although IL-6 acutely reduces contractility in healthy 

isolated cardiomyocytes, the mechanism proposed is excessive nitric oxide production.12,13 

This is counterintuitive to RV dysfunction in PAH, as increasing nitric oxide improves 

contractility of hypertrophied RV myocardium.37 Another possible explanation for the 

negative inotropic activity of IL-6 pertains to its ability to negatively regulate SERCA2a.14 

This would fit well with previously published data, as SERCA2a levels are reduced in the 

RV of human PAH patients38 and animal models of PAH.39–41 Future studies investigating 

the link between IL-6 and SERCA2a could provide further insight into our findings.

Although our data suggest a role of IL-6 in RV dysfunction, there are many questions that 

remain unanswered. First, our data cannot definitively determine whether elevated serum 

IL-6 levels are the cause or the consequence of RV dysfunction. It is possible that serum 

IL-6 levels rise because of RV dysfunction. However, the direct negative inotropic effect of 

IL-6 on cardiomyocytes in in-vitro experiments12,13 and attenuation of pressure-overload–

induced LV hypertrophy fibrosis and dysfunction in IL-6 knockout mice15 together strongly 

suggest a causal relationship between elevated IL-6 levels and RV dysfunction. Previous 

work has shown that, as the degree of chronic kidney disease worsens, average serum IL-6 

levels increase.42 Thus, another possibility is that renal dysfunction is responsible for 

increased IL-6 in some PAH patients. However, serum creatinine in patients with lower IL-6 

levels in our cohort was significantly higher than in patients with higher IL-6 (see Table 1). 

Therefore, it is less likely that renal dysfunction contributes to elevated IL-6 levels in PAH. 

Furthermore, the cell type responsible for secreting excess levels of IL-6 in PAH remains 

undefined, but an intriguing possibility is that cardiomyocytes and/or cardiac fibroblasts 

release IL-6. This was supported by findings showing that IL-6 mRNA levels were elevated 

in failing RV and LV samples from cardiac transplant patients.19,43 Likewise, isolated rat 
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cardiomyocytes exposed to hypoxia release IL-6.44 More studies are required to elucidate 

the role of IL-6 in RV dysfunction in PAH.

We did not observe a relationship between serum IL-6 levels and pulmonary vascular 

disease, which is consistent with the results of Soon et al, as they also did not observe 

significant relationships between serum IL-6 levels and invasively measured parameters of 

pulmonary vascular disease.3 Although our group and Soon et al did not identify 

relationships between pulmonary vascular disease severity and serum IL-6 levels in PAH 

patients,3 there are plausible mechanisms to explain these observations. First, it is possible 

that IL-6 has a more important role in initiation of pulmonary vascular remodeling, but not 

in continued progression of disease phenotype. This is supported by the fact that, although 

IL-6 knockout mice are resistant to pulmonary vascular remodeling in hypoxia, they still 

show signs of pulmonary hypertension.9 Furthermore, IL-6 overexpression induces only 

mild pulmonary hypertension but requires hypoxia to promote a more severe form.8 Yet 

another explanation could be that there are species-specific differences in pulmonary 

vascular disease remodeling when comparing rodent models with humans. Certainly, this 

was observed previously, as mice with human mutations of BMPRII exhibited a less severe 

phenotype than some human patients harboring the same mutations.45 It is possible that 

serum levels of IL-6 do not accurately reflect IL-6 levels in the lung.

In conclusion, an ongoing clinical trial may provide insight into how inhibition of the IL-6 

pathway can either reverse or stop the progression of RV dysfunction in PAH. The 

TRANSFORM-UK investigation (NCT02676947) will use tocilizumab, a monoclonal 

antibody to the IL-6 receptor, to treat PAH. The primary outcome in this study will be 

change in PVR, but one of the secondary outcomes is change in NT pro-BNP, which could 

provide indirect information about alterations in RV function. Thus, this trial will provide 

further insights into the role of IL-6 in PAH pathogenesis and could shed more light on the 

effects of IL-6 on RV dysfunction in PAH.

Limitations

Our study was limited by its retrospective nature and single-center design as well as the 

small number of patients. However, this is a hypothesis-generating study and a larger, 

confirmatory investigation is still needed. We were also limited by using both incident and 

prevalent cases, and thus the different treatment approaches implemented in our patients 

may have altered RV function.

Conclusions

We have shown that elevated serum IL-6 levels in patients with PAH are associated with RV 

dysfunction independent of the burden of pulmonary vascular disease. The association 

between serum IL-6 levels and RV dysfunction may explain the increased mortality among 

PAH patients with elevated serum IL-6 levels compared to those with normal serum IL-6 

levels.
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Figure 1. 
IL-6 is elevated in PAH patients. Serum IL-6 in 10 control (2.5 ± 5.5 pg/ml) and 40 PAH 

patients (15.1 ± 21.1 pg/ml) (p < 0.0001). *p < 0.05, as determined by Mann–Whitney U-

test.
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Figure 2. 
Negative logarithmic relationships between IL-6 and RV function and RV-PA coupling in 

PAH. Negative logarithmic relationships between IL-6 and RVFAC (r = −0.67) (A), TAPSE 

(r = 0.61) (B), RV-PA coupling Model 1 (RVFAC/mPAP) (r = −0.53) (C) and RV-PA 

coupling Model 2 (TAPSE/mPAP) (r = −0.48) (D) exist in PAH patients. The natural 

logarithmic transformation of IL-6 is significantly associated with RVFAC (r = −0.64, p < 

0.0001), TAPSE (r = −0.55, p = 0.0002), RVFAC/mPAP (r = −0.50, p = 0.001) and TAPSE/

mPAP (r = −0.44, p = 0.005).
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Figure 3. 
Elevated levels of IL-6 are associated with worse RV function in PAH. Patients with higher 

levels of IL-6 have significantly reduced RVFAC (23 ± 12% vs 38 ± 11%, p = 0.0004) (A), 

lower TAPSE (1.3 ± 0.3 cm vs 2.1 ± 0.5 cm, p < 0.0001) (B) and worse RV-PA coupling, as 

defined by RVFAC/mPAP (0.6 ± 0.5%/mm Hg vs 0.9 ± 0.5%/mm Hg, p = 0.03) (C) and 

TAPSE/mPAP (0.3 ± 0.1 mm/mm Hg vs 0.5 ± 0.3 mm/mm Hg, p = 0.003) (D) when 

compared to patients with lower IL-6 levels. High IL-6 is associated with higher RA 

pressure (13 ± 7 mm Hg vs 9 ± 5 mm Hg, p = 0.04) (E), lower cardiac index (2.0 ± 0.5 

liters/min/m2 vs 2.8 ± 1.0 liters/min/m2, p = 0.002) (F) and lower stroke volume (48 ± 20 ml 
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vs 70 ± 28 ml, p = 0.009) (G). *p < 0.05, as determined by Student’s t-test or Mann–

Whitney U-test.
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Figure 4. 
IL-6 is not associated with invasively measured markers of pulmonary vascular disease and 

patients with higher levels of IL-6 do not have more severe pulmonary vascular disease. 

Correlational analysis of IL-6 with mPAP (r = 0.09, p = 0.60) (A), PVR (r = 0.11, p = 0.50) 

(B), and pulmonary arterial compliance (r = −0.31, p = 0.07) (C). There are no significant 

relationships between IL-6 and measures of pulmonary vascular disease. When patients are 

separated by mean IL-6 level, there are no significant differences in mPAP (low 47 ± 15 mm 

Hg, high 49 ± 12 mm Hg; p = 0.69) (D), PVR (low 9 ± 5 Wood units, high 12 ± 5 Wood 

units; p = 0.20) (E) and compliance (low 1.9 ± 1.0 ml/mm Hg, high 1.4 ± 0.9 ml/mm Hg; p 
= 0.09) (F) on comparison of the 2 groups.
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Figure 5. 
Forest plot of multivariable analysis of RV function and RV-PA coupling in PAH. IL-6 is 

significantly associated with RVFAC (A) and TAPSE (B), and RV-PA coupling (RVFAC/

mPAP) (C) after adjusting for PVR and PAC. The p-values are shown on Forest plots. Data 

are presented as coefficient with 95% confidence interval.
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Table 1

Characteristics of PAH Study Cohort

Characteristics
Total cohort
@(n = 40)

Low IL-6 group
@(n = 20)

High IL-6 group
@(n = 20)

p-value for
@high vs low

Age (years) 55 ± 12 56 ± 12 55 ± 12 0.69

Female gender 35 (88%) 18 (90%) 17 (85%) 0.64

Incident 21 (52%) 13 (65%) 8 (40%) 0.12

Prevalent 19 (48%) 7 (35%) 12 (60%) 0.12

Etiology

  CTD-associated PAH 18 (45%) 8 (40%) 10 (50%) 0.54

  Idiopathic PAH 14 (35%) 9 (45%) 5 (25%) 0.19

  Portopulmonary PAH 3 (7.5%) 2 (10%) 1 (5%) 0.56

  Drug-induced PAH 2 (5%) 0 (0%) 2 (10%) 0.15

  Congenital heart disease 1 (2.5%) 0 (0%) 1 (5%) 0.32

  HIV-associated PAH 1 (2.5%) 0 (0%) 1 (5%) 0.32

  PVOD 1 (2.5%) 1 (5%) 0 (0%) 0.32

WHO functional class 0.035

  1 2 (5%) 2 (10%) 0 (0%)

  2 4 (10%) 1 (5%) 3 (15%)

  3 24 (60%) 13 (65%) 11 (55%)

  4 5 (12.5%) 0 (0%) 5 (25%)

  Not available 5 (12.5%) 4 (20%) 1 (5%)

Creatinine (mg/dl) 0.92 ± 0.29 1.04 ± 0.3 0.82 ± 0.25 0.015

NT pro-BNP (pg/ml) 2,217 ± 2,129 1,560 ± 1,287 2,264 ± 2,694 0.24

Serum IL-6 (pg/ml) 15.1 ± 21.1 3.1 ± 1.4 27.1 ± 24.7 < 0.0001

PAH-specific therapy at time of IL-6 measurement

  Endothelin receptor antagonists 14 (35%) 9 (45%) 5 (25%) 0.19

  Phosphodisterase-5 inhibitor 22 (55%) 10 (50%) 12 (60%) 0.54

  Parental prostacylin 9 (23%) 4 (20%) 5 (25%) 0.71

  Inhaled prostacylin 3 (8%) 1 (5%) 2 (10%) 0.88

  Treatment-naive 11 (27.5%) 5 (25%) 6 (30%) 0.73

  Monotherapy 14 (35%) 8 (40%) 6 (30%) 0.52

  Dual therapy 11 (27.5%) 5 (25%) 6 (30%) 0.73

  Triple therapy 4 (10%) 2 (10%) 2 (10%) 0.99

Data presented as mean ± standard deviation.

CTD, connective tissue disease; HIV, human immunodeficiency virus; IL-6, interleukin-6; PAH, pulmonary arterial hypertension; NT pro-BNP, N-
terminal pro–brain natriuretic protein; PVOD, pulmonary veno-occlusive disease; WHO, World Health Organization.
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