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Pulmonary arterial hypertension (PAH) is characterised by progressive obliteration of the pulmonary
vasculature, culminating in right-sided heart failure (HF). In recent years, studies have observed an
association between systemic metabolic dysfunction, PAH and right ventricular failure [1]. Patients with
PAH have an increased prevalence of obesity [2] and type 2 diabetes [3, 4]. Interestingly, abnormal
glucose metabolism is evident even in non-diabetic individuals with PAH [5-7], and serves as an
independent predictor of prognosis [8]. Right ventricular function is also associated with metabolic
syndrome [9, 10], and myocardial tissue in mouse models of PAH exhibit defects in fatty acid oxidation
associated with increased lipid deposition [11]. In addition, peroxisome proliferator-activated receptor-y
(PPARY), a master regulator of adipogenesis and glucose homeostasis, has been implicated in the pathogenesis
of vascular remodelling and subsequent development of PAH [12, 13]. PPARYy is also a downstream target of
bone morphogenic protein receptor 2 (BMPR2) [14]. BMPR2 mutations are seen in up to 80% of hereditary
PAH, and BMPR2 sporadic mutations occur in idiopathic PAH [15]. A rodent model of inducible BMPR2
overexpression develops insulin resistance preceding features of PAH [16]. Collectively, these observations
suggest that impaired glucose metabolism may be a causative factor in PAH. However, most of the clinical
data above is derived from cross-sectional studies with very limited metabolic outcomes.

In this issue of European Respiratory Journal, MEY et al. [17] utilised hyperglycaemic clamp methodology
and plasma metabolomics to further characterise metabolism in patients with idiopathic PAH (n=6)
compared to age-, sex- and BMI-matched controls (n=6). To perform the hyperglycaemic clamp, glucose
was infused at a variable rate to maintain continuous hyperglycaemia (180 mg-dL™"). Levels of insulin and
C-peptide were measured to quantify pancreatic B-cell function, while the rate of glucose infused was used
as a surrogate for insulin sensitivity. During the clamp, the authors found that peripheral insulin
concentrations were lower in subjects with PAH, which translated to a 92% increase in insulin sensitivity in
the PAH group. Hepatic insulin extraction (calculated as insulin/C-peptide molar ratio) was greater in PAH
than in controls. However, pancreatic B-cell insulin secretion, as assessed by C-peptide concentrations, was
similar between the two groups. In addition, PAH was associated with increased fatty acid oxidation
and ketogenesis, as evidenced by elevated acetylcarnitine and B-hydroxybutyrate (BOHB) levels. The
authors confirmed this metabolic shift using plasma metabolomics in a larger cohort of PAH patients.
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Interestingly, hepatic insulin extraction had a positive correlation while free fatty acids (FFA):BOHB ratio
had a negative correlation with greater 6-min walk distance. The investigators suggested that increased
hepatic insulin extraction mediates reduced insulin response to hyperglycaemia and may contribute to
impaired glucose tolerance in PAH. Also, they proposed that upregulated conversion of FFA to BOHB may
be a beneficial metabolic adaptation in PAH.

There are several novel findings to this study, which is the first to apply hyperglycaemic clamp
methodology to PAH. Given that PAH is associated with insulin resistance in other contexts [5-8], it is
surprising that PAH patients exhibited increased insulin sensitivity and hepatic insulin extraction. Upon
closer examination, however, other studies in PAH [7, 18] have also found decreased insulin
concentrations during oral glucose tolerance testing which indirectly suggests greater insulin sensitivity
(calculated by HOMA-IR). Hepatic insulin extraction is typically reduced in individuals with impaired
glucose tolerance, diabetes [19], and obesity [20], and contributes to the hyperinsulinaemia associated with
these pathological states. Thus, altered glucose metabolism in PAH may be distinct from the insulin
resistance seen in obesity and early type 2 diabetes.

There are several potential explanations for the metabolic changes described in this article. Insulin
concentrations are significantly influenced by first pass hepatic metabolism, in which approximately 50%
of secreted insulin is extracted. Generally, excess carbohydrate/energy intake reduces hepatic insulin
clearance while low carbohydrate/energy intake increases hepatic insulin clearance [21]. Increased hepatic
insulin clearance has also been described in catabolic states such as exercise [22] and weight loss [23].
During exercise, low insulin is thought to be physiologically important to enhance lipolysis and fat
utilisation in order to meet the energy demands of the exercising muscles. In this study and in previous
work by the same investigators [7], basal metabolic rate was elevated in PAH, perhaps due to chronically
increased cardiac workloads. Indeed, patients with reduced left ventricular ejection fraction manifest low
insulin concentrations and increased hepatic insulin clearance [24]. MELENOVSKY et al. [24] speculate that
low insulin and high glucagon levels facilitate myocardial utilisation of fatty acids and ketones. In support
of this, both animal and human studies demonstrate that ketone bodies are utilised as an alternative fuel
in HF [25, 26]. Hence, the low insulin, ketogenic state found in this PAH study bears a resemblance to
other energetically costly states such as exercise and HF.

There are limitations to this study, some of which were acknowledged by the authors. The insulin/
C-peptide ratio was used as an index of hepatic insulin extraction, but may over-simplify different
distribution kinetics and half-lives of C-peptide and insulin [27]. Next, the hyperglycaemic clamp is the
gold standard to assess pancreatic B-cell function, but is not optimal for measuring insulin sensitivity. The
latter is estimated by the M/I ratio (quantity of glucose metabolised per unit of plasma insulin) and does
not account for effects of hyperglycaemia itself on glucose uptake or inactive pro-insulin in the circulation [28].
Instead, the euglycaemic-hyperinsulinaemic clamp (infusing insulin while titrating glucose to normal
levels) is the more reliable method to assess insulin resistance. Regardless of technique, these methods can
only provide information about glucose homeostasis at the whole body level, and not in specific
compartments, such as the right ventricle or pulmonary vasculature. Finally, the study has a small sample
size with unclear generalisability to PAH or other forms of pulmonary hypertension.

We applaud the authors of this study for shedding new light on glucose and nutrient metabolism in PAH.
However, the role of metabolism in PAH is still in its infancy. A paramount question remains whether
these metabolic abnormalities are “the fire” (causes), “the smoke” (consequences), or mere spectators in
the PAH narrative. We should seek improved understanding of these metabolic shifts before therapies
targeting these pathways are investigated.

Contflict of interest: None declared.

Support statement: This work was supported by the National Institutes of Health (T32DK062707 to D. Duan),
American Heart Association (Postdoctoral Fellowship Award 20POST35210763 to C. Gu), National Institutes of Health
(ROIHL135483 to J.C. Jun). Funding information for this article has been deposited with the Crossref Funder Registry.

References

1 Assad TR, Hemnes AR. Metabolic dysfunction in pulmonary arterial hypertension. Curr Hypertens Rep 2015; 17: 20.

2 Burger C, Foreman A, Miller D, et al. Comparison of body habitus in patients with pulmonary arterial
hypertension enrolled in the registry to evaluate early and long-term PAH disease management with normative
values from the National Health and Nutrition Examination Survey. Mayo Clin Proc 2011; 86: 105-112.

3 Badesch DB, Raskob GE, Elliott CG, et al. Pulmonary arterial hypertension: baseline characteristics from the
REVEAL registry. Chest 2010; 137: 376-387.

4 Ling Y, Johnson MK, Kiely DG, et al. Changing demographics, epidemiology, and survival of incident pulmonary
arterial hypertension: results from the pulmonary hypertension registry of the United Kingdom and Ireland. Am J
Respir Crit Care Med 2012; 186: 790-796.

https://doi.org/10.1183/13993003.00447-2020 2


https://www.crossref.org/services/funder-registry/

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

26

27

28

PULMONARY HYPERTENSION AND BASIC SCIENCE | D. DUAN ET AL.

Zamanian RT, Hansmann G, Snook S, et al. Insulin resistance in pulmonary arterial hypertension. Eur Respir |
2009; 33: 318-324.

Pugh ME, Robbins IM, Rice TW, et al. Unrecognized glucose intolerance is common in pulmonary arterial
hypertension. ] Heart Lung Transplant 2011; 30: 904-911.

Heresi GA, Malin SK, Barnes JW, et al. Abnormal glucose metabolism and high-energy expenditure in idiopathic
pulmonary arterial hypertension. Ann Am Thorac Soc 2017; 14: 190-199.

Belly MJ, Tiede H, Morty RE, et al. HbAlc in pulmonary arterial hypertension: a marker of prognostic relevance?
J Heart Lung Transplant 2012; 31: 1109-1114.

Talati M, Hemnes A. Fatty acid metabolism in pulmonary arterial hypertension: role in right ventricular
dysfunction and hypertrophy. Pulm Circ 2015; 5: 269-278.

Tadic M, Ivanovic B, Grozdic 1. Metabolic syndrome impacts the right ventricle: true or false? Echocardiography
2011; 28: 530-538.

Hemnes AR, Brittain EL, Trammell AW, et al. Evidence for right ventricular lipotoxicity in heritable pulmonary
arterial hypertension. Am J Respir Crit Care Med 2014; 189: 325-334.

Ameshima S, Golpon H, Cool CD, et al. Peroxisome proliferator-activated receptor gamma (PPARY) expression is
decreased in pulmonary hypertension and affects endothelial cell growth. Circ Res 2003; 92: 1162-1169.
Hansmann G, Wagner RA, Schellong S, et al. Pulmonary arterial hypertension is linked to insulin resistance and
reversed by peroxisome proliferator-activated receptor-gamma activation. Circulation 2007; 115: 1275-1284.
Hansmann G, Zamanian RT. PPAR activation: a potential treatment for pulmonary hypertension. Sci Transl Med
2009; 1: 12ps14.

Austin ED, Loyd JE. The genetics of pulmonary arterial hypertension. Circ Res 2014; 115: 189-202.

West J, Niswender KD, Johnson JA, et al. A potential role for insulin resistance in experimental pulmonary
hypertension. Eur Respir ] 2013; 41: 861-871.

Mey JT, Hari A, Axelrod CL, et al. Lipids and ketones dominate metabolism at the expense of glucose control in
pulmonary arterial hypertension: a hyperglycaemic clamp and metabolomics study. Eur Respir J 2020; 55:
1901700.

Hemnes AR, Luther JM, Rhodes CJ, et al. Human PAH is characterized by a pattern of lipid-related insulin
resistance. JCI Insight 2019; 4: e123611.

Bonora E, Zavaroni I, Coscelli C, et al. Decreased hepatic insulin extraction in subjects with mild glucose
intolerance. Metab Clin Exp 1983; 32: 438-446.

Polonsky KS, Given BD, Hirsch L, et al. Quantitative study of insulin secretion and clearance in normal and obese
subjects. J Clin Invest 1988; 81: 435-441.

Bojsen-Moller KN, Lundsgaard A-M, Madsbad S, et al. Hepatic insulin clearance in regulation of systemic insulin
concentrations — role of carbohydrate and energy availability. Diabetes 2018; 67: 2129-2136.

Tuominen JA, Ebeling P, Koivisto VA. Exercise increases insulin clearance in healthy man and insulin-dependent
diabetes mellitus patients. Clin Physiol 1997; 17: 19-30.

Escobar O, Mizuma H, Sothern MS, et al. Hepatic insulin clearance increases after weight loss in obese children
and adolescents. Am J Med Sci 1999; 317: 282-286.

Melenovsky V, Benes ], Franekova J, et al. Glucose homeostasis, pancreatic endocrine function, and outcomes in
advanced heart failure. ] Am Hear Assoc 2017; 6: 1-11.

Aubert G, Martin OJ, Horton JL, et al. The failing heart relies on ketone bodies as a fuel. Circulation 2016; 133:
698-705.

Bedi Jr KC, Snyder NW, Brandimarto J, et al. Evidence for intramyocardial disruption of lipid metabolism and
increased myocardial ketone utilization in advanced human heart failure. Circulation 2016; 133: 706-716.
Polonsky KS, Rubenstein AH. C-peptide as a measure of the secretion and hepatic extraction of insulin. Pitfalls
and limitations. Diabetes 1984; 33: 486-494.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying insulin secretion and
resistance. Am ] Physiol 1979; 237: E214-E223.

https://doi.org/10.1183/13993003.00447-2020 3



	Altered metabolism in pulmonary hypertension: fuelling the fire or just smoke?
	References


