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BACKGROUND. Pulmonary arterial hypertension (PAH) is a deadly disease of the small pulmonary vasculature with an
increased prevalence of insulin resistance (IR). Insulin regulates both glucose and lipid homeostasis. We sought to
quantify glucose- and lipid-related IR in human PAH, testing the hypothesis that lipoprotein indices are more sensitive
indices of IR in PAH.

METHODS. Oral glucose tolerance testing in PAH patients and triglyceride-matched (TG-matched) controls and
proteomic, metabolomics, and lipoprotein analyses were performed in PAH and controls. Results were validated in an
external cohort and in explanted human PAH lungs.

RESULTS. PAH patients were similarly glucose intolerant or IR by glucose homeostasis metrics compared with control
patients when matched for the metabolic syndrome. Using the insulin-sensitive lipoprotein index, TG/HDL ratio, PAH
patients were more commonly IR than controls. Proteomic and metabolomic analysis demonstrated separation between
PAH and controls, driven by differences in lipid species. We observed a significant increase in long-chain acylcarnitines,
phosphatidylcholines, insulin metabolism–related proteins, and in oxidized LDL receptor 1 (OLR1) in PAH plasma in both
a discovery and validation cohort. PAH patients had higher lipoprotein axis–related IR and lipoprotein-based inflammation
scores compared with controls. PAH patient […]
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Introduction
Pulmonary arterial hypertension (PAH) is a life-limiting condition characterized by progressive vascular 
obliteration leading to right heart failure and ultimately death. Recent research has highlighted altered 
cellular and systemic metabolism as a key feature promoting pulmonary vascular disease and right heart 

BACKGROUND. Pulmonary arterial hypertension (PAH) is a deadly disease of the small pulmonary 
vasculature with an increased prevalence of insulin resistance (IR). Insulin regulates both glucose 
and lipid homeostasis. We sought to quantify glucose- and lipid-related IR in human PAH, testing 
the hypothesis that lipoprotein indices are more sensitive indices of IR in PAH.

METHODS. Oral glucose tolerance testing in PAH patients and triglyceride-matched (TG-matched) 
controls and proteomic, metabolomics, and lipoprotein analyses were performed in PAH and 
controls. Results were validated in an external cohort and in explanted human PAH lungs.

RESULTS. PAH patients were similarly glucose intolerant or IR by glucose homeostasis metrics 
compared with control patients when matched for the metabolic syndrome. Using the insulin-
sensitive lipoprotein index, TG/HDL ratio, PAH patients were more commonly IR than controls. 
Proteomic and metabolomic analysis demonstrated separation between PAH and controls, driven 
by differences in lipid species. We observed a significant increase in long-chain acylcarnitines, 
phosphatidylcholines, insulin metabolism–related proteins, and in oxidized LDL receptor 1 (OLR1) 
in PAH plasma in both a discovery and validation cohort. PAH patients had higher lipoprotein 
axis–related IR and lipoprotein-based inflammation scores compared with controls. PAH patient 
lung tissue showed enhanced OLR1 immunostaining within plexiform lesions and oxidized LDL 
accumulation within macrophages.

CONCLUSIONS. IR in PAH is characterized by alterations in lipid and lipoprotein homeostasis axes, 
manifest by elevated TG/HDL ratio, and elevated circulating medium- and long-chain acylcarnitines 
and lipoproteins. Oxidized LDL and its receptor OLR1 may play a role in a proinflammatory 
phenotype in PAH.
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failure in PAH (1–7). Diabetes mellitus and insulin resistance (IR) in PAH appear to be unrelated to obesity, 
suggesting a potential causal contribution (4, 7). Despite this recognition, little is known about the detailed 
metabolic characteristics of  PAH, particularly its associations with altered lipid metabolism. We sought to 
extend our understanding of  the pathophysiology of  PAH by testing the hypothesis that defects in lipid and 
lipoprotein metabolism more sensitively define IR in PAH.

In rodent models and cell culture, PAH is associated with reduced mitochondrial function character-
ized by increased glycolysis and decreased fatty acid oxidation (2, 8, 9). Mitochondrial dysfunction, in mul-
tiple models, is a key driver of  cell and tissue inflammation, and ultimately IR. Insulin-stimulated metab-
olism and signaling are evolutionarily conserved pathways involved in numerous homeostatic processes. 
Insulin action is fundamental in lipid and lipoprotein homeostasis by action in adipose tissue and the liver. 
IR increases lipolysis, and free fatty acid (FFA) delivery to the liver, where FFAs are cleared, reesterified, 
packaged on nascent apo-B particles, and secreted from the liver as very low-density lipoprotein (VLDL). 
Interactions of  VLDL with cholesterol ester transfer protein lead to small, dense, oxidized LDL particles, 
dysfunctional and rapidly cleared HDL particles, and ultimately lower HDL cholesterol. Thus, lipoprotein 
IR is indicated by elevated VLDL (triglyceride)/HDL cholesterol ratio. IR is increasingly implicated in 
PAH; several rodent models of  IR such as the ApoE–/– mouse have pulmonary hypertension (10–12) and 
IR is an early feature of  a transgenic rodent model of  heritable PAH with BMPR2 mutation (13, 14). In 
addition to atherogenic dyslipidemia, IR in the lipid axis is characterized by abnormal skeletal muscle lipid 
deposition (15–17). Increased cardiac and peripheral muscle lipid deposition are common in PAH (5, 18), 
but aside from reduced HDL (19), little is known about how IR impacts lipid and lipoprotein homeostasis 
in human patients with PAH. Further, whether this altered lipoprotein axis may reflect underlying PAH 
pathobiology or contribute to a proinflammatory lipoprotein vasculopathy is unknown.

Thus, we sought to fully define IR in humans with PAH, testing the hypothesis that defects in lipid 
metabolism related to IR would more sensitively define PAH than alterations in glucose homeostasis and 
may have pulmonary vascular effects. In order to rigorously control for metabolic background, we per-
formed oral glucose tolerance testing (OGTT) in PAH patients and controls that were matched by plasma 
triglyceride (TG). In addition, we sought to more deeply define lipid dysregulation in PAH using metabolo-
mics, lipidomics, and proteomics in human PAH patients. Our findings were validated in both an external 
cohort of  PAH patients and controls and also in lung tissue of  PAH patients and controls.

Table 1. Participants in OGTT studies

PAH (n = 10) Controls (n = 30) P value 
Age (years) 44.7 (8.9) 43.8 (9.1) 0.77
Sex (M/F) 5/5 15/15 1
BMI (kg/m2) 30.5 (4.5) 31.7 (3.4) 0.4
Functional class (n)
     I/II 6
     III/IV 4
6-Minute walk distance (m) 383.6 (153.9)
Duration of disease (years) 5.6 (4.6)
Brain natriuretic peptide (pg/ml) 122 (148.7)
Therapy (n)
     ERA 5
     PDE5I 7
     Prostaglandin 6
Hemodynamics
     Right atrial pressure (mmHg) 7.6 (6.6)
     Mean pulmonary arterial pressure (mmHg) 53.4 (7.4)
     Pulmonary artery wedge pressure (mmHg) 10.7 (5.2)
     Pulmonary vascular resistance (Wood units) 11.6 (4.1)
     Cardiac index (l/min/m2) 2.3 (0.6)

Data are shown as mean (SD). ERA, endothelin receptor antagonist; PDE5I, phosphodiesterase type 5 inhibitor.
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Results
OGTT. If  IR in PAH is more accurately characterized by lipid dysregulation than glucose abnormali-
ties, then matching PAH and controls by plasma TGs would be expected to show relatively less IR by 
glucose metrics in PAH and controls but more lipid-related abnormalities. Therefore, to differentiate 
from background obesity-related metabolic syndrome, we matched controls by age, sex, BMI, and 
fasting plasma TGs. Ten patients with either heritable PAH (HPAH) or idiopathic PAH (IPAH) (50% 
women, age 45 ± 9 years, BMI 31 ± 5) and no known diagnosis of  diabetes mellitus underwent OGTT 
and were compared with 30 matched controls (Table 1). The PAH cohort had advanced disease with 
more than half  on prostaglandin therapy and a mean disease duration of  5.6 ± 4.6 years. All PAH 
patients had fasting blood glucose below 125 mg/dl. Glycosylated hemoglobin and fasting lipid pro-
files were similar in the 2 groups (Table 2).

PAH patients had lower baseline plasma glucose and insulin levels compared with controls (P < 0.05 
for both, Figure 1A). Further, the area under the curve for insulin was higher in controls than PAH patients 
(P < 0.05, Figure 1B), while the area under the curve for glucose was similar, suggesting that for a given glu-
cose concentration, PAH patients were secreting less insulin and were more insulin sensitive. The Matsuda 
index was elevated in PAH patients, also consistent with less IR and lower baseline HOMA-IR (homeostat-
ic model assessment–insulin resistance) in PAH patients compared with controls matched by TGs (Figure 
1B, P = 0.002). When we performed a similar analysis, only matching controls by age, sex, and BMI, the 
data were similar (Supplemental Table 1 and Supplemental Figure 1).

Using plasma glucose greater than 140 mg/dl at 2 hours to define impaired glucose tolerance, 
there was no difference in the prevalence of  impaired glucose tolerance between PAH and controls 
(Figure 2, P = 0.11). Using a HOMA-IR definition of  IR of  greater than 2.60 (20), the control cohort 
had a higher prevalence of  IR (P = 0.02). Neither of  these metrics correlated to BMI in PAH patients 
(Supplemental Table 2).

In the general population, IR can also be characterized by alterations in plasma lipid concentrations, 
including the fasting TG/HDL ratio (4, 21). Elevation in FFAs and plasma lipids (5) is an important 
feature of  metabolic defects in PAH. Using a TG/HDL ratio greater than 3.0 (22), 9 out of  10 patients 
met this lipid-based definition of  IR (Supplemental Table 2 and Figure 2), compared with 17 out of  30 
in the control population (P = 0.01), thereby demonstrating that PAH patients are more insulin sensitive 
than controls when assessed by glucose homeostatic metrics, while lipid-related IR was more common 
in PAH patients than controls. This may not represent functional tissue-level insulin resistance, but 
rather reflect a tendency to elaborate more adipose FFA and generate elevated VLDL concentrations at 
the lower ambient insulin concentrations.

Plasma proteomic and metabolomic analysis. We next sought to perform a detailed characterization of  
metabolic changes associated with PAH using both plasma proteomics and metabolomics. We performed 
an aptamer-based proteomic assay to measure abundance of  1,139 proteins in our fasting plasma from 
PAH patients and controls (Figure 3 and Supplemental Table 3). By principal component analysis, PAH 
patients and controls were broadly separated by their plasma proteome (Figure 3A). We examined 40 dif-
ferent metabolic pathway proteins for differential expression between PAH and control and found that 11 
were different, at P < 0.05 by unpaired t test (FDR = 2, Figure 3B). These differentially expressed proteins 

Table 2. Baseline labs

PAH Patients (n = 10) Controls (n = 30) P value
Fasting glucose (mg/dl) 80.4 (17.6) 95.4 (7.1) 0.02
Fasting insulin (microunit/ml) 8.14 (5.0) 20.3 (10.4) <0.001
Glycosylated hemoglobin (%) 5.4 (0.6) 5.29 (0.52)A 0.64
Cholesterol (mg/dl) 171 (59) 180 (23) 0.62
LDL-C (mg/dl) 108 (47) 114 (23) 0.61
HDL (mg/dl) 36.3 (10.0) 41.3 (7.0) 0.12
Triglycerides (mg/dl) 136 (30) 128 (34) 0.38
Hematocrit (%) 41.7 (7.3) 41.8 (2.4) 0.7

Data are presented as mean (SD). An = 18.
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showed significant differences in insulin signaling (IGFBP6, IGF2R, IGFBP7, IGFBP2, pRKAA1, and 
ANGPTL4) and lipid signaling and transport (OLR1, APOA1, and CD36).

We also performed an unbiased analysis of  169 plasma metabolites using a mass-spectrosco-
py-based metabolomics assay on fasting plasma as above. We first performed a hierarchical clustering 
analysis focused on lipid metabolites (Figure 4A) and demonstrated that there was general separation 
in these 169 metabolites between PAH and control subjects. When we focused on those 44 metabolites 
that were significantly different after multiple comparison adjustment between PAH and control sub-
jects, we found that the primary differences were lower abundance of  phosphatidylcholine species, a 
major source of  endothelial arachidonic acid (23), and higher abundance of  medium- and long-chain 
acylcarnitines such that PAH patients had significantly higher palmitoylcarnitine (C16), octadecenoyl-
carnitine (C18:1), and octadecadienoylcarnitine (C18:2) (Figure 4B and Table 3; P = 0.001 for all). In 
total, 6 out of  10 of  the most abundant lipid metabolites in the PAH cohort were long-chain acylcarni-
tines, while only 1 out of  10 was related to amino acid metabolism (glutamate) and none in glycolysis 
or glucose oxidation pathways.

To strengthen our proteomics and metabolomics findings, we validated our data in a large inter-
national external cohort that had previously performed metabolomics and proteomics on a similar 
platform as our own samples (Hammersmith Campus, Imperial College) (24, 25). We found excellent 
agreement between the 2 cohorts (Vanderbilt University Medical Center and Hammersmith), with 

Figure 1. Oral glucose tolerance testing in PAH and controls. Results of oral glucose tolerance testing in PAH patients (n = 10) and age-, sex-, BMI-, and 
triglyceride-matched controls (n = 30). (A) Plasma glucose and insulin measured at 30-minute intervals in both groups. Both plasma glucose and insulin 
were lower at baseline compared with control in PAH patients. Mean ± SD presented. (B) Markers of insulin sensitivity show greater insulin sensitivity 
in PAH patients compared with controls and lower secretion of insulin in PAH compared with controls after the same glucose load. Data are presented 
as dot plots with central lines referring to mean and error bars SD. *P < 0.05 by Wilcoxon’s test. AUC, area under the curve; ISI, insulin-sensitivity index; 
HOMA-IR, homeostatic model assessment–insulin resistance; DI-OGTT, disposition index–oral glucose tolerance test.
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all selected metabolites highly significantly different in the Hammersmith cohort (Figure 5A, P < 
0.0001). Our proteomics data were similarly replicated in the Hammersmith cohort (Figure 5B, P < 
0.05 for all proteins).

Dyslipidemia in PAH. Dyslipidemia in IR states is also characterized by elevations in apolipopro-
tein B–containing lipoproteins, i.e., VLDL and depressed levels of  HDL cholesterol (26). As our data 
demonstrated an increase in the TG/HDL ratio, we performed a more nuanced examination of  lipo-
protein profile in patients with PAH. We performed a detailed analysis of  VLDL, chylomicron, LDL, 
and HDL particle concentrations in our fasting plasma cohort and also calculated a lipoprotein-based 
IR score and inflammation score (Table 4 and Figure 5, C and D). We found significant elevation in 
total VLDL and chylomicron particles (P = 0.03) driven by elevation in large VLDL and chylomicron 
particles (P = 0.03). Small LDL particles (P = 0.04), total TGs (P = 0.03) and VLDL and chylomicron 
calculated TGs (P = 0.02) were enriched in PAH versus controls. Alternatively, total HDL was strongly 
reduced in PAH versus controls (P < 0.001) and this was due to reductions in medium HDL particles 
(P = 0.01). These alterations in PAH patients closely resemble well-described dyslipidemia of  IR in nor-
mal and obese cohorts (26, 27) and were associated with significant elevation in plasma lipoprotein IR 
score (LPIRS) (28–30) (Figure 5C; 32.3 ± 17.9 vs. 47.5 ± 13.4, P = 0.03) as well as a lipoprotein-based 
inflammation score (Figure 5D; 366.6 ± 59.7 vs. 420.8 ± 75.5, P = 0.02). In comparing the 9 PAH 
patients with an elevated LPIRS versus the 12 patients without, there were no significant differences in 
sex (Supplemental Table 4); however, patients with elevated LPIRS were younger (42.8 ± 7.8 vs. 53.3 
± 13.5 years, P = 0.04). Baseline pulmonary vascular resistance correlated weakly with LPIRS (Supple-
mental Figure 2; r = 0.42, P = 0.05), suggesting possible relevance to pulmonary vascular pathobiology.

Pulmonary vascular effects of  proinflammatory lipid signaling. We next sought to determine the poten-
tial pulmonary vascular consequences of  IR-associated dyslipidemia and elevated proinflammatory 
lipoproteins in PAH patients. Long-chain acylcarnitines are elevated in the PAH cohort in our unbi-
ased analysis in discovery and replication cohorts. Long-chain fatty acids may predispose LDL parti-
cles to oxidation (31), which renders the lipoprotein proinflammatory and leads to its uptake by endo-
thelial and other cells via oxidized LDL receptor 1 (OLR1). Our proteomic analysis identified OLR1 

Figure 2. Prevalence of glucose intolerance and insulin resistance by glucose-based and lipid-based metrics in PAH 
and controls. Frequency of impaired glucose tolerance was similar in PAH and controls (5 out of 10 PAH and 7 out of 30 
controls, P = 0.11). Using a HOMA-IR ≥2.4 as a marker of IR, 4 out of 10 PAH patients were IR and 21 out of 30 controls 
were IR (*P < 0.05); 9 out of 10 PAH patients had elevated TG/HDL ratios, consistent with IR, while 17 out of 30 controls 
had IR with this lipid-based metric (*P = 0.01). TG/HDL, triglyceride/high density lipoprotein ratio; HOMA-IR, homeo-
static marker assessment-IR. n = 10 PAH, 30 controls. Wilcoxon’s test used for all comparisons.
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elevation in PAH patients. To test the hypothesis that proinflammatory lipoproteins in the circulation 
might contribute to pulmonary vascular pathology, we performed immunohistochemistry in explant-
ed lungs from PAH patients and failed donors as controls. We found increased OLR1 in and around 
pulmonary vessels, especially in pulmonary artery smooth muscle cells and endothelial cells in PAH 
compared with controls (P < 0.05, Figure 6A). Because OLR1 promotes uptake of  oxidized LDL, a 
proinflammatory mediator in the systemic circulation (32), we next stained for oxidized LDL. We 
found that oxidized LDL was present in the perivascular spaces of  PAH patients, but not controls (Fig-
ure 6B) and that oxidized LDL colocalized with CD68, a macrophage marker. These data demonstrate 
upregulation of  oxidized LDL receptor, oxidized LDL itself  and accumulation within macrophages, 
which have been linked extensively to a proinflammatory pulmonary vascular axis (33).

Discussion
In this series of  experiments, we sought to fully define metabolic dysregulation in humans with PAH 
and explore the potential pathologic consequences of  IR in PAH, testing the hypothesis that defects in 
lipid metabolism related to IR would more sensitively define PAH than alterations in glucose homeosta-
sis. In order to test this hypothesis, we first performed OGTT in PAH and control patients matched for 
TGs as a way to control for presence of  metabolic disease and hold constant one of  the major variables 
regulated by insulin, plasma TG concentration. PAH patients did not display enhanced insulin secretion 
after a glucose load when compared with controls with similar burden of  metabolic disease. Despite this 
matching, PAH patients had a higher TG/HDL ratio, indicating fundamental alterations in lipoprotein 
metabolism and suggesting IR in this axis. Further, the findings were similar when controls were not 
matched by plasma TG. We further explored IR characterized by lipid changes using unbiased proteomic 
and metabolomic analyses that confirmed overrepresentation of  lipid metabolic changes, in particular 
long- and medium-chain acylcarnitines and these findings were strongly and consistently validated in the 
Hammersmith cohort. Lipoprotein profiling demonstrated that a lipid profile that is more common in IR 
than in control populations was present in PAH, particularly enhanced VLDL concentrations in PAH, 
which is a hallmark of  IR (29). To determine if  there may be pulmonary vascular implications for our 
plasma findings, in particular related to synthesis and metabolism of  proinflammatory oxidized LDL, 

Figure 3. Proteomic analysis of PAH patients and controls shows broad separation and increased lipid metabolic proteins, reduced insulin signaling 
proteins. We measured abundance of more than 1,100 proteins in the fasting plasma of PAH patients and age-, sex-, and BMI-matched controls. (A) 
By principal component analysis there was general separation of PAH patients compared with controls using abundance of proteins. (B) We focused 
on differentially expressed proteins associated with glucose and lipid metabolism. We found a general decrease in proteins associated with glucose 
homeostasis and increase in lipid metabolic proteins such as OLR1. n = 27 PAH, 30 controls.
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we performed immunohistochemistry that demonstrated increased staining for OLR1 and oxidized LDL 
itself  in human PAH plexiform lesions. Further, oxidized LDL was enriched in cells staining positive for 
a macrophage marker, suggesting that oxidized LDL may play a role in the inflammatory phenotype of  
PAH. Taken together, our data demonstrate that a lipid-related IR pattern is highly prevalent in PAH and 
may contribute to pulmonary vascular disease.

There are multiple facets of  IR including both altered glucose and lipid homeostasis. Lipid chang-
es in IR are characterized by increased VLDL particles, higher abundance of  plasma FFAs, and tissue 
lipid deposition (34). Our work is consistent with others that have demonstrated that PAH patients 
do not have abnormally elevated insulin secretion in response to a given glucose load and that about 
half  of  PAH patients have detectable alterations in glucose homeostasis (4, 7, 35). When matching by 
degree of  metabolic syndrome using plasma TGs, our patients were not more IR by glucose and insu-
lin metrics, in fact less so. It is therefore intriguing that we observed more lipid-related abnormalities in 
PAH in a pattern of  IR, thereby yielding potentially novel metabolic insight into this disorder. Emerg-
ing literature suggests that lipids are abnormally metabolized in PAH patients, with elevated plasma 
FFAs (5), reduced HDL(19), ectopic lipid deposition in the skeletal muscle, and a possible cardiac 
lipotoxic phenotype (5, 36, 37). When using the standard TG/HDL ratio, 90% of  our patients were IR, 
while only about half  of  the metabolic-syndrome-matched controls were (P < 0.05), which matched 
the frequency of  IR using glucose and insulin-based metrics such as the HOMA-IR in controls. This 
abnormal ratio has previously been described by Zamanian et al. (4) and is primarily driven by reduced 
HDL, a finding that is conserved even when the patients and controls are not matched by plasma TG 
level. Our data show that lipid markers of  IR identifies more PAH patients with IR than glucose- and 
insulin-based markers.

In addition to confirming the broad dysregulation in lipid metabolism, our metabolomic analy-
ses lead to potentially new findings. Among the most differentially expressed metabolites were several 
phosphatidylcholine species (PC aa C36:6, PC aa C34:4, and PC ae C40:1; aa = diacyl, ae = acyl-alkyl), 

Figure 4. Heatmap of 169 metabolites associated with lipid metabolism separates PAH from controls. (A) Metabolomic cluster analysis of lipid 
metabolites shows that plasma lipids broadly separates PAH from controls. (B) We examined the entire metabolomics data set for differential 
expression between PAH and control and found that 44 were different at P < 0.05 (uncorrected) by unpaired 2-tailed t test (FDR = 9.4, 21%).  
Heatmap of these differentially expressed metabolites reveals that PAH exhibits overrepresentation of lipid metabolites compared with glucose- 
related metabolites. n = 25 PAH, 26 controls.
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which were significantly reduced in PAH patients compared with controls. This may be of  potential 
relevance to PAH, as phosphatidylcholines are the major phospholipid providing arachidonic acid for 
prostacyclin synthesis in stimulated endothelial cells (23). An imbalance in prostacyclin production 
through arachidonic acid metabolism is long described in PAH and may be at least in part affected by 
alterations in lipid metabolism related to IR (38).

As prior work by our group and others has suggested that IR is causal in the development of  pul-
monary vascular disease (10, 11, 13, 14), we sought to define biological relevance of  our lipid-related 
findings. We explored lipoprotein-related inflammation as a link between our plasma findings and pul-
monary vascular disease. Our proteomic, metabolomic, and lipoprotein analyses point to a potential 
mechanism for these observations involving proinflammatory lipoproteins and their receptors (29). 
OLR1 was highly enriched in PAH by plasma proteomic analysis and although oxidized LDL is a 
well-described mediator of  systemic vascular inflammation and atherosclerosis (32, 39), little is known 
about oxidized LDL and its receptor in the pulmonary vasculature. We found both increased oxidized 
LDL and OLR1 in plexiform lesions of  distal pulmonary arterioles of  PAH patients compared with 
controls. The oxidized LDL appeared to be enriched in CD68+ cells, consistent with macrophages. 
Although atheromatous plaques have been described in the central pulmonary arteries of  patients with 
PAH and chronic thromboembolic pulmonary hypertension (40, 41), proinflammatory lipids have not 
been reported in the distal vasculature within plexiform lesions, thought to be the key lesions of  PAH. 
Our findings are in line with prior animal studies in chronic hypoxia that have suggested a role for 
oxidized LDL and its receptor in chronic hypoxic pulmonary hypertension (42, 43). Further study is 
needed to determine if  and how oxidized LDL promotes inflammation via macrophages in PAH, as our 
data do not demonstrate causality, but this work suggests that the lipid metabolic findings may have bio-
logic relevance to PAH and, moreover, that unbiased approaches to plasma metabolome and proteomic 
analyses may in combination point to relevant mechanisms of  disease in PAH. Further, while statin 
therapy may not be effective in an unselected group of  PAH patients (44), there may be subgroups that 
would benefit from a lipid-based intervention.

Our study has limitations. First, our small sample size may account for the reduced glucose and 
insulin in the PAH patients. However, our findings are similar to those of  Heresi et al. (35), suggesting 
that this is not a sampling error. Second, fasting glucose and insulin concentrations were not elevated in 
PAH patients in our study, although TG/HDL ratio and lipoprotein-based IR metrics strongly suggest-
ed a pattern of  insulin resistance that has been well defined in the literature (29, 45–47). Future studies 
using insulin clamp techniques would be required to directly measure insulin resistance in PAH. Our 
study design cannot demonstrate a causative role for oxidized LDL in PAH, but does suggest that there 
may be a proinflammatory phenotype in IR PAH patients that may involve oxidized LDL and its recep-
tor. As we are studying human patients with established disease, defining the determinants of  early 
pulmonary vascular disease are not feasible. It is possible that lipid metabolism, and our proteomic find-
ings specifically, may be unrelated to IR and may be a feature of  the disease mechanism; however, this 

Table 3. Top 10 most differentially abundant plasma metabolites in PAH versus control

Metabolite OR P value
C16 12.0 0.001
C18:1 5.0 0.001
C18:2 4.9 0.001
PC aa C36:6 0.2 0.002
Glu 2.7 0.002
Total DMA 21.9 0.002
ADMA 21.2 0.002
PC aa C34:4 0.2 0.003
C2 5.03 0.004
PC ae C40:1 0.2 0.004

n = 25 PAH, 26 controls. DMA, dimethylacetamide; ADMA, asymmetric dimethylarginine; OR, odds ratio.
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is not supported by animal studies (10, 11, 13) or the preponderance and consistency of  our data. PAH 
therapies are not known to be associated with altered lipid metabolism, and we have selected IPAH and 
HPAH patients to attempt to make the cohort as homogeneous as possible.

In conclusion, we have shown that PAH is more sensitively characterized by alterations in lipid metab-
olism, manifest by elevated TG/HDL ratio in a pattern of  IR, elevated circulating medium- and long-chain 
fatty acids, and a proinflammatory lipoprotein pattern. There may be a potential role for oxidized LDL and 
its receptor in a proinflammatory phenotype in IPAH and HPAH.

Methods
OGTT cohort. Patients with IPAH or HPAH followed at the Vanderbilt University Medical Center over a 
2-year period, aged ≥18 years and without a known diagnosis of  polycystic ovarian syndrome, diabetes 
mellitus, therapy with oral hypoglycemic or other diabetic therapy were eligible to participate. Con-
trol participants were selected from a database of  volunteer OGTTs obtained at baseline as previously 
described (48, 49). Control participants were selected in a 1:3 ratio (case/control) matched for gender, 

Figure 5. Replication of metabolomic and proteomic data with detailed analysis of lipoproteins in PAH patients and controls. (A) We validated selected 
metabolites in an international cohort with similar methodology. Our data replicated well in the Hammersmith cohort (n = 262 IPAH, 118 controls). *P < 
0.0001 in all comparisons of PAH versus control. Each PAH was compared to the control from the same institution using a 2-tailed unpaired t test. (B) 
Proteomic data validation in the Hammersmith cohort. *P < 0.01, †P < 0.05. (C and D) Detailed analysis of plasma lipoproteins in PAH and controls and 
calculated (C) lipoprotein-based IR score and (D) lipoprotein-based inflammation core. Both were elevated in PAH compared with controls. Data presented 
as mean ± SD (n = 22 PAH, 28 controls). *P < 0.05 by unpaired 2-tailed t test (C and D).
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race, BMI, and fasting TGs. OGTT was performed after drawing ≥8-hour fasting blood samples. A 
75-g glucose solution was administered by study coordinators orally and plasma glucose and insulin 
concentrations were measured at 30, 60, 90, and 120 minutes. Impaired glucose tolerance was defined 
by a 2 hour glucose greater than 140 mg/dl (50). Glucose was measured by the glucose oxidase method 
(Yellow Springs Instruments) and insulin was measured by radioimmunoassay in the Vanderbilt Diabe-
tes Center Hormone assay core lab as previously described (48, 49).

Fasting plasma cohort. A separate cohort of  fasting plasma was obtained from patients referred for 
clinically indicated right heart catheterization for evaluation of  PAH as defined above. Age-, sex-, 
and BMI-matched healthy volunteers free from cardiovascular disease or diabetes mellitus provided 
fasting blood samples, but did not undergo right heart catheterization. As samples were collected over 
time and analyses performed at different time points, there are differences in the number of  samples 
included in each analysis.

Validation cohort. Metabolomic and proteomic analyses were performed on a cohort of  PAH patients 
and matched controls as previously described (Hammersmith Campus, Imperial College) (24, 25). Pro-
teomic and metabolomic data were log transformed, and then the average of  controls set to zero and 
the standard deviation set to 1. Group comparisons were by 2-way ANOVA (disease status, cohort) with 
pairwise comparisons by post hoc tests.

Plasma metabolomic and proteomic analyses. Fasting plasma was analyzed using electrospray ionization 
liquid chromatography–mass spectrometry (LC-MS) and MS/MS measurements using the AbsoluteIDQ 
p180 kit. Proteomics were performed using the SomaLogic aptamer-based assay. Please see supplemental 
material for full details.

LipoScience. IR was further assessed using proton NMR spectroscopy to determine changes in 
VLDL, LDL, intermediate-density lipoprotein (IDL), and HDL particle size and concentrations at 
LipoScience, Inc. (28). Lipoprotein subclass particle concentrations were calculated by amplitudes of  
the spectroscopically distinct lipid methyl group signals emitted by the different lipoprotein subclasses, 
which were deconvoluted using the LipoProfile-3 algorithm. Lipoprotein-derived IR index (Lipo-IR) 
was derived from concentrations of  large VLDL, small LDL, and large HDL plus particle size of  
VLDL, LDL, and HDL (29, 30).

Tissue immunohistochemistry. Explanted lungs from PAH patients and failed donor controls were 
obtained and fixed, frozen, paraffin-embedded slides prepared. Details of  tissue immunohistochemistry are 
in the supplemental material.

Table 4. Plasma lipoprotein analysis

Lipoprotein Control (n = 28) PAH (n = 22) P value
VLDL and chylomicron particles, total (nmol/l) 38.1 ± 15.6 48.5 ± 17.0 0.025
Large VLDL and chylomicron particles (nmol/l) 3.2 ± 2.7 5.3 ± 4.6 0.030
Medium VLDL particles (nmol/l) 11.5 ± 7.8 14.6 ± 9.6 0.215
Small VLDL particles (nmol/l) 23.4 ± 10.9 28.6 ± 15.1 0.269
LDL particles, total (nmol/l) 917.0 ± 271.1 1,020.7 ± 302.9 0.269
IDL particles (nmol/l) 234.8 ± 124.1 231.3 ± 192.3 0.348
Large LDL particles (nmol/l) 159.7 ± 140.5 112.7 ± 134.2 0.129
Small LDL particles, total (nmol/l) 522.6 ± 277.2 676.7 ± 286.8 0.041
HDL particles, total (μmol/l) 33.7 ± 4.4 28.3 ± 6.8 <0.001
Large HDL particles (μmol/l) 8.5 ± 2.9 7.4 ± 2.4 0.143
Medium HDL particles (μmol/l) 13.2 ± 4.6 9.9 ± 5.4 0.011
Small HDL particles (μmol/l) 12.1 ± 5.0 11.1 ± 5.5 0.440
VLDL size (nm) 50.6 ± 6.6 53.4 ± 7.4 0.241
LDL size (nm) 20.4 ± 0.5 20.1 ± 0.4 0.044
HDL size (nm) 9.7 ± 0.4 9.8 ± 0.3 0.575
Triglyceride, total (mg/dl) 89.5 ± 49.9 132.6 ± 86.0 0.027
VLDL and chylomicron triglyceride, total (mg/dl) 65.3 ± 34.5 95.2 ± 56.2 0.018
HDL cholesterol, total (mg/dl) 56.8 ± 13.3 45.4 ± 14.6 0.004

Data are presented as mean ± SD.
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Statistics. We used R function matchControls implemented in R package e1071 to find age-, sex-, 
BMI-, and fasting plasma TG-matched controls with PAH patients in the OGTT studies. Specifically, 
for each PAH patient his/her Euclidean distance with each potential control subject was calculated on 
a vector of  age, sex, BMI, and fasting plasma TGs. The control subject with the minimum distance was 
chosen as the PAH patient’s control. Once a control was chosen, the subject was taken out of  the pool 
of  potential controls. The process was repeated 3 times so that 3 sets of  10 controls were identified. 
The PAH patients and controls were compared on the matching variables age, sex, BMI, and fasting 
plasma TGs using either Wilcoxon’s rank-sum test for continuous variables or Pearson’s χ2 test for cate-
gorical variables. For other variables of  interest we conducted Wilcoxon’s rank-sum test for continuous 
variables or Pearson’s χ2 test for categorical variables to compare PAH patients and controls due to the 
relatively small sample size. Principal component analysis was used in proteomic data and 2-tailed, 
unpaired t test was used for lipoprotein studies. A P value of  <0.05 was considered significant. Data 
are shown as mean ± SD unless otherwise noted. Statistical analyses were performed using Prism 5.0 
software (Graph Pad Software), R 3.0.1, and Excel.

Study approvals. All patients gave written informed consent (Vanderbilt University Medical Center 
IRBs 9401, 130712, and 140983) for OGTT and fasting-plasma cohorts.

Figure 6. Localization of OLR1, oxidized LDL, and CD68 in distal pulmonary arteries in PAH and control lung. (A) OLR1 (red) is localized in pulmonary 
artery smooth muscle cells (white arrows) and endothelial cells (yellow arrows). Nuclei stained in blue (DAPI). Original magnification, ×200. Bar graph 
represents immunostaining intensity in arbitrary densitometric units. Data presented as mean ± SD (n = 3 control, 6 PAH). *P < 0.05 by unpaired, 2-tailed t 
test. (B) Oxidized LDL is in plexiform lesions (white arrows) and accumulates in CD68+ macrophages (yellow arrows). Green = oxidized LDL, red = macro-
phages, yellow = colocalized. Nuclei stained in DAPI (blue). Original magnification, ×400.
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