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Abstract: Increased proliferation and resistance to apoptosis of pulmonary arterial vascular smooth muscle cells (PAVSMCs), coupled
with metabolic reprogramming, are key components of pulmonary vascular remodeling, a major and currently irreversible pathophysio-
logical feature of pulmonary arterial hypertension (PAH). We recently reported that activation of mammalian target of rapamycin
(mTOR) plays a key role in increased energy generation and maintenance of the proliferative, apoptosis-resistant PAVSMC phenotype in
human PAH, but the downstream effects of mTOR activation on PAH PAVSMC metabolism are not clear. Using liquid and gas
chromatography-based mass spectrometry, we performed pilot metabolomic profiling of human microvascular PAVSMCs from idiopathic-
PAH subjects before and after treatment with the selective adenosine triphosphate-competitive mTOR inhibitor PP242 and from
nondiseased lungs. We have shown that PAH PAVSMCs have a distinct metabolomic signature of altered metabolites—components of
fatty acid synthesis, deficiency of sugars, amino sugars, and nucleotide sugars—intermediates of protein and lipid glycosylation, and
downregulation of key biochemicals involved in glutathione and nicotinamide adenine dinucleotide (NAD) metabolism. We also report
that mTOR inhibition attenuated or reversed the majority of the PAH-specific abnormalities in lipogenesis, glycosylation, glutathione, and
NAD metabolism without affecting altered polyunsaturated fatty acid metabolism. Collectively, our data demonstrate a critical role of
mTOR in major PAH PAVSMC metabolic abnormalities and suggest the existence of de novo lipid synthesis in PAVSMCs in human PAH
that may represent a new, important component of disease pathogenesis worthy of future investigation.
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Pulmonary arterial hypertension (PAH) is a progressive disease,
manifested by vasoconstriction and remodeling of small muscular
pulmonary arteries (PAs) and leading to increased PA pressure,
elevated right ventricular afterload, right heart failure, and death.'
Increased proliferation and resistance to apoptosis of distal pulmo-
nary arterial vascular smooth muscle cells (PAVSMCs) are major
components of pulmonary vascular remodeling, the mechanisms
of which are not completely understood.

Several lines of evidence demonstrate a close connection be-
tween increased proliferation and survival of PAVSMCs in PAH
and alterations in major metabolic pathways. PAVSMCs in human
PAH and experimental pulmonary hypertension (PH) have re-
duced mitochondrial glucose oxidation and metabolic shift to gly-
colysis supported by inhibition of pyruvate dehydrogenase (PDH)
and upregulation of PDH kinase (PDK) and hypoxia-inducible

factor 1a.>* Recently, deregulation of malonyl-coenzyme A (CoA)
decarboxylase, acetyl-CoA carboxylase (ACC), and peroxisome
proliferator-activated receptor y (PPARy) has been linked with hu-
man PAH PAVSMC proliferation and survival, indicating the role
of lipid metabolism in vascular remodeling.>® Alterations in the re-
dox system and oxidative stress also play critical roles in imbal-
anced proliferation and apoptosis of PAVSMCs in PAH.”® Such
multiple abnormalities in metabolic modulators strongly suggest
that PAVSMCs in PAH undergo metabolic reprogramming to sup-
port an energy-consuming, proliferative, prosurvival cell pheno-
type.

We recently reported that increased adenosine triphosphate
(ATP) generation, proliferation, and survival of PAVSMCs in hu-
man PAH require persistent activation of protein kinase mamma-
lian target of rapamycin (mTOR),® a catalytic core of two multi-
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protein complexes, mTOR complex 1 (mTORC1) and mTORC2.
We found that both complexes are required for vascular smooth
muscle remodeling, with mTORC2 playing a critical role in energy
generation, survival, and mTORCI1-dependent proliferation of PAH
PAVSMCs.® This complex (mTORC2) is an emerging key regulator
of glycolytic shift in cancer, and the role of mTORCI as a master
regulator of protein and lipid synthesis is well confirmed by exten-
sive basic and translational studies.’ Together, published studies
from our group and others strongly suggest an important role of
mTOR in PAVSMC metabolic reprogramming in PAH.

In this study, we aimed to dissect the metabolic alterations in
PAVSMCs in human PAH, with a specific focus on mTOR as a
potential driver of metabolic reprogramming. We performed ex-
ploratory metabolomic analysis of primary distal PAVSMCs de-
rived from lungs of subjects with idiopathic PAH and compared
them with distal PAVSMCs from nondiseased human lungs and
with the same cultures of PAH PAVSMCs treated with the selec-
tive mTOR kinase inhibitor PP242, which blocks mTOR catalytic
activity in both mTORC1 and mTORC2.°® We found that PAH
PAVSMCs have a distinct metabolomic profile compared to cells
from normal lungs, with marked changes in lipid, carbohydrate,
and redox metabolism, the majority of which were mTOR depen-
dent. We further report new, PAH-specific alterations in major
biochemicals involved in glycosylation that are reversed by mTOR
inhibition. Collectively, our data demonstrate a critical role of
mTOR in major metabolic abnormalities in PAH PAVSMCs and
suggest that PAH PAVSMCs have de novo lipid synthesis linked
to mTOR, which may represent novel, potentially important path-
ological mechanisms contributing to disease pathogenesis.

METHODS

Human-cell cultures

PAVSMCs from small (<1,500-um outer diameter), muscular PAs
from subjects with idiopathic PAH and unused donor lungs (con-
trol) were provided by the Pulmonary Hypertension Breakthrough
Initiative (PHBI), under protocols approved by the PHBI and Uni-
versity of Pittsburgh institutional review boards. Cells were iso-
lated and characterized by the presence of smooth muscle markers
(smooth muscle actin [SMA], smooth muscle protein 22 [SM22],
and smooth muscle-myosin heavy chain [SM-MHC]) to confirm
smooth muscle origin, as described previously,6 and then cultured
in smooth muscle growth medium (SmGM) supplemented with
SmGM growth kit (Lonza, Walkersville, MD). Before experiments,
cells were incubated in Lonza Sm basal media supplemented with
0.1% bovine serum albumin for 24 hours and then treated with
10 uM mTOR kinase inhibitor PP242 (Tocris Bioscience, Bristol,
UK) or vehicle for 24 hours. Cells of the same passage’ were used
through all experiments. Cells from 5 subjects per group were ana-
lyzed for each experimental condition.

Metabolomic profiling

Cell monolayers were washed with ice-cold phosphate-buffered sa-
line, cells were harvested by trypsinization, and cell pellets were
snap-frozen in liquid nitrogen. Metabolomic profiling was per-
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formed by Metabolon (Durham, NC), as previously described.'
Briefly, cell pellets were subjected to a series of organic and aqueous
extractions, divided into two fractions, frozen, and dried under vac-
uum, and liquid chromatography- and gas chromatography-based
mass spectrometry were performed (Fig. S1; Figs. S1, S2 available
online). A full description of the methodology is provided in the
appendix, available online.

Statistical analysis and data presentation

Cells from 5 control and 5 idiopathic-PAH subjects were analyzed
for each metabolite in each experimental condition. Raw data were
normalized to total protein concentration assessed by Bradford as-
say, and log transformation and imputation of missing values for
each compound, if any, were performed with the minimum ob-
served value for each compound. Statistical analysis was performed
with the R GNU software (Free Software Foundation). Statistically
significant differences among groups were assessed with the Welch
2-sample t test, with values of P < 0.05 sufficient to reject the
null hypothesis and values 0.05 < P < 0.1 approaching signifi-
cance. Multiple comparisons were accounted for by estimating the
false discovery rate (FDR) with g values from the permuted P val-
ues.'""? Data were presented as box-and-whiskers plots (see Fig. S2
for details). Principal-component analysis was performed on log-
transformed data. Hierarchical clustering and z-score plots were
created for changed metabolites for PAH versus control cells and
for PAH cells treated with an mTOR inhibitor versus those treated
with vehicle. For z-score plots, the mean and standard deviation of
the control samples were determined for each metabolite. Then,
each sample was centered by the control mean and scaled by the
control standard deviation. Hierarchical clustering was performed
on the log-transformed normalized data. The log-transformed data
were median centered, per metabolite, before clustering. Euclidean
distance was used for the similarity metric. A yellow/blue color
scheme was used in heat maps of the metabolites. The reaction
schemes for carbohydrate, lipid, nicotinamide adenine dinucleotide
(NAD), and glutathione metabolism are based on the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database pathway maps
(references are provided in the appendix, available online).

RESULTS

PAVSMCs from subjects with idiopathic PAH

have a unique metabolomic signature

Comparison of metabolomic profiles of PAVSMCs from control
and idiopathic-PAH lung (5 subjects/group) demonstrated that
PAH PAVSMCs exhibit a distinct metabolic signature compared
to control cells (Fig. 1A). Among 420 quantitatively detected com-
pounds of known identity, 38 metabolites were found to be altered
in PAH PAVSMCs compared to controls, 19 of which were signifi-
cantly different (Fig. 1B, 1C). Nonsupervised hierarchical-clustering
analysis of changed metabolites across the samples showed meta-
bolic distinction between PAVSMCs from PAH and control subjects
(Fig. 1D), demonstrating that distal PAVSMCs in PAH have a dis-
tinct metabolomic pattern compared to those from control lungs.
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Figure 1. Metabolomic profiling of microvascular pulmonary arterial vascular smooth muscle cells (PAVSMCs) from subjects with
pulmonary arterial hypertension (PAH) and nondiseased donors. A, Principal-component analysis of the total metabolites detected in
PAVSMCs. Red: nondiseased (control), blue: idiopathic PAH (5 subjects/group). B, Significantly different metabolites (P < 0.05) and those
approaching statistical significance (0.05 < P < 0.1) in PAH and control PAVSMCs (5 subjects/group), by the Welch 2-sample ¢ test.
Arrows indicate upregulated (red) and downregulated (green) metabolites. C, A z-score plot showing the levels of 38 differential metab-
olites normalized to the mean of the control samples. Red: cells from control subject; blue: cells from idiopathic PAH subject (5 subjects/
group). D, Heat map representing the nonsupervised hierarchical clustering of 38 differential metabolites in PAH PAVSMCs (5 subjects/
group) relative to normal sample data (5 subjects/group). Shades of yellow and blue represent the increase and decrease of a metabolite,
respectively, relative to the median metabolite levels. The heat map scale (bottom) ranges from —4 to +4 on a log, scale. UDP: uridine
diphosphate.
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Figure 2. Effect of mTOR inhibition on metabolomic profile of pulmonary arterial hypertension (PAH) pulmonary arterial vascular
smooth muscle cells (PAVSMCs). A, Principal-component analysis of the total metabolites detected in PAH PAVSMCs treated with the
small adenosine triphosphate-competitive mTOR inhibitor PP242 (blue) compared to vehicle-treated PAH PAVSMCs (red); 5 subjects/
group. B, Significantly changed metabolites (P < 0.05) and those approaching statistical significance (0.05 < P < 0.1) after PP242 treat-
ment, compared to nontreated cells, by the Welch 2-sample ¢ test. Arrows indicate upregulated (red) and downregulated (green) metabolites.
C, A z-score plot of the 55 named metabolites differential between PP242-treated (blue) and vehicle-treated (red) groups, normalized to the
mean of the control samples (5 subjects/group). D, Heat map showing relative levels of 55 differential metabolites in vehicle-treated (left)
and PP242-treated (right) PAH PAVSMCs, arranged by unsupervised hierarchical clustering. Shades of yellow and blue represent an in-
crease and decrease of a metabolite, respectively, related to the median metabolite levels. The heat map scale (bottom) ranges from —4 to +4
on a log, scale. UDP: uridine diphosphate. mTOR: mammalian target of rapamycin.
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Table 1. Effect of mTOR inhibitor PP242 on human PAH PAVSMC deregulated metabolites

PAH PAVSMCs

Biochemical name Control PAH PAH/control ratio Vehicle PP242 PP242/vehicle ratio
Eicosapentaenoate (EPA; 20:5n3) 0.479 1.2577 2.631% 1.1575 1.3281 1.15
Docosahexaenoate (DHA; 22:6n3) 0.6719 1.1076 1.651* 1.1328 1.0652 0.94
Caprylate (8:0) 0.629 1.9576 3.111* 1.7127 0.7639 0.45 1%
Bisphenol A monosulfate 0.606 1.4518 2.41* 1.5235 0.3854 0.25 %%
Penicillin G 0.2923 2.5761 8.811* 2.5431 0.2688 0.111**
N-acetylglucosamine 6-phosphate 0.5371 1.4396 2.681% 1.3159 1.3697 1.04
Citrate 0.935 1.6895 1.811% 1.0616 0.6472 0.611**
Caprate (10:0) 0.9623  1.3458 1.41% 1.2588  0.8663 0.69 1%
Arachidonate (20:4n6) 0.6341 1.0516 1.661% 1.0401 1.2266 1.18
Choline 0.9411 1.1652 1.241% 1.3329 0.9087 0.681**
Glycerophosphorylcholine (GPC) 0.5603 1.2177 2.171% 1.2177 1.3078 1.07
Riboflavin (vitamin B2) 0.4164 1.1935 2.871% 1.2907 0.698 0.54
Pyridoxine (vitamin B6) 0.9501 1.4166 1.491% 1.4069 0.6516 0.46 ¢
N-acetylneuraminate 1.4949 0.9071 0.61!* 0.974 1.1743 1.21
Gluconate 1.4773 0.5806 0.391* 0.5666 1.6347 2.891**
Xylitol 2.0647 0.6786 0.331* 0.7505 1.6655 2.221%*
Urate 2.3562 0.7913 0.341* 1.3067 0.8703 0.67
Cytidine-3'-monophosphate (3'-CMP) 1.8755 0.7057 0.381* 0.6412 1.4894 2.32
Pseudouridine 1.7391 0.6058 0.441% 0.7452 1.3515 1.811**
Adenosine 5’ diphosphoribose 4.661 0.5081 0.31% 0.4202 1.1663 2.781**
Cysteinylglycine 1.7283 0.7535 0.35!% 0.6759 1.8305 2. 711+
Aspartyltryptophan 1.7118 0.5208 0.49* 0.3178 1.7057 5.371**
Aspartylphenylalanine 1.6649 0.5908 0.381* 0.4835 1.7727 3.671%%
Aspartate-glutamate 1.3535 0.6626 0.491* 0.7953 1.7233 2.171%
Beta-alanine 2.3868 0.9075 0.381% 1.0082 1.4353 1.42
C-glycosyltryptophan 2.3443 0.8296 0.351* 0.8774 1.2138 1.381**
Pyroglutamine 2.0257 0.9363 0.46!* 1.1066 1.1858 1.07
Ribulose 22799  0.8186 0.361" 0.9362  1.4586 1.561"
UDP-glucuronate 2.2888  0.5078 0.221% 04717  0.7584 1.611%
Fructose 1.2145 0.4937 0.41!* 0.7146 1.6642 2.331%*
Docosatrienoate (22:3n3) 1.5111 1.0544 0.71% 1.0975 1.0558 0.96
Scyllo-inositol 2.3482 0.392 0.171* 0.3547 0.5779 1.63
1-palmitoleoylglycerophosphoethanolamine 1.3694 0.6247 0.46!* 0.77 1.0805 141"
Nicotinamide 2.7705 1.0521 0.3817 1.2287 0.898 0.73
Aspartylvaline 1.2538  0.6864 0.551* 09112  1.6156 1.771%
Aspartylleucine 1.4226 0.6961 0.491* 0.6184 1.5914 2.57 1%
Cysteine 1.1987 0.6932 0.581% 0.4638 4.3122 9.31**
Homocysteine 1.3576 0.8643 0.64!% 0.8831 1.8607 2.111%*

Note: Data are means from 5 subjects/group. Boldface indicates deregulated metabolites. Arrows indicate increased (1) or decreased
() metabolite levels. Significance was based on the Welch 2-sample ¢ test. mTOR: mammalian target of rapamycin; PAH: pulmonary
arterial hypertension; PAVSMCs: pulmonary arterial vascular smooth muscle cells; UDP: uridine diphosphate.

* P <0.05 for PAH versus control.

*0.05 < P < 0.1 for PAH versus control.

** P <0.05 for PP242-treated versus vehicle-treated.

*0.05 < P < 0.1 for PP242-treated versus vehicle-treated.
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mTOR is required for a majority of PAH-specific
metabolomic changes

In order to evaluate the impact of mTOR on the metabolomic al-
terations in subjects with idiopathic PAH, we next performed meta-
bolomic profiling of PAH PAVSMCs from the same subjects treated
with the mTOR kinase inhibitor PP242 or vehicle. The mTOR inhi-
bition had broad metabolic effects, as evident by Euclidean-distance
shift, compared to vehicle-treated group (Fig. 2A) and resulted in
significant alterations in 55 out of 420 metabolites (Fig. 2B, 2C).
Hierarchical clustering revealed a clear distinction between treated
and untreated groups (Fig. 2D), demonstrating the critical role of
mTOR in PAH PAVSMC metabolism. Of note, PP242 improved
the levels of 24 of the 38 metabolites that are differential between
PAH and nondiseased cells (Table 1), showing the important role of
mTOR in a majority of PAH-specific metabolomic changes.

mTOR and sugar metabolism

To dissect metabolic pathways dysregulated in PAH, we performed
mapping of metabolites significantly deregulated in PAH PAVSMCs
to their respective biochemical pathways based on the KEGG data-
base. While metabolomic analysis detected subtle changes in inter-
mediates of glycolysis, we found marked changes in the levels of
sugars, amino sugars, and nucleotide sugars, which are the readouts
of protein and lipid glycosylation capacity and polysaccharide bio-
synthesis between PAH and control cells (Fig. 3). Specifically, PAH
samples displayed significantly lower levels of N-acetylneuraminate
and a similar strong trend for uridine diphosphate (UDP)-
glucuronate, key metabolites in synthesis of glycoproteins/glycolipids
(gangliosides), and glucosaminoglycans, respectively, compared to con-
trol cells. A similar pattern was observed for UDP-acetylglucosamine-
UDP-acetylgalactosamine, UDP-galactose, and mannose-6-phosphate
(Fig. 3). In addition, PAH PAVSMCs showed a reduction in the
levels of fructose and glucose-6-phosphate, universal metabolites
that also serve as intermediates in carbohydrate pathways related to
glycosylation. Interestingly, in addition to intermediates of N- and
O-glycosylation pathways, PAH PAVSMCs also had a significant
decrease in C-glycosyltryptophan, the key metabolite involved in
C-mannosylation, a recently discovered protein modification play-
ing a pathological role in metabolic syndrome complications."> In-
hibition of mTOR with PP242 attenuated or reversed glycosylation-
associated sugar deficiency in PAH PAVSMCs, including significant
elevation of UDP-acetylglucosamine-UDP-acetylgalactosamine, C-
glycosyltryptophan, fructose, and sorbitol. This pattern was also
evident for UDP-galactose, mannose-6-phosphate, and glucose-6-
phosphate. Therefore, PAH PAVSMCs have a mTOR-dependent
deficit of sugars, amino sugars, and nucleotide sugars, intermediates
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of protein and lipid glycosylation, strongly suggesting disturbed gly-
cosylation processes in PAH PAVSMCs.

mTOR and lipid metabolism

We found that intermediates of medium-chain fatty acid metabo-
lism (caprylic and capric fatty acids, as well as citrate, the precur-
sor of fatty acid biosynthesis; Fig. 4A4) and the key intermediates of
polyunsaturated fatty acid (PUFA) metabolism were increased in
PAH PAVSMCs compared to controls. Specifically, we detected a
significant increase in the major precursors of eicosanoids, eico-
sapentaenoic acid (EPA) and docosaexaenoic acid (DHA), and a
trend to increase for arachidonic acid (AA; Fig. 4B). Inhibition of
mTOR with PP242 reversed citrate, caprylate, and caprate levels and
reduced the levels of palmitate, consistent with a role of mTOR in
altered fatty acid biosynthesis in human PAH PAVSMCs. PP242,
however, had no effect on PUFA levels in PAH PAVSMCs (Fig. 4B),
indicating that mTOR acts in parallel or downstream of eicosanoid
mediator formation. Interestingly, we also detected an imbalance of
metabolites involved in choline-conjugated phospholipid biosyn-
thesis and degradation, with changes that trended toward the oppo-
site patterns (Fig. 4C). The effect of mTOR inhibition on choline-
conjugated phospholipid metabolism in PAH PAVSMCs was also
divergent. For instance, PP242 significantly abolished choline to the
levels comparable with those in control cells and improved levels of
cytidine diphosphate (CDP)-choline without evident effects on gly-
cerophosphorylcholine (GPC; Fig. 4C). Taken together, these ob-
served changes suggest that eicosanoid and medium-chain fatty acid
metabolism are deregulated in PAH PAVSMCs and that mTOR
likely controls medium-chain fatty acid synthesis. Trends in deregu-
lation of choline-conjugated phospholipid metabolism are suggestive
of potential alterations in membrane dynamics in PAH PAVSMCs.

mTOR, redox homeostasis, and the y-glutamyl cycle

Multiple pathways associated with thiol metabolism were found
to be downregulated in PAH PAVSMCs, on the basis of its metab-
olite readouts (Fig. 5). Several key biochemicals along the biosyn-
thetic pathway leading to glutathione, a key cellular antioxidant, were
decreased in PAH, compared to control, PAVSMCs. Homocysteine,
cysteine, both reduced and oxidized glutathione (GSH and GSSG,
respectively), and 5-methyltetrahydrofolate (5MeTHF) showed a sim-
ilar pattern of lower levels in PH compared to control cells. Also,
cysteinylglycine, one of the major intermediates of y-glutamyl cycle,
and pyroglutamine, an amino modification of 5-oxoproline, were
significantly lower in PAH compared to control group (Fig. 5).
Importantly, inhibition of mTOR significantly increased 5MeTHF,
homocysteine, cysteine, cysteinylglycine, and both GSH and GSSG

CMAS: N-acylneuraminate cytidylyltransferase; GALE: UDP-glucose epimerase; GALT: UDP-glucose:alpha-D-galactose-1-phosphate uri-
dylyltransferase; GNAT: glucosamine-6-phosphate-acetyl transferase; HK: hexokinase; MPI: mannose-6-phosphate isomerase; NAGD: N-
acetyl-glucosamine 6-phosphate deacetylase; NAGK: N-acetyl-glucosamine kinase; NANP: N-acylneuraminate-9-phosphatase; OGTs: O-
GLCNACc transferases; PGM: phosphoglucomutase; PGM-3: phosphoglucomutase 3; PPM1: phosphomannomutase 1; SODH: sorbitol
dehydrogenase; UAGD: UDP-N-acetylgalactosamine diphosphorylase; UAGE: UDP-N-acetylglucosamine 4-epimerase; UGD: UDP-
glucuronate decarboxylase; UGDH: UDP-glucose 6-dehydrogenase. Ac-CoA: acetyl coenzyme A; CMP: cytidine monophosphate; Gln:
glutamine; Glu: glutamic acid; mTOR: mammalian target of rapamycin; UDP: uridine diphosphate.
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Figure 4. Lipid metabolism in nondiseased (CTRL) and pulmonary arterial hypertension (PAH) pulmonary arterial vascular smooth
muscle cells (PAVSMCs) in the presence or absence of mTOR inhibitor PP242. Box plots for changed metabolites/intermediates of lipid
metabolism, combined with reaction schemes including key components and enzymes, are shown. Data for PAVSMCs (5 subjects/group)
are presented as box-and-whiskers graphs as follows: light yellow: nondiseased (control); light blue: PAH PAVSMCs; dark blue: vehicle-
treated PAH PAVSMCs (Veh); orange: PP242-treated PAH PAVSMCs (details in Fig. S2, available online). Data are in arbitrary units
specific to internal standards for each quantified metabolite normalized by total protein concentration. *P < 0.05, “0.05 < P < 0.1 by the
Welch 2-sample ¢ test. Enzymes that catalyze particular steps in the pathway are shown in blue boxes labeled with their abbreviations
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content and decreased the level of 5-oxoproline (Fig. 5). Surpris-
ingly, we found no effects of PP242 on pyroglutamine level. Taken
together, these data indicate mTOR-dependent deficiency of the
GSH-GSSG redox system in PAH PAVSMCs.

mTOR and nicotinamide cofactors

Comparative analysis revealed that PAH PAVSMCs have reduced
levels of several cofactors, including the key energy metabolism
redox pair NAD-NADH (reduced NAD); the products of NAD deg-
radation, nicotinamide and adenosine 5’ diphosphoribose (ADPR),
were also markedly reduced in PAH cells compared to controls
(Fig. 6A). Inhibition of mTOR with PP242 significantly increased
NAD, ADPR, and 1-methylnicotinamide levels without an evident
effect on NADH and nicotinamide (Fig. 6A), suggesting a partial
role for mTOR in nicotinamide cofactor biogenesis.

mTOR and aspartyl-containing dipeptides

Interestingly, we found that all detected aspartyl-containing di-
peptides were significantly decreased or showed a trend to de-
creased levels (Fig. 6B). This decrease appeared to be controlled by
mTOR and reversed by mTOR inhibition by PP242 (Fig. 6B).

DISCUSSION

Increased proliferation and resistance to apoptosis of microvascu-
lar PAVSMCs are major components of pulmonary vascular re-
modeling, a key and currently irreversible feature of PAH.'*'
PAVSMCs in PAH undergo reprogramming of major metabolic
and synthetic pathways, as well as the redox system, to support an
energy-consuming, proliferative, apoptosis-resistant diseased phe-
notype.>>”'%'® Metabolomic analysis of whole-lung samples from
PAH subjects showed disrupted glycolysis, de novo synthesis of
bile salts, increased tricarboxylic acid cycle, and fatty acid metabo-
lites with altered oxidation pathways compared to nondiseased
lungs,'>*® but targeted metabolomic analysis of PAVSMCs in PAH
has never been performed, and the mechanisms regulating PAVSMC
metabolic reprogramming are not fully understood.

In this study, we aimed to explore the role of mTOR in the
PAH PAVSMC metabolome, using unbiased metabolomic profiling.
Studies by our group and others demonstrate that early-passage
PAVSMCs retain molecular and functional abnormalities found in
PAH lungs in vivo (i.e., increased proliferation, survival, and persis-
tent mTOR activation),*?! which makes these cells an ideal model
for exploratory research. We report that PAH PAVSMCs have a
unique metabolomic signature distinct from that of nondiseased
cells and that mTOR inhibition attenuates or reverses the levels of
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~60% of altered metabolites, showing a broad effect of mTOR on
PAH-specific metabolomic changes. Mapping the metabolites to
their respective pathways revealed marked differences in lipid, sugar,
redox, and NAD metabolism in human PAH PAVSMCs, most of
which appeared to be mTOR dependent.

Sugar metabolism

We found that human PAH PAVSMCs have a deficiency of multi-
ple amino sugars and nucleotide sugars—essential components of
protein and lipid glycosylation, including key components of gly-
coproteins, glycolipids (gangliosides), and glucosaminoglycans, as
well as C-glycosyltryptophan, the central metabolite involved in C-
mannosylation.'> These alterations appeared to be highly mTOR
dependent and reversible by mTOR inhibition. While understudied
compared to other posttranslational modifications, cellular glycans
play important roles in key biological processes, including cell adhe-
sion, receptor activation, molecular trafficking, clearance, and signal
transduction, and they modulate Ca?* release and metabolic and
proliferative responses.”>** Thus, mammalian glycans in the Golgi
modulate the endocytosis of cell-surface glycoproteins that controls
receptor expression and, in turn, respective signaling. As an exam-
ple, N-acetylglucosamine GIcNACT-V linkage retards epidermal
growth factor and transforming growth factor (TGF)-f receptor
endocytosis, and O-fucose linkage regulates Notch receptor traf-
ficking, ligand binding, and activation,” suggesting potential links
between disturbed glycosylation, growth factors, and Notch-signaling
abnormalities detected in PAH PAVSMCs. Dysregulated glycosyla-
tion, caused mostly by failure of distinct steps in glycan formation,
leads to severe morphogenic and metabolic disorders and is linked

. 2324
to a number of genetic diseases and cancer, 3

and a recent study
from the Dweik group provides a strong mechanistic link between
dysregulated glycosylation and PAVSMC proliferation in PAH.*’
Such a broadly shared deficit of sugars, amino sugars, and nucleotide
sugars in the PAH cohort and its high dependence on mTOR activity
strongly suggest that PAVSMCs in PAH have mTOR-dependent al-
terations of protein and lipid glycosylation that may dramatically

affect multiple signaling pathways involved in disease pathogenesis.

Lipid metabolism

Analysis of the biochemicals involved in fatty acid metabolism
showed that human PAH PAVSMCs have increased levels of the
key components of medium-chain fatty acid synthesis pathways,
including citrate, caprylate, and caprate. Together with our previ-
ous report showing that PAH PAVSMCs have increased levels of
active dephosphorylated ACC,° a key enzyme catalyzing a commit-
ted step in fatty acid biosynthesis, these data suggest existence of

carboxylase; OLAH: dodecanoyl-acyl-carrier-protein hydrolase. B, Key metabolites of polyunsaturated fatty acid metabolism: intermedi-
ates of eicosanoid formation. COX: cyclo-oxygenase; LOX: lipoxygenase. CDP: cytidine diphosphate; CMP: cytidine monophosphate.
C, Choline-conjugated phospholipid metabolism. CCT: phosphocholine cytidylyltransferase; CHK: choline kinase; CHPT: diacylglycerol
cholinephosphotransferase; DAG: diacylglycerol; FA: fatty acid; GPC-PDE: glycerophosphocholine phosphodiesterase; LPLA: lysophos-

pholipase. mTOR: mammalian target of rapamycin.
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Figure 5. Components of cysteine metabolism, redox homeostasis, and the y-glutamyl cycle in control (CTRL), pulmonary arterial
hypertension (PAH) pulmonary arterial vascular smooth muscle cells (PAVSMCs), and PAH PAVSMCs treated with mTOR kinase
inhibitor PP242. Box plots for altered metabolites, combined with reaction schemes including key components and enzymes, are shown.
Data for PAVSMCs (5 subjects/group) are presented as box-and-whiskers graphs as follows: light yellow: nondiseased (control); light blue
PAH PAVSMCs; dark blue: vehicle-treated PAH PAVSMCs (Veh); orange: PP242-treated PAH PAVSMCs (details in Fig. S2, available
online). Data are in arbitrary units specific to internal standards for each quantified metabolite and normalized by total protein concentra-
tion. *P < 0.05, 70.05 < P < 0.1 by the Welch 2-sample ¢ test. Enzymes that catalyze particular steps in the pathway are shown in blue boxes
labeled with their abbreviations according to the Kyoto Encyclopedia of Genes and Genomes database. CBS: cystathionine-$-synthase; CSE:
cystathionine gamma-lyase (cystathionase); GCS: glutamylcysteine synthetase; GGT: gamma-glutamyltranspeptidase 1; GS: glutathione
synthetase; GSR: glutathione reductase; MTR: methyltetrahydrofolate-homocysteine methyltransferase; OXRs: oxidoreductases. cys-gly:
cysteinylglycine; GSH: reduced glutathione; GSSG: oxidized glutathione; SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine; THF:
tetrahydrofolate. mTOR: mammalian target of rapamycin.

de novo lipid synthesis in PAVSMCs in human PAH. Of note, de
novo fatty acid synthesis is one of the hallmarks of proliferative

cancer cell growth arrest and apoptosis.”® Importantly, mTOR inhi-
bition dramatically reduced the levels of fatty acid synthesis inter-

cancer cells,”® and chemical inhibition of ACC suppresses the  mediates, which is in good agreement with our previous findings

self-renewal growth of cancer stem cells”” and selectively induces  showing the requirement of mTORC2 for ACC activation in PAH
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PAVSMCs® and with the reports from the Sheng and Kim groups
demonstrating the critical role of mTOR in fatty acid synthase ex-
pression, ACC activation, and increased growth and survival of
breast cancer cells.*>*° Given that targeting de novo fatty acid syn-
thesis is considered a promising therapeutic option to develop anti-
cancer therapies,”’ mTOR-dependent lipogenesis might be consid-
ered a new, potentially attractive target pathway for therapeutic
intervention in PAH.

PAH PAVSMCs also showed changed levels of biochemicals in-
volved in choline-conjugated phospholipid metabolism, also prov-
ing the link between proliferative human PAH PAVSMCs and
cancer. Increased choline metabolism is an emerging metabolic
hallmark of oncogenesis. Elevated levels of choline-containing pre-
cursors and breakdown products of membrane phospholipids are
strongly associated with cancer cell proliferation and are suggested
as noninvasive biomarkers of tumor transformation and response
to therapy,® and choline kinase (CHK), the key enzyme of choline
metabolism, is under consideration as a novel cancer therapeutic
target.>> Our data show an mTOR-dependent increase in the levels
of choline, a CHK substrate, in PAH PAVSMCs. Our new data and
findings from the cancer field suggest a potential link between
mTOR, CHK, and choline metabolism in PAVSMCs in human
PAH, further exploration of which could lead to establishing a new
target pathway.

In addition to mTOR-dependent changes in lipid metabolites, we
detected an increase in the intermediates of the PUFA pathway—
omega-6 AA, omega-3 eicosapentaenoate (EPA), and docosahex-
aenoate (DHA)—that was insensitive to mTOR inhibition. Given
that AA and EPA control biosynthesis of eicosanoids (reviewed
by Serhan et al.*®), the observed significant increase in key PUFAs
likely contributes to altered eicosanoid metabolism, a known patho-
logical manifestation of idiopathic PAH.** AA and its metabolites
are also confirmed stimulators of the mammalian transient receptor
potential 6 (TRPC6) channel that regulates intracellular Ca®" re-
lease and is upregulated in PAH PAVSMCs,” suggesting a strong
link between increased AA levels and altered Ca** release detected
in PAH. Unesterified AA is liberated from membrane phospholipids
by class A2 phospholipases (PLA2), suggesting potential PLA2 up-
regulation in PAVSMCs from idiopathic-PAH lungs. While there is
no direct evidence linking PLA2 and human PAH, endothelin 1 and
reactive oxygen species (ROS) activate cPLA2 and induce AA release
in human and rabbit PAVSMCs,*®3” and PLA2 activation was re-
ported as a regulator of acute PA pressure in rats exposed to hyp-
oxia.*® Interestingly, increased PLA2 and AA levels in human breast
cancer are required for mMTORCI and mTORC2 activation and cell
proliferation,® suggesting that increased levels of PUFAs in PAH
PAVSMCs might contribute to PAVSMC-specific mTOR activation
in human PAH and experimental PH that was recently reported by
our group.®

Redox homeostasis and the y-glutamyl cycle
Oxidative stress is one of the features of PAH pathogenesis made
evident by increased levels of DNA, protein, and lipid oxidation in

Kudryashova et al.

the lungs of PH subjects.” A major cellular endogenous soluble
antioxidant is cysteine-containing tripeptide glutathione, a pair of
reduced (GSH) and oxidized (GSSG) forms of which, controlled by
the y-glutamyl cycle, maintains redox homeostasis in mammalian
cells.** We found that PAH PAVSMCs have reduced levels of
major intermediates of the y-glutamyl cycle, associated with a de-
crease in both reduced and oxidized forms of glutathione. These
data suggest a deficiency in the GSH-GSSG redox system that
might contribute to the alterations in ROS levels reported in PAH
PAVSMCs.”" Interestingly, significant downregulation of expres-
sion and activity of cystathionine gamma-lyase (CSE), an enzyme
of the y-glutamyl cycle converting cystathionine to cysteine (and
cysteine to pyruvate and H,S), is detected in the lung of rats with
hypoxia-induced PH,*' also indicating that glutathione metabolism
is defective in PH. Inhibition of mTOR led to a marked increase in
key intermediates of glutathione synthesis as well as significant
upregulation of both reduced and oxidized forms of glutathione,
suggesting that mTOR inhibition may restore PAH-specific defects
in the GSH-GSSG redox system, which will likely improve oxi-
dant/antioxidant imbalance and increase PAVSMC antioxidant ca-
pacity. Of note, mTOR also controls mitochondrial oxidative
function*? and contributes to ROS production,* supporting its role
in regulating redox signaling.

NAD metabolism

We found that intermediates of NAD metabolism (ADPR and nico-
tinamide) are significantly reduced in PAH PAVSMCs compared
to the control group. The NAD-NADH pair acts as a cofactor in
multiple processes, and reduced NAD levels may have a broad
impact on other synthetic pathways. NAD is a substrate for CD38
(cyclic ADPR hydrolase) or CD157 (ADP-ribosyl cyclase) bifunc-
tional enzymes, which convert NAD to cyclic ADPR, a well-known
Ca’"-releasing second messenger, and then hydrolyze it to ADPR.
Of note, hypoxia, one of known triggers of experimental PH, in-
hibits hydrolase activities of both CD38 and cyclic ADPR in rabbit
PAVSMCs,* suggesting a potential mTOR-dependent disruption
of NAD-ADPR conversion in pulmonary hypertensive conditions
that may affect both proliferation and vasomotor tone in PAH
pulmonary vasculature.

The major limitation of this work is a small sample size that
limits power of analysis and may be associated with the inability to
detect potential differences in certain metabolites. Idiopathic PAH
is a rare disease that limits availability of well-characterized primary
microvascular PAVSMCs from the PAH cohort and prevents us
from expanding the quantity of subjects to the 40-50 per group
required to achieve low FDR, indicative of strong statistical per-
formance as calculated by power analysis. Current FDRs are 36%
for the PP242-vehicle PAH PAVSMC cohort and 98% for the control-
PAH PAVSMC cohort. While corroborating previous mechanistic
findings on human PAH and experimental PH, because of such
limitations the data generated in this pilot study cannot be general-
ized to the broader human PAH population and must be integrated
with prior knowledge to identify specific metabolites for targeted
analysis in future studies and to validate/confirm findings.
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In conclusion, we report that mTOR is a significant positive
regulator of multiple, but not all, metabolic abnormalities found in
PAH PAVSMCs, including altered fatty acid synthesis, a deficiency
of glycosylation donors, alterations in choline-conjugated phospho-
lipid metabolism, and a defective glutathione metabolism.

Recognizing the complexity of metabolic regulation and the
important role of other signaling pathways in the development and
maintenance of the proliferative, apoptosis-resistant PAVSMC phe-
notype in PAH, we anticipate that multiple cross talks might exist
between mTOR and other known pathways/modulators of PAH path-
ogenesis. Indeed, mTORC2 contributes to upregulation of hypoxia-
inducible factor 1o and Akt, known triggers of metabolic glycolytic
shift in PH and cancer and positive regulators of PAVSMC prolifera-
tion and survival in human PAH and experimental PH.5>*>*° Re-
cently reported mTORC2-dependent activation of ACC,® one of the
key enzymes/regulators of lipogenesis, provides a mechanistic link
between mTOR and signaling pathways regulating lipid metabolism
in PAH. Further, mTOR is regulated by NADPH oxidase Nox4® and,
in turn, controls mitochondrial oxidative function*? and contributes
to ROS production,* strongly suggesting its multiple-level involve-
ment in redox signaling. Although there is no direct evidence linking
mTOR with bone morphogenetic protein receptor 2 (BMPR2) defi-
ciency, the BMPR2 downstream effector peroxisome PPARy inhib-

its mMTORC] in cancer cells,’™"!

and Nox4 modulates expression of
PPARy under chronic hypoxia,®* suggesting potential cross talk be-
tween mTOR, BMPR2, redox signaling, and lipid metabolism in
human PAH. While more studies should be done to dissect the
exact role of mTOR in the PAH signaling network, it is now becom-
ing clear that mTOR may act as an important component of several
other signaling pathways, further supporting its potential attractive-
ness as a molecular target for therapeutic intervention.

Given recent advances in the pharmacological use of PP242
and other ATP-competitive mTOR inhibitors in animal models of
PH and cancer,®!®
potential strategy to improve PAH-specific metabolic abnormalities

targeting mTOR may represent an attractive

supporting a proliferative, apoptosis-resistant PAVSMC pheno-
type. Our data also suggest that PAVSMCs in PAH have de novo
lipid synthesis, which may represent an important component of
disease pathogenesis that has never been studied in PAH. Taken
together, metabolomic profiling highlights the important role of
mTOR in PAH-specific metabolic alterations in human PAVSMCs
and suggests new areas that are worthy of further investigation.
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