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Key messages

What is the key question?
►► Lymphangioleiomyomatosis (LAM) and 
tuberous sclerosis complex (TSC) are 
monogenic diseases resulting in mTOR 
activation which we predict would alter 
the metabolic profile of patients and confer 
metabolic advantages to LAM cells.

What is the bottom line?
►► Multiple sphingolipid, fatty acid and 
phospholipid metabolites were associated 
with disease severity, disease activity and, 
in subjects with TSC treatment with mTOR 
inhibitors: suggesting that lipid species may be 
both disease-relevant biomarkers and potential 
therapeutic targets for LAM.

Why read on?
►► This is the first study to comprehensively 
evaluate the serum metabolome in LAM and, 
consistent with recent studies highlighting 
the role of mTOR in cellular lipid metabolism, 
suggests deranged lipid metabolism is of 
potential relevance to disease pathogenesis 
in LAM and also highlights previously 
unrecognised differences between those with 
sporadic LAM and TSC-LAM.

Abstract
Background  Lymphangioleiomyomatosis (LAM) is a 
rare multisystem disease almost exclusively affecting 
women which causes loss of lung function, lymphatic 
abnormalities and angiomyolipomas. LAM occurs 
sporadically and in people with tuberous sclerosis 
complex (TSC). Loss of TSC gene function leads to 
dysregulated mechanistic target of rapamycin (mTOR) 
signalling. As mTOR is a regulator of lipid and nucleotide 
synthesis, we hypothesised that the serum metabolome 
would be altered in LAM and related to disease severity 
and activity.
Methods  Ultrahigh performance liquid 
chromatography-tandem mass spectroscopy was 
used to examine the serum metabolome of 79 closely 
phenotyped women with LAM, including 29 receiving 
treatment with an mTOR inhibitor and 43 healthy control 
women.
Results  Sphingolipid, fatty acid and phospholipid 
metabolites were associated with FEV1 in women 
with LAM (eg, behenoyl sphingomyelin adjusted (adj.) 
p=8.10 × 10-3). Those with higher disease-burden 
scores had abnormalities in fatty acid, phospholipid 
and lysolipids. Rate of loss of FEV1 was associated 
with differences in acyl-carnitine, acyl-glycines, acyl-
glutamine, fatty acids, endocanbinoids and sphingolipids 
(eg, myristoleoylcarnitine adj. p=0.07). In TSC-LAM, 
rapamycin affected modules of interrelated metabolites 
which comprised linoleic acid, the tricarboxylic acid 
cycle, aminoacyl-tRNA biosynthesis, cysteine, methionine, 
arginine and proline metabolism. Metabolomic pathway 
analysis within modules reiterated the importance of 
glycerophospholipid metabolites (adj. p=0.047).
Conclusions  Women with LAM have altered lipid 
metabolism. The associations between these metabolites, 
multiple markers of disease activity and their potential 
biological roles in cell survival and signalling, suggest 
that lipid species may be both disease-relevant 
biomarkers and potential therapeutic targets for LAM.

Introduction
Lymphangioleiomyomatosis (LAM) is a rare multi-
system disease which almost exclusively affects 
women. Sporadic LAM results from sequen-
tial somatic mutations of either TSC1, or more 
commonly TSC2. In patients with tuberous sclerosis 
complex LAM (TSC-LAM), loss of TSC gene func-
tion occurs due to a germline mutation followed 
by loss of heterozygosity. The TSC proteins are 
suppressors of the mechanistic target of rapamycin 

(mTOR). Loss of TSC function in an as yet uniden-
tified precursor cell leads to dysregulated mTOR 
signalling and the emergence of a clone of ‘LAM 
cells’.1 mTOR is a multiprotein cellular signalling 
node which assimilates inputs from growth factors 
and cellular nutrient status.2 Constitutive mTOR 
activation leads to unregulated cell proliferation, 
migration, invasion of the lungs and lymphatics, 
and altered metabolism. In the lungs, LAM cells 
and wild type stromal cells form nodules which 
together result in the formation of lung cysts, recur-
rent pneumothorax and progressive loss of lung 
function.3 Involvement of the axial lymphatics can 
result in lymphadenopathy, fluid-filled lymphatic 
masses and chylous collections in the abdomen and 
thorax. LAM cells are also a component of angi-
omyolipoma, a benign tumour affecting around 
half of the women with LAM.4 Pharmacological 
suppression of mTOR stabilises lung function, and 
reduces lymphatic complications and angiomyoli-
poma volume in the majority of those treated.5 6
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Table 1  Patient characteristics

All subjects
No rapamycin 
treatment

Rapamycin 
treated

Sample size 79 50 29

Age (years) 49.6 (11.1) 50.6 (10.9) 48.0 (11.5)

BMI (kg/m2) 25.6 (6.1) 25.6 (6.2) 25.5 (6.1)

Disease duration 
(years)

13.5 (11.0) 13.9 (11.1) 12.8 (11.0)

Postmenopause (%) 33 22 11

Phenotype

TSC (%) 15 14 17

Angiomyolipoma 
(%)

65 72 52

Lymphatic 
involvement (%)

18 16 21

Pneumothorax (%) 25 30 17

Serum VEGF-D (pg/
ml)

1250 (1201) 1287 (1165) 1182 (1284)

Lung function

FEV1 (% predicted) 62 (21) 69 (21) 50 (17)

DLCO (% predicted) 55 (16) 60 (16) 43 (11)

Pretreatment ΔFEV1 
(ml/year)

−77 (168) −54 (91) −113 (241)

Group means (SD) of subjects stratified by treatment with rapamycin.
BMI, Body mass index; DLCO, diffusing capacity of the lung for carbon monoxide (ml/
min/kPa); ΔFEV1, annual decline in forced expiratory volume (ml/yr); TSC, tuberous 
sclerosis complex; VEGF-D, vascular endothelial growth factor-D.

The rate of disease progression is highly variable. Loss of FEV1 
is perhaps the best characterised marker of progression with a 
mean loss of FEV1 around 80–140 mL/year in most populations 
studied.5 7 However, some patients remain stable for many years 
while others have a rapid clinical course requiring lung transplan-
tation. LAM cells express oestrogen and progesterone receptors 
and proliferate and metastasise in response to oestrogen in vitro 
and in vivo.8 9 Consistent with this, loss of FEV1 is accelerated by 
pregnancy and slows after the menopause.7 10

mTOR signalling is a major regulator of lipid synthesis, 
nucleotide synthesis and glucose metabolism. By regulating the 
transcription factor sterol responsive element binding protein 
(SREBP) both via S6 kinase and through phosphorylation of 
Lipin1, the expression of genes involved in fatty acid and choles-
terol biosynthesis are regulated. By increasing glycolytic enzyme 
expression, mTOR complex 1 (mTORC1) supports cellular 
growth by modulating the balance between oxidative phos-
phorylation and glycolysis, increasing the activity of the pentose 
phosphate pathway. mTORC1 also promotes the synthesis of 
purine and pyrimidine nucleotides.11 12

We, therefore, reasoned that women with LAM would have 
alterations of the serum metabolome, due to the metabolic effects 
of mTOR activation. Moreover, these metabolomic changes 
would be related to disease severity and activity. To answer these 
questions, we analysed the serum metabolome of a cohort of 
closely phenotyped women with LAM.

Methods
Subjects and clinical data
Women with LAM were recruited from the National Centre 
for LAM in Nottingham UK. All subjects had LAM defined 
by current American Thoracic Society/ Japanese Respiratory 

Societycriteria.13 All had a clinical assessment, including drug 
history, clinical screening for TSC, lung function and CT scan-
ning of the chest and abdomen to detect angiomyolipoma and 
lymphatic involvement. Menopausal status was recorded and 
subjects were considered postmenopausal if they had had a bilat-
eral oophorectomy or were over 50 years of age and had not had 
a period for 24 months. None of the subjects were using systemic 
hormone therapy. Control subjects were 43 healthy women over 
the age of 18 years with no prior history of lung disease from 
three metabolomic studies (see online supplementary table 1).

Tertiles of per cent predicted FEV1 and diffusing capacity 
of the lung for carbon monoxide (DLCO) at the time of assess-
ment were generated with tertile 1, the highest, and tertile 3, 
the lowest, values. Lung function decline was calculated as the 
loss of FEV1 (ΔFEV1, ml/year) in the period preceding blood 
sampling. Rate of loss of lung function was based on a period of 
observation of greater than 1 year for all subjects.

To stratify the whole-body burden of LAM, a disease burden 
score between 0 and 3 was used. Subjects were assigned one 
point for each of (1) More severe lung disease defined by an 
FEV1 or DLCO of <60% predicted. (2) The presence of an angi-
omyolipoma at the time of assessment. (3) The presence of 
lymphatic involvement visible on imaging (lymphadenopathy, 
cystic lymphatic mass or chylous effusion).

Serum samples
Blood was collected in serum separator tubes and processed 
immediately from subjects without fasting. Samples were 
allowed to clot for 30 min at room temperature, centrifuged at 
10 000 G for 10 min and stored in aliquots at −80°C until anal-
ysis. Serum vascular endothelial growth factor-D (VEGF-D) was 
determined using Quantikine ELISA DVED00 (R&D Systems, 
Abingdon, UK).

Serum metabolomics
Serum metabolomics was performed by Metabolon (Morris-
ville, North Carolina, USA). Samples were prepared using the 
MicroLab STAR system (Hamilton Company). Proteins were 
precipitated with methanol and the resulting extracts analysed 
by two separate reverse phases (RPs)/UPLC-MS/MS methods 
with positive ion mode electrospray ionisation (ESI), one for 
analysis by RP/UPLC-MS/MS with negative ion mode ESI, and 
one for analysis by hydrophilic interaction chromatography 
(HILIC)/UPLC-MS/MS with negative ion mode ESI. Controls 
were analysed with the experimental samples including a pooled 
matrix sample generated from experimental samples, extracted 
water samples as process blanks and quality control standards 
selected not to interfere with endogenous compounds. Exper-
imental samples were randomised across the platform run with 
quality control samples spaced evenly among the injections.

The analysis was performed using ultrahigh performance 
liquid chromatography-tandem mass spectroscopy (UPLC-MS/
MS) using a Waters ACQUITY UPLC and a Thermo Scientific 
Q-Exactive high resolution/accurate mass spectrometer inter-
faced with a heated ESI II source and Orbitrap mass analyser 
operated at 35 000 mass resolution. Sample extracts were 
dried and reconstituted in appropriate solvents. Reconstitution 
solvents contained a series of standards at fixed concentrations 
to ensure injection and chromatographic consistency. Four 
methods appropriate for different ion types and compounds 
were used, for all identified species including lipids. Raw data 
were extracted, peak-identified and quality control processed. 
Compounds were identified by comparison to a library of 
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Figure 1  Heatmap of log-transformed metabolite levels after correcting for confounding factors. Hierarchically clustered metabolites (horizontal) 
stratified by super pathway and participants of the study (vertical) stratified by healthy controls and women with LAM premenopause and 
postmenopause with and without rapamycin treatment (grey scale colour code); patients with TSC-LAM and sporadic LAM with and without 
rapamycin treatment (red scale); FEV1 (blue scale); Diffusing capacity of the lung for carbon monoxide (DLCO) (green scale); overall disease burden 
(orange scale); disease activity based on annual decline in forced expiratory volume (ΔFEV1) (ml/year); T, tertile, 1 highest, 3 lowest; S, score, 0 lowest, 
3 highest. For group definitions, see online supplementary table 3. LAM, lymphangioleiomyomatosis; mTOR, mechanistic target of rapamycin; TSC, 
tuberous sclerosis complex.

>3300 commercially available purified standard compounds 
and recurrent unknown entities using the retention time/index, 
mass-to-charge ratio and chromatographic data. Further details 
are provided in the online supplementary methods.

Statistical and bioinformatic analysis
Full details of the statistical and bioinformatics analysis are 
presented in the online supplementary methods. Briefly, normal-
isation of case and control metabolite samples was performed 
following the workflow described by Shin et al14 and Krumsiek 
et al.15 Each raw metabolite value was rescaled to have median 
1 to adjust for variation due to instrument run-day tuning 
differences. Missing values were imputed using the K nearest-
neighbor-truncated normal (KNN-TN) method.16 Differential 
analysis of serum metabolites was performed using Limma17 
controlling for the false discovery rate (FDR).18 Differential 
coexpression network analysis was used to detect significant 
associations between the relative abundance of metabolites in 
differential networks, or modules, between conditions and their 
significance assessed through permutation tests.19 Annotation of 
metabolites was performed using HMDB V.4.020 release 2019-
01-16. Finally, metabolomic pathway analysis was performed 
by using MetaboAnalyst V.4.021 with significant differential 
metabolite modules detected in the differential network anal-
ysis mapped in Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathways.

Results
The metabolome in LAM
Seventy-nine women with LAM were studied. The subjects 
were typical of other reported series: having an average age 
of approximately 50 years at the time of study and had had 
LAM for an average of 13.5 years (table  1). Two-thirds had 
angiomyolipoma, a quarter had had pneumothorax in the past 
and their mean serum VEGF-D was 1250 pg/mL. Fifteen per 
cent had TSC and a third were postmenopausal. Twenty-nine 
were being treated for LAM with rapamycin at the time of the 
study. Although of similar age and body mass index (two-sided 
Wilcoxon signed-rank test p=0.29 and p=0.92, respectively), 
those treated with rapamycin tended to have lower values of 
FEV1 and DLCO (two-sided Wilcoxon signed-rank test p=3.9 
× 10−4 and p=4.63 × 10−6, respectively). Further details of 
women with LAM are given in online supplementary tables 2 
and 3.

After compound identification, quantification and data cura-
tion, 1326 serum metabolites were identified from 122 individ-
uals. Metabolites spanned a wide range of biochemical classes 
or super pathways including 183 amino acid (13.8%), 24 carbo-
hydrate (1.8%), 21 cofactors and vitamins (1.6%), 10 energy 
(0.8%), 471 lipid (35.5%), 32 nucleotide (2.4%), 79 peptide (6%) 
and 115 xenobiotics (8.7%) and a remaining group of 391 untar-
geted metabolites (29.5%). A heatmap of the log-transformed 
corrected metabolites and super pathways levels with the groups 
considered in the analysis is presented in figure 1.
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Table 2  Number of differential metabolites identified

Groups

Age covariate removed Age covariate not removed

<0.10% FDR <0.10% FDR and log2 FC|>0.4 <0.10% FDR <0.10% FDR and log2 FC|>0.4

LAM untreated versus healthy women 0 0 – –

LAM premenopause untreated versus LAM postmenopause untreated – – 68 40

mTOR inhibition

TSC-LAM untreated versus TSC-LAM rapamycin treated 0 0 – –

Sporadic LAM untreated versus sporadic LAM rapamycin treated 0 0 – –

TSC-LAM untreated versus sporadic LAM untreated 1 0 – –

TSC-LAM rapamycin treated versus sporadic LAM rapamycin treated 9 2 – –

FEV1

T1 vs T2 11 0 – –

T2 vs T3 0 0 – –

T1 vs T3 0 0 – –

T1 vs T2 and T3 0 0 – –

DLCO

T1 vs T2 0 0 – –

T2 vs T3 0 0 – –

T1 vs T3 0 0 – –

T1 vs T2 and T3 0 0 – –

Disease burden

S0 vs S1 1 0 – –

S1 vs S2 0 0 – –

S2 vs S3 32 20 – –

S0 vs S1, S2 and S3 10 9 – –

Disease activity

ΔFEV1 T1 vs T2 0 0 – –

ΔFEV1 T2 vs T3 3 2 – –

ΔFEV1 T1 vs T3 22 2 – –

ΔFEV1 T1 vs T2 and T3 3 0 – –

Number of differential metabolites at 10% FDR threshold and at 10% FDR threshold with |log2 fold change (FC)|>0.4 after removing the effect of sex, BMI, ethnicity, study 
covariate (only in ‘LAM untreated vs healthy women’ contrast) and experimental run day and excluding metabolites of unknown identity and the ‘Xenobiotics’ super pathway. 
For group definitions, see online supplementary table 3. Full results are presented in online supplementary tables 4 and 5.
DLCO, diffusing capacity of the lung for carbon monoxide; FDR, false discovery rate; ΔFEV1, annual decline in forced expiratory volume (ml/year); LAM, lymphangioleiomyomatosis; 
mTOR, mechanistic target of rapamycin; S, disease burden score; T, tertile, 1 highest, 3 lowest; TSC, tuberous sclerosis complex; VEGFD, vascular endothelial growth factor-D (pg/
ml).

We examined how individual metabolites varied with the pres-
ence or absence of LAM. Using an FDR of 10%, there were no 
differences in the abundance of individual metabolites between 
women with LAM who had not received rapamycin and healthy 
control women (see online supplementary table 4). Control 
metabolomic profiles were quite variable. Hierarchical clus-
tering showed that there was no segregation between control 
samples from the current study and companion metabolites 
studies (see online supplementary figure 1). Variation was lower 
in women with LAM and differences in the metabolic profile 
were observed when women with LAM were stratified according 
to menopausal status, lung function, disease burden and disease 
activity (table 2).

Association of metabolic changes with disease severity and 
activity
To test the hypothesis that dysregulation of the metabolome was 
related to disease severity and activity, individuals with LAM 
were stratified according to the severity of their lung disease, 

the whole-body burden of LAM and rate of loss of FEV1. As 
we suspected that mTOR inhibition would affect the metabo-
lome, we restricted this analysis to the 50 subjects who had not 
received rapamycin. Subjects were grouped into tertiles of FEV1 
and DLCO (tertile 1 highest values, tertile 3 lowest, see online 
supplementary table 3). Comparing tertiles 1 and 2 applying 
a 10% FDR, reductions were seen in sphingolipids (behenoyl 
sphingomyelin (adjusted (adj.) p=8.10 × 10−3), lignoceroyl 
sphingomyelin (adj. p=8.10 × 10−3), lactosyl-N-behenoyl-
sphingosine (adj. p=3.06 × 10−2), tricosanoyl sphingomyelin 
(adj. p=6.23 × 10−2) and palmitoyl dihydrosphingomyelin (adj. 
p=9.75 × 10−2)), fatty acids (eicosenoylcarnitine (adj. p=8.68 × 
10−2)), phospholipids (1-palmityl-2-stearoyl-glycero-phosph
ocholine (GPC) (adj. p=8.10 × 10−3)) and pantothenate (adj. 
pantothenate (adj. p=9.75 × 10−2)), see online supplementary 
figure 2. Full details are presented in online supplementary table 
5. There were no significant associations between metabolites 
and DLCO (table 2).
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Figure 2  Volcano plot of fatty acids and phospholipids across 
overall disease burden. Significantly different metabolites at 10% false 
discovery rate (FDR) (y-axis) with |log2 fold change (FC)|>0.4 (x-axis) 
in patients not treated with rapamycin between overall disease burden 
score S0 (lowest, n=8) and scores S1 (n=17), S2 (n=23) and S3 (highest, 
n=2) (for group definitions, see online supplementary table 3). Red, blue, 
green and grey dots indicate metabolites that are significantly different 
between conditions at 10% FDR with |log2 FC|>0.4, metabolites 
significant at 10% FDR with |log2 FC|<0.4, non-significant at 10% 
FDR with |log2 FC|>0.4 and overall non-significant (NS), respectively. 
*Compounds identified without confirmation by a standard. Full results 
are presented in online supplementary table 5.

Figure 3  Volcano plot of metabolic changes in patients with rate loss 
of FEV1. Significantly different metabolites at 10% false discovery rate 
(FDR) (y-axis) with |log2 fold change (FC)|>0.4 (x-axis) in patients not 
treated with rapamycin with ΔFEV11 T1 (n=13) and ΔFEV1 T3 (n=12) 
(for group definitions, see online supplementary table 3). Red, blue and 
grey dots indicate metabolites that are significantly different between 
conditions at 10% FDR with |log2 FC|>0.4, metabolites significant 
at 10% FDR with |log2 FC|<0.4 and overall non-significant (NS), 
respectively. *Denotes compounds identified without confirmation by a 
standard. Full results are provided in online supplementary table 5.

To examine the relationship between the metabolome and 
the whole body burden of LAM, we then stratified subjects 
by a score that reflected the presence of disease in the lungs, 

lymphatic tissue and angiomyolipomas (score 0 lowest disease 
burden, score 3 highest disease burden, see online supplemen-
tary table 3). Those with the highest disease burden score had 
abnormalities in four fatty acids, four phospholipids and one 
lysolipid metabolite (see online supplementary table 5). Stearoyl-
choline, lineloylcholine, palmitoylcholine, oleylcholine, docosa-
hexaenoylcholine, arachadonycholine, eicosapentaenoylcholine, 
dihomo-linolenoyl-choline and 2-stearoyl-glycero-phosphoinosi
tol (GPI) (18:0) differed in abundance across levels of disease 
burden, tending to be lower in more extensive disease (figure 2 
and online supplementary figure 3). Although the same pathways 
were associated with both lung function and disease burden, the 
individual metabolites within these pathways differed (see online 
supplementary table 5).

Rate of loss of FEV1 was used as a measure of disease activity. 
Subjects were divided into tertiles, with 1 being the lowest (best) 
rate of FEV1 loss. Changes in abundance of 22 metabolites, at 
an FDR of 10% were observed between those with the lowest 
ΔFEV1 in tertile 1 and those with the fastest ΔFEV1 in tertile 3 
(figure 3). Again, metabolites associated with ΔFEV1 were almost 
all lipid-based comprising eight acyl-carnitine, one acyl-glycine, 
one acyl-glutamine, five fatty acid, three endocanbinoid and two 
sphingolipids (table 3 and online supplementary table 5).

Metabolic changes postmenopause
Several studies have reported that the mean rate of loss in FEV1 
is slower in postmenopausal than premenopausal women with 
LAM.7 10 We therefore compared the metabolome of the 33 
premenopausal and 17 postmenopausal women who had not 
been treated with rapamycin. In postmenopausal women, as 
expected, 18 sex steroid metabolites were altered (see online 
supplementary table 4 and figure 5). Metabolomic pathway anal-
ysis identified that menopausal status was associated with signif-
icant enrichment of the steroid hormone biosynthesis pathway 
(see online supplementary figure 6). Also, levels of 14 acyl-
carnitine, 1 acyl-glycine, 1 acyl-glutamine, 12 phospholipids, 5 
fatty acids, 5 diacylglycerols and 2 secondary bile acid metabo-
lites were altered (see online supplementary table 4).

Effect of rapamycin on the serum metabolome
Women with sporadic LAM treated with rapamycin had similar 
metabolomic profiles to those not treated with rapamycin. In 
contrast, in those with TSC-LAM, rapamycin affected a network 
of inter-related metabolites whose significance was assessed by 
empirical p value <0.1. Although no individual metabolites 
significantly differed in abundance (see online supplementary 
figure 4), changes in related groups of metabolites were iden-
tified as differential coexpression networks or ‘modules’. The 
modules, arbitrarily described by colours, are described in 
detail in online supplementary table 6. These modules were 
not detected if a coexpression network analysis was performed 
separately on TSC-LAM samples with and without rapamycin 
treatment (see online supplementary figure 7). The relationship 
between modules suggests these metabolites are either interde-
pendent or affected in a similar manner by mTOR inhibition 
(figure 4). Individual modules (blue, tan and magenta) were also 
significantly negatively associated with FEV1, while ΔFEV1, a 
measure of disease activity, was significantly positively correlated 
with the blue module. These associations were not seen in 
subjects treated with rapamycin (figure 5B), suggesting they are 
downstream of mTORC1. Metabolomic pathway analysis of the 
individual modules again shows a significant contribution from 
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Table 3  Lipid mediators associated with rate of loss of FEV1

Biochemical name Subpathway

ΔFEV1 T1 vs T2 ΔFEV1 T2 vs T3 ΔFEV1 T1 vs T3
ΔFEV1 T1 vs T2 and 
T3

FC Adj. p FC Adj. p FC Adj. p FC Adj. P

Myristoleoylcarnitine (C14:1)* Acyl-carnitine −0.107 0.998 −0.338 0.165 −0.445 0.070 −0.377 0.812

Laurylcarnitine (C12) Acyl-carnitine −0.149 0.998 −0.266 0.256 −0.415 0.070 −0.376 0.812

Palmitoleoylcarnitine (C16:1)* Acyl-carnitine −0.068 0.998 −0.243 0.160 −0.311 0.070 −0.253 0.812

Oleoyl ethanolamide Endocanbinoid −0.022 0.998 −0.191 0.154 −0.213 0.070 −0.152 0.859

N-palmitoylglycine Acyl-glycine −0.017 0.998 −0.164 0.154 −0.182 0.070 −0.107 0.859

Palmitoyl ethanolamide Endocanbinoid −0.019 0.998 −0.151 0.154 −0.170 0.070 −0.103 0.859

Sphingomyelin (d18:2/24:1, d18:1/24:2)* Sphingolipid 0.018 0.998 −0.153 0.047 −0.135 0.070 −0.080 0.859

Ximenoylcarnitine (C26:1)* Acyl-carnitine −0.148 0.968 −0.056 0.705 −0.204 0.073 −0.294 0.039

Adrenate (22:4n6) Fatty acid −0.036 0.998 −0.295 0.160 −0.331 0.078 −0.229 0.859

Dihomolinoleate (20:2n6) Fatty acid −0.028 0.998 −0.293 0.160 −0.321 0.078 −0.220 0.859

Docosapentaenoate (n6 DPA; 22:5n6) Fatty acid −0.006 0.998 −0.246 0.154 −0.252 0.078 −0.192 0.859

Dihomolinolenate (20:3n3 or 3n6) Fatty acid −0.024 0.998 −0.177 0.160 −0.201 0.078 −0.153 0.859

Oleoylcarnitine (C18) Acyl-carnitine −0.076 0.998 −0.101 0.371 −0.176 0.078 −0.178 0.751

Sphingomyelin (d18:1/24:1, d18:2/24:0)* Sphingolipid −0.034 0.998 −0.068 0.275 −0.102 0.078 −0.094 0.858

Allantoin Purine 0.190 0.263 −0.011 0.943 0.179 0.078 0.308 0.006

Hexanoylglutamine Acyl-glutamine −0.056 0.998 −0.328 0.175 −0.384 0.082 −0.226 0.859

Suberoylcarnitine (C8-DC) Acyl-carnitine −0.038 0.998 −0.323 0.160 −0.361 0.082 −0.206 0.859

Docosadienoate (22:2n6) Fatty acid −0.028 0.998 −0.245 0.160 −0.272 0.082 −0.173 0.859

Linoleoyl ethanolamide Endocanbinoid −0.031 0.998 −0.165 0.175 −0.196 0.082 −0.142 0.859

Palmitoylcarnitine (C16) Acyl-carnitine −0.062 0.998 −0.092 0.371 −0.154 0.085 −0.133 0.859

Gamma-glutamylalanine Gamma-glutamyl amino acid 0.071 0.998 0.106 0.371 0.178 0.085 0.121 0.859

Eicosenoylcarnitine (C20:1)* Acyl-carnitine −0.097 0.998 −0.068 0.565 −0.164 0.097 −0.179 0.751

Lipid mediators associated with rate of change of FEV1 (ΔFEV1) (ml/year) at 10% FDR. Metabolites are ranked by significance and -log2 fold change comparing the largest 
difference, tertile 1 (T1, lowest (best) ΔFEV1) with T3 (greatest (worst) ΔFEV1). Red and blue cells indicate metabolites that are significantly different between conditions at 10% 
FDR with |log2 FC|>0.4 and metabolites significant at 10% FDR with |log2 FC|<0.4, respectively.
*Compounds identified without confirmation by a standard. Volcano plot of ΔFEV1 T1 versus T3 is shown in figure 3. Full results are presented in online supplementary table 5.
Adj. p, adjusted p value; FC, −log2 fold change; T, tertile, 1 highest, 3 lowest.

glycerophospholipid metabolites that are altered by treatment 
with rapamycin (figure 5A and online supplementary figure 8).

Discussion
This study is the first comprehensive examination of the serum 
metabolome in a large cohort of women with LAM. Sphingo-
lipid and fatty acid metabolism were associated with the severity 
of lung disease, total body burden of LAM and disease activity 
defined by the rate of loss of FEV1. Comparison of mTOR inhib-
itor treated and untreated women showed changes in metabo-
lite networks incorporating glycerophospholipid metabolites in 
subjects with TSC-LAM but not sporadic LAM. These findings 
are likely to reflect the altered metabolism of the LAM cell with 
metabolites related to disease activity and severity.

We observed that FEV1, a measure of airflow limitation, was 
related to sphingolipid and fatty acid metabolism, although this 
was not a simple relationship with the greatest abnormalities 
seen in those with moderate impairment (tertile 2). Airflow 
limitation in LAM is thought to be due to loss of elastic recoil 
resulting from parenchymal destruction and these metabolomic 
alterations may reflect the amount of parenchymal involvement. 
However, as we observed that the same metabolomic pathways 
were also related to the rate of loss of FEV1, a measure of disease 
activity, it is also possible that FEV1 tertile 2 contained those with 
the most active disease, both in terms of disease progression and 
mTOR-driven metabolic changes. Subjects with better-preserved 

FEV1 (tertile 1) may have less active disease and those with the 
most advanced disease (tertile 3) may have reached a ‘burned 
out’, less metabolically active stage. This idea is supported by the 
strong linear association between acyl-carnitine fatty acid and 
sphingolipid metabolism with the rate of FEV1 loss, suggesting 
changes in the lipidome are associated with both disease extent 
and activity.

We reasoned that at least some of the metabolic changes 
observed would be related to the number of LAM cells in 
the body. The disease’s clinical phenotype, and hence LAM 
cell burden, is variable with some having extensive lymphatic 
involvement or large angiomyolipomas and others having only 
lung disease. It is not possible to accurately determine the 
‘whole-body burden’ of LAM cells, particularly as some organ 
involvement is likely to be subclinical.22 We, therefore, used a 
simple score comprising mild or more advanced lung disease, 
the presence of angiomyolipoma and lymphatic involvement 
visible by clinical imaging. As we predicted, this ‘disease burden’ 
score was associated with the degree of metabolic abnormality 
in acyl-choline fatty acid metabolism and phospholipids with 
the same group of 10 metabolites significantly different between 
all groups with the largest differences in those with the greatest 
disease burden.

The observations that LAM is one of the most female-specific 
diseases described, that rate of loss of FEV1 is lower in post-
menopausal women,7 10 can be exacerbated by pregnancy23 24 and 
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Figure 4  Differential coexpression network analysis after mTOR inhibitor treatment. (A) Dendrogram showing clustering of differential coexpressed 
metabolites (modules) based on TSC-LAM samples without (n=5) and with (n=7) mTOR inhibitor treatment (for group definitions, see online 
supplementary table 3). Top bar: metabolites with |log2 FC|>0.4 (green); bottom colour bar: colours identify 15 modules generated by unsupervised 
hierarchical clustering. (B) Comparative correlation heatmap (red corresponds to positive correlations, blue to negative correlations). The upper 
diagonal matrix shows the correlation between pairs of metabolites in the TSC-LAM rapamycin group while the lower diagonal matrix shows the 
correlation between pairs of metabolites in the TSC-LAM untreated group. Modules are identified in the heatmap by colour-coded squares and on the 
top by a colour bar. (C) Significance of the identified differential coexpressed metabolites and covariation between modules (empirical p values inside 
each module pair). Modules are identified on the top by a colour bar with number of metabolites in each module. LAM, lymphangioleiomyomatosis; 
mTOR, mechanistic target of rapamycin; TSC, tuberous sclerosis complex; FC, −log2 fold change.

7Bottolo L, et al. Thorax 2020;0:1–10. doi:10.1136/thoraxjnl-2019-214241
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Figure 5  Pathway analysis of modules affected by mTOR inhibition. Differential coexpressed metabolites (modules) pathway analysis and 
correlation with clinical phenotypes in the TSC-LAM samples without (n=5) and with (n=7) rapamycin treatment (for group definitions, see online 
supplementary table 3). (A) Scatter plots depicting −log10 p values of the metabolomic pathway analysis (y-axis) and impact values from topology 
pathway analysis (x-axis). For each significant module (empirical p value <0.1) with at least one significant pathway, metabolomic pathways detected 
at 10% Holm–Bonferroni correction are highlighted (full results are presented in online supplementary table 6). Modules are identified by the colour 
bar, dot sizes are proportional to the number of altered metabolites within the pathway. (B) Table of correlations and p values for studying the 
relationships between modules ‘eigen-metabolites’ (rows) and selected clinical traits (columns) in TSC-LAM samples without (left) and with (right) 
rapamycin treatment. Significant Spearman correlations at 10% nominal level of significance and corresponding p values are reported inside the 
tables. LAM, lymphangioleiomyomatosis; TSC, tuberous sclerosis complex; DLCO, diffusing capacity of the lung for carbon monoxide; VEGF-D, vascular 
endothelial growth factor-D

occurs earlier in those exposed to oestrogen-containing contra-
ceptives,25 suggest that LAM is likely to be oestrogen driven 
and we had expected the metabolome to reflect increased 
disease activity in premenopausal women. As anticipated, there 
were widespread changes in sex steroid metabolism between 
premenopausal and postmenopausal women with LAM. We 
also observed changes in phospholipid and acyl-carnitine fatty 
acid metabolism. While it is tempting to speculate this change is 
related to reduced disease activity as a result of lower oestrogen 

levels, the menopause in healthy women is also associated with 
changes in acyl-carnitine, fatty acid and lysophosphatidylcholine 
metabolism26 and we are unable to relate the changes observed 
here to a specific set of processes.

The molecular defect in the TSC proteins and the impres-
sive reduction in lung function decline during mTOR inhibitor 
therapy suggesting that mTOR activation is the key driver of 
LAM and TSC.1 5 In our study, the metabolic abnormalities asso-
ciated with disease extent and activity are almost exclusively 
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comprised of lipids, particularly sphingolipids, phospholipids 
and acyl-carnitine fatty acids, reflecting metabolic processes 
downstream of mTOR. As an investigation in a monogenic 
disease characterised by mTOR dysregulation, our study 
provides a translational link between this basic mTOR biology, 
LAM and other diseases in which mTOR is activated. The 
changes observed represent a metabolic signature of increased 
fatty acid synthesis and uptake which is also a characteristic of 
cancer cells.27 28 Glycerophospholipid and sphingolipid metabo-
lites are also associated with airflow obstruction in patients with 
COPD; while mTOR can be activated to some degree in COPD 
it is also possible these changes are a response to tissue damage.29 
mTORC1 and mTORC2 stimulate expression and processing of 
SREBP1 and suppress its negative regulator LIPIN1. SREBP1 is 
a transcription factor responsible for the expression of the fatty 
acid synthases, ATP citrate lyase, fatty acid synthase, acetyl-co-
enzyme (CoA) carboxylase 1 and stearoyl-CoA desaturase. In 
addition, mTORC1 further stabilises these gene transcripts to 
enhance fatty acid synthesis and enhances fatty acid uptake via 
CD38. Lipidomic profiling of TSC2 null murine fibroblasts has 
similarly shown an increase in multiple lipid species including 
phosphatidylcholine, lysophosphatidylcholines, phospholipids, 
sphingomyelins and triacylglycerols.30 Inhibition of mTOR 
signalling with rapamycin in TSC2 null murine fibroblasts did 
not suppress the overproduction of most lipid species, whereas 
downregulation of SREBP1 did, perhaps as SREBP1 is known to 
be only partially rapamycin sensitive.31 These observations are 
consistent with our findings showing that serum lipid abnormal-
ities were only affected by rapamycin therapy in subjects with 
TSC where although groups of metabolites, or modules, were 
altered by rapamycin, only glycerophospholids were consis-
tently differentially abundant in those receiving rapamycin. 
Also consistent with a role for mTORC1 in metabolism was the 
observation that the associations between metabolite networks, 
lung function and disease activity were not seen in women with 
LAM who were being treated with rapamycin.

The LAM cell, analogous to a cancer cell, is likely to use altered 
lipid metabolism to support cell membrane synthesis as constitu-
ents of membrane lipid rafts, saturated and monounsaturated phos-
pholipids, potentially protect cancer cells from oxidative damage 
by reducing lipid peroxidation.32 As second messengers, lipids, 
including sphingosine 1-phosphate, promote cell proliferation and 
migration and in turn feed back to activate mTOR signalling.28 
Depletion of SREBP1 and SREBP2 reduces monounsaturated fatty 
acids, resulting in mitochondrial dysfunction, the accumulation of 
reactive oxygen species and endoplasmic reticulum stress.33 Inhibi-
tors of various lipid synthetic enzymes are currently in clinical trials 
for cancer and may also have therapeutic potential in conjunction 
with mTOR inhibitors for LAM and TSC.

The metabolomic platform used identifies metabolites based 
on a combination of three MS/MS criteria referenced against 
library data of over 3300 purified standards. While no targeted 
assays are performed, the approach has been extensively applied 
and validated.34 We were surprised to observe that after statis-
tical corrections, healthy women and those with LAM did not 
have different metabolic profiles. The healthy control samples 
were variable, with no apparent clustering dependent on the 
source of the control sample. In addition, within women with 
LAM, significant metabolic changes in response to rapamycin 
were only observed in patients with TSC-LAM. While TSC 
and sporadic LAM have the same underlying molecular abnor-
mality,35 those with TSC-LAM may have larger changes in lipid 
metabolism, due to other TSC-related tumours and perhaps 
widespread haploinsufficiency for TSC.

LAM is a rare disease with a variable clinical phenotype and 
despite this being the largest metabolic analysis in LAM to date, the 
relatively small sample size reduces the statistical power to detect 
differential metabolites which may account for some of the unex-
pected results we have observed, in particular between healthy 
women and those with LAM not treated with rapamycin. Possible 
approaches would be to define a more liberal level of significance 
or FDR although this may increase false-positive observations. 
Alternatively, pooling ‘similar’ metabolites,36 such as those that 
belong to the same KEGG pathway, could increase power.

In conclusion, we have performed the largest comprehen-
sive metabolomic study in women with LAM to date and have 
demonstrated multiple abnormalities in lipid metabolism, partic-
ularly, sphingolipids and phospholipids, and the fatty acids 
acyl-carnitine, acyl-choline and acyl-glycine. These changes are 
poorly responsive to rapamycin, the only disease-modifying 
therapy for LAM and are likely to contribute to LAM cell 
growth, survival and resulting lung damage. The associations 
between these metabolites, multiple markers of disease activity 
and their potential roles in cell survival and signalling, suggest 
that lipid species may be both disease-relevant biomarkers and 
potential therapeutic targets.

Acknowledgements  The authors thank the women with LAM who contributed 
to the study. The authors also thank and Paul Kirk and Angelos Alexopoulos for 
suggestions and insightful comments regarding the KNN-TN software.

Contributors  LB performed the data analysis, produced the figures and co-wrote 
the paper. SM processed the samples and coordinated the clinical data. SRJ 
conceived the study, saw the patients co-wrote the paper and acts as guarantor for 
the study.

Funding  Alan Turing Institute under the Engineering and Physical Sciences 
Research Council(EP/N510129/1 to L.B.). NIHR RD-TRC and MRC/EPSRC Nottingham 
Molecular Pathology Node(MR/N005953/1)

Competing interests  SRJ reports grants from the National Institute for Health 
Research, The LAM Foundation, LAM Action during the conduct of the study and 
personal fees from Pfizer, outside the submitted work.

Patient consent for publication  Obtained

Ethics approval  The study was approved by the East Midlands Research Ethics 
Committee (13/EM/0264). The use of control samples was approved by Nottingham 
University Ethics Committee (approval BT A27 08 2009).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as supplementary information.

ORCID iD
Simon R Johnson http://​orcid.​org/​0000-​0002-​9837-​2763

References
	 1	H enske EP, McCormack FX. Lymphangioleiomyomatosis - a wolf in sheep’s clothing. J 

Clin Invest 2012;122:3807–16.
	 2	S axton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell 

2017;168:960–76.
	 3	C lements D, Dongre A, Krymskaya VP, et al. Wild type mesenchymal cells 

contribute to the lung pathology of lymphangioleiomyomatosis. PLoS One 
2015;10:e0126025.

	 4	 Johnson SR, Taveira-DaSilva AM, Moss J. Lymphangioleiomyomatosis. Clin Chest Med 
2016;37:389–403.

	 5	 McCormack FX, Inoue Y, Moss J, et al. Efficacy and safety of sirolimus in 
lymphangioleiomyomatosis. N Engl J Med 2011;364:1595–606.

	 6	 Bee J, Fuller S, Miller S, et al. Lung function response and side effects to rapamycin 
for lymphangioleiomyomatosis: a prospective national cohort study. Thorax 
2018;73:369–75.

	 7	 Johnson SR, Tattersfield AE. Decline in lung function in lymphangioleiomyomatosis: 
relation to menopause and progesterone treatment. Am J Respir Crit Care Med 
1999;160:628–33.

	 8	 Yu JJ, Robb VA, Morrison TA, et al. Estrogen promotes the survival and pulmonary 
metastasis of tuberin-null cells. Proc Natl Acad Sci U S A 2009;106:2635–40.

9Bottolo L, et al. Thorax 2020;0:1–10. doi:10.1136/thoraxjnl-2019-214241

 on A
pril 27, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2019-214241 on 28 M

ay 2020. D
ow

nloaded from
 

http://orcid.org/0000-0002-9837-2763
http://dx.doi.org/10.1172/JCI58709
http://dx.doi.org/10.1172/JCI58709
http://dx.doi.org/10.1016/j.cell.2017.02.004
http://dx.doi.org/10.1371/journal.pone.0126025
http://dx.doi.org/10.1016/j.ccm.2016.04.002
http://dx.doi.org/10.1056/NEJMoa1100391
http://dx.doi.org/10.1136/thoraxjnl-2017-210872
http://dx.doi.org/10.1164/ajrccm.160.2.9901027
http://dx.doi.org/10.1073/pnas.0810790106
http://thorax.bmj.com/


Respiratory research

	 9	C lements D, Asprey SL, McCulloch TA, et al. Analysis of the oestrogen response in an 
angiomyolipoma derived xenograft model. Endocr Relat Cancer 2009;16:59–72.

	10	G upta N, Lee H-S, Ryu JH, et al. The NHLBI Lam registry: prognostic physiologic and 
radiologic biomarkers emerge from a 15-year prospective longitudinal analysis. Chest 
2019;155:288–96.

	11	 Ben-Sahra I, Hoxhaj G, Ricoult SJH, et al. mTORC1 induces purine synthesis 
through control of the mitochondrial tetrahydrofolate cycle. Science 
2016;351:728–33.

	12	R obitaille AM, Christen S, Shimobayashi M, et al. Quantitative phosphoproteomics 
reveal mTORC1 activates de novo pyrimidine synthesis. Science 2013;339:1320–3.

	13	G upta N, Finlay GA, Kotloff RM, et al. Lymphangioleiomyomatosis diagnosis and 
management: high-resolution chest computed tomography, transbronchial lung 
biopsy, and pleural disease management. An official American thoracic Society/
Japanese respiratory Society clinical practice guideline. Am J Respir Crit Care Med 
2017;196:1337–48.

	14	S hin S-Y, Fauman EB, Petersen A-K, et al. An atlas of genetic influences on human 
blood metabolites. Nat Genet 2014;46:543–50.

	15	 Krumsiek J, Mittelstrass K, Do KT, et al. Gender-Specific pathway differences in the 
human serum metabolome. Metabolomics 2015;11:1815–33.

	16	S hah JS, Rai SN, DeFilippis AP, et al. Distribution based nearest neighbor imputation 
for truncated high dimensional data with applications to pre-clinical and clinical 
metabolomics studies. BMC Bioinformatics 2017;18:114.

	17	R itchie ME, Phipson B, Wu D, et al. limma powers differential expression analyses for 
RNA-sequencing and microarray studies. Nucleic Acids Res 2015;43:e47.

	18	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful 
approach to multiple testing. J R Stat Soc Ser B 1995;57:289–300.

	19	 Tesson BM, Breitling R, Jansen RC. DiffCoEx: a simple and sensitive method to find 
differentially coexpressed gene modules. BMC Bioinformatics 2010;11:497.

	20	 Wishart DS, Feunang YD, Marcu A, et al. HMDB 4.0: the human metabolome database 
for 2018. Nucleic Acids Res 2018;46:D608–17.

	21	C hong J, Soufan O, Li C, et al. MetaboAnalyst 4.0: towards more transparent and 
integrative metabolomics analysis. Nucleic Acids Res 2018;46:W486–94.

	22	H ayashi T, Kumasaka T, Mitani K, et al. Prevalence of uterine and adnexal involvement 
in pulmonary lymphangioleiomyomatosis: a clinicopathologic study of 10 patients. Am 
J Surg Pathol 2011;35:1776–85.

	23	 Johnson SR, Tattersfield AE. Clinical experience of lymphangioleiomyomatosis in the 
UK. Thorax 2000;55:1052–7.

	24	C ohen MM, Freyer AM, Johnson SR. Pregnancy experiences among women with 
lymphangioleiomyomatosis. Respir Med 2009;103:766–72.

	25	 Oberstein EM, Fleming LE, Gómez-Marin O, et al. Pulmonary 
lymphangioleiomyomatosis (LAM): examining oral contraceptive pills and the onset of 
disease. J Women's Heal 2003;12:81–5.

	26	 Ke C, Hou Y, Zhang H, et al. Plasma metabolic profiles in women are menopause 
dependent. PLoS One 2015;10:e0141743.

	27	 Kim J, Guan K-L. mTOR as a central hub of nutrient signalling and cell growth. Nat 
Cell Biol 2019;21:63–71.

	28	 Mossmann D, Park S, Hall MN. mTOR signalling and cellular metabolism are mutual 
determinants in cancer. Nat Rev Cancer 2018;18:744–57.

	29	 Bowler RP, Jacobson S, Cruickshank C, et al. Plasma sphingolipids associated with 
chronic obstructive pulmonary disease phenotypes. Am J Respir Crit Care Med 
2015;191:275–84.

	30	 Priolo C, Ricoult SJH, Khabibullin D, et al. Tuberous sclerosis complex 2 loss increases 
lysophosphatidylcholine synthesis in lymphangioleiomyomatosis. Am J Respir Cell Mol 
Biol 2015;53:33–41.

	31	 Peterson TR, Sengupta SS, Harris TE, et al. mTOR complex 1 regulates lipin 1 
localization to control the SREBP pathway. Cell 2011;146:408–20.

	32	R ysman E, Brusselmans K, Scheys K, et al. De novo lipogenesis protects cancer cells 
from free radicals and chemotherapeutics by promoting membrane lipid saturation. 
Cancer Res 2010;70:8117–26.

	33	G riffiths B, Lewis CA, Bensaad K, et al. Sterol regulatory element binding protein-
dependent regulation of lipid synthesis supports cell survival and tumor growth. 
Cancer Metab 2013;1:3.

	34	 Thaiss CA, Itav S, Rothschild D, et al. Persistent microbiome alterations modulate the 
rate of post-dieting weight regain. Nature 2016;540:544–51.

	35	 Badri KR, Gao L, Hyjek E, et al. Exonic mutations of TSC2/TSC1 are common but not 
seen in all sporadic pulmonary lymphangioleiomyomatosis. Am J Respir Crit Care Med 
2013;187:663–5.

	36	S tingo FC, Chen YA, Tadesse MG, et al. Incorporating biological information into linear 
models: a Bayesian approach to the selection of pathways and genes. Ann Appl Stat 
2011;5:1978–2002.

10 Bottolo L, et al. Thorax 2020;0:1–10. doi:10.1136/thoraxjnl-2019-214241

 on A
pril 27, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2019-214241 on 28 M

ay 2020. D
ow

nloaded from
 

http://dx.doi.org/10.1677/ERC-08-0123
http://dx.doi.org/10.1016/j.chest.2018.06.016
http://dx.doi.org/10.1126/science.aad0489
http://dx.doi.org/10.1126/science.1228771
http://dx.doi.org/10.1164/rccm.201709-1965ST
http://dx.doi.org/10.1038/ng.2982
http://dx.doi.org/10.1007/s11306-015-0829-0
http://dx.doi.org/10.1186/s12859-017-1547-6
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1186/1471-2105-11-497
http://dx.doi.org/10.1093/nar/gkx1089
http://dx.doi.org/10.1093/nar/gky310
http://dx.doi.org/10.1097/PAS.0b013e318235edbd
http://dx.doi.org/10.1097/PAS.0b013e318235edbd
http://dx.doi.org/10.1136/thorax.55.12.1052
http://dx.doi.org/10.1016/j.rmed.2008.11.007
http://dx.doi.org/10.1089/154099903321154176
http://dx.doi.org/10.1371/journal.pone.0141743
http://dx.doi.org/10.1038/s41556-018-0205-1
http://dx.doi.org/10.1038/s41556-018-0205-1
http://dx.doi.org/10.1038/s41568-018-0074-8
http://dx.doi.org/10.1164/rccm.201410-1771OC
http://dx.doi.org/10.1165/rcmb.2014-0379RC
http://dx.doi.org/10.1165/rcmb.2014-0379RC
http://dx.doi.org/10.1016/j.cell.2011.06.034
http://dx.doi.org/10.1158/0008-5472.CAN-09-3871
http://dx.doi.org/10.1186/2049-3002-1-3
http://dx.doi.org/10.1038/nature20796
http://dx.doi.org/10.1164/ajrccm.187.6.663
http://dx.doi.org/10.1214/11-AOAS463
http://thorax.bmj.com/

	Sphingolipid, fatty acid and phospholipid metabolites are associated with disease severity and mTOR inhibition in lymphangioleiomyomatosis
	Abstract
	Introduction﻿﻿
	Methods
	Subjects and clinical data
	Serum samples
	Serum metabolomics
	Statistical and bioinformatic analysis

	Results
	The metabolome in LAM
	Association of metabolic changes with disease severity and activity
	Metabolic changes postmenopause
	Effect of rapamycin on the serum metabolome

	Discussion
	References


