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Background: Our aim was to analyze and compare the characteristics and differences of blood metabolites 
between lymphangioleiomyomatosis (LAM) patients and healthy controls, in order to find biomarkers that 
can be used for the diagnosis and classification of LAM.
Methods: Between January 2020 to January 2022, 61 eligible LAM patients [51 sporadic LAM (S-LAM) 
and 10 tuberous sclerosis complex LAM (TSC-LAM)] from the First Affiliated Hospital of Guangzhou 
Medical University and 30 healthy controls were enrolled. Blood samples were taken for nuclear magnetic 
resonance (NMR) detection. Data analysis was performed by the umbrella program, and Wilcoxon analysis 
was used for comparisons between groups. The difference indicators were modeled by logistic regression. 
Diagnostic accuracy of the best predictive parameters was evaluated by the area under the receiver operating 
characteristic (ROC) curve (AUC), and the sensitivity and specificity were calculated.
Results: The indexes differed between LAM patients and healthy controls, S-LAM patients and healthy 
controls, and between TSC-LAM patients and healthy controls. There were two different metabolic 
indexes between S-LAM and TSC-LAM patients. After logistic regression modeling and ROC analysis, 
methionine (AUC =0.929, sensitivity =73.8%, specificity =100%, cut-off value =0.011 mmol/L) and acetic 
acid (AUC =0.966, sensitivity =95.1%, specificity =90%, cut-off value =0.006 mmol/L) had the highest 
diagnostic efficiency in LAM patients, and could be used to distinguish between affected and healthy people. 
Methionine was significantly associated with pneumothorax (P<0.05), and creatinine was significantly 
correlated with hysteromyoma (P<0.05).
Conclusions: Methionine and acetic acid in the plasma of LAM patients are potential biomarkers. 
Methionine was also associated with pneumothorax in LAM patients. Also, acetone and creatinine were 
promising metabolic markers to distinguish S-LAM from TSC-LAM. NMR as a new non-invasive 
diagnostic method had a good discriminatory power for LAM.
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Introduction

Lymphangioleiomyomatosis (LAM) is a rare, low-grade 
malignant tumor, almost only affecting women (1,2). There 
are two types: sporadic LAM (S-LAM) without genetic 
background and LAM associated with the hereditary 
disease tuberous sclerosis complex (TSC-LAM) (2). The 
average incidence of S-LAM is about 4.9/1 million female 
population (3), and the incidence of TSC is ≈1/20,000 in the 
population, and ≈30–40% of adult female TSC patients are 
complicated with LAM. It has also been shown that 80% of 
female TSC patients aged 40 years show cystic changes in 
the lungs (4,5). Common symptoms include dyspnea, cough, 
chylous effusion, or pneumothorax, and with progression 
of the disease, lung function deteriorates. Extrapulmonary 
manifestations include renal angiomyolipoma (AML), and 
retroperitoneal lymphangioleiomyoma. TSC-LAM also 
has other multisystem clinical features of TSC, including 
effects on the nervous system and skin (4,6). At present, 
pulmonary or extrapulmonary pathological diagnosis is the 
gold standard for the diagnosis of LAM (2), but obtaining 
pathological specimens is traumatic for patients and a risk 
for adverse reactions such as pneumothorax and bleeding.

Excessive proliferation of LAM cells leads to abnormal 
lymphatic vessels, which is related to the involvement of 
vascular endothelial growth factor D (VEGF-D) in the 
occurrence of diseases (7,8). Serum VEGF-D level can be 
used as a non-invasive biomarker to distinguish LAM from 
other lung diseases (9). However, the limitation of VEGF-D 
is that it only increases in patients with severe lymphatic 
vessel involvement, and there are still many LAM patients 
whose VEGF-D does not increase (10). Cui et al. (11)  

found that about 14.5% of LAM patients did not have 
elevated levels of VEGF-D in their blood. This method has 
not been fully validated in Asian populations. Therefore, 
it is necessary to find new biomarkers to further improve 
the diagnostic efficacy of LAM and hopefully differentiate 
disease types.

The main molecular basis of LAM cell proliferation 
is TSC1 or TSC2 gene mutation, predominantly TSC2 
mutation (12). The TSC1 and TSC2 proteins inhibit the 
activity of mammalian target of rapamycin (mTOR) in a 
complex manner in vivo. When TSC1 or TSC2 function 
is defective, mTOR is overactivated, leading to LAM 
cell proliferation and tumor development, which is the 
most critical pathogenesis of LAM and TSC (13,14). The 
mTOR signaling pathway plays a key role in the regulation 
of energy metabolism and cell proliferation. Because 
sirolimus has a specific inhibitory effect on mTOR targets 
it can be used for the treatment of LAM and TSC (15). 
Clinical study has shown that the main therapeutic effects 
of sirolimus include maintaining lung function, improving 
quality of life, reducing chylothorax, and reducing the 
volume of renal AML in LAM patients (16). However, not 
all patients benefit from sirolimus treatment, so new drugs 
for the treatment of this disease are needed.

The mTOR signaling pathway specifically plays an 
important role in lipid synthesis, nucleotide synthesis, 
and glucose metabolism. It regulates the expression of 
genes related to fatty acid and cholesterol biosynthesis by 
regulating the transcription factor sterol responsive element 
binding protein both through S6 kinase and phosphorylation 
of Lipin1 (17). mTOR complex 1 (mTORC1) supports 
cellular growth by regulating the balance between oxidative 
phosphorylation and glycolysis, increasing the activity of 
the pentose phosphate pathway. Lipids play a role in cancer 
cell growth and tumor progression, which leads to active 
metabolic reprogramming accompanied by the interaction 
of amino acid and lipid metabolism (18). The onset and 
progression of most diseases are accompanied by specific 
metabolic alterations. Therefore, metabolomics is helpful 
to explore the pathogenesis, diagnosis and treatment of 
diseases. 

Nuclear magnetic resonance (NMR) is a new method 
for comprehensive and precise quantitative analysis of 
blood lipids and metabolites (19). NMR has considerable 
potential to identify clinically relevant biomarkers and 
monitor disease, which in turn presents opportunities 
to treat the disease with minimal trauma to the patient. 
Moreover, NMR detection is fast (12 minutes) and mature 
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in technology. In this study, we used NMR detection 
technology to explore non-invasive biomarkers for the 
diagnosis and classification of LAM. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-6420/rc).

Methods

Subjects and data collection

From January 2020 to January 2022, we consecutively 
enrolled 69 LAM patients from the outpatient department 
of the First Affiliated Hospital of Guangzhou Medical 
University. All subjects met the current standards of 
the American Thoracic Society/Japanese Respiratory  
Society (15). The diagnosis was mainly based on clinical 
history, lung high-resolution computed tomography 
(CT) (diffuse thin-walled cystic changes) and pathological 
(LAM cells) findings (15). Exclusion criteria were: (I) 
combined with other types of malignant tumor; (II) 
combined with rheumatic and endocrine diseases; and 
(III) incomplete data. Of the 69 LAM patients, 2 were 
excluded due to other comorbidities (1 with breast cancer, 
1 with hyperthyroidism), so 67 patients entered the next 
stage of the study, and of them 4 patients were excluded 
for incomplete data and 2 patients refused blood sampling. 
Finally, a total of 61 LAM patients (51 S-LAM patients, 10 
TSC-LAM patients) were included (Figure 1). The control 
group was 30 healthy women over 18 years old without a 
history of lung disease history recruited from the hospital’s 

physical examination center. LAM patients underwent 
clinical evaluation, including TSC clinical screening, 
pulmonary function examination, chest and abdominal CT 
to ascertain if AML and lymphoid tissue were involved. 

The purpose of this prospective study was to compare 
the plasma lipoproteins and metabolites between LAM 
patients and healthy subjects to determine the difference 
indicators, and the differences between the different types 
of LAM patients in order to provide a reference for the 
non-invasive diagnosis and classification of LAM. The 
physicians and laboratory staff who performed the tests 
were unaware of the details of the subjects in advance. The 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The study was approved 
by the Ethics Committee of the First Affiliated Hospital 
of Guangzhou Medical University (No. 2020-178) and 
informed consent was taken from all individual participants. 
The study was registered at http://www.chictr.org.cn 
(ChiCTR2100050460).

Plasma metabolomics assays

After all subjects had fasted for 10 hours, venous blood 
samples were drawn into vacuum tubes and stored at room 
temperature for 30 min before centrifugation (1,200 ×g for 
10 min). Plasma samples were collected in vacuum tubes, 
stored at −80 ℃, and transported on dry ice. Samples were 
collected in the blood collection room of the hospital. 
Plasma samples were prepared and tested using Bruker 
IVDr Standard Operating Procedures (19) at ProteinT 

69 LAM patients at screening

67 LAM patients were enrolled

2 LAM patients were excluded 
• 1 with breast cancer
• 1 with hyperthyroidism

4 LAM patients with incomplete data
2 LAM patients declined to have blood drawn

Final inclusion of LAM patients 
(n=61)

S-LAM
(n=51)

TSC-LAM
(n=10)

Patients were classified according to whether had TSC

Figure 1 Flowchart of the patient selection process. S, sporadic; TSC, tuberous sclerosis complex; LAM, lymphangioleiomyomatosis.

https://atm.amegroups.com/article/view/10.21037/atm-22-6420/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-6420/rc
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Biotechnology Co., Ltd. (Tianjin, China). Samples were 
thawed at room temperature, and 400-µL plasma samples 
were mixed thoroughly with 400 µL buffer (phosphate 
buffer pH 7.4 containing TSP-D4; Bruker, Rheinstetten, 
Germany), of which 600 µL was transferred to a 5-mm 
NMR tube for analysis.

The test was performed on a 600 MHz NMR AVANCE 
III HD spectrometer equipped with a BBI probe head and 
a SampleJet autosampler, adjusted to 6 ℃ during the test 
(Bruker Biospin). Before acquisition of sample data, each 
sample was automatically tuned and shimmed. The free 
induction decay signals (FIDs) were presented in the form 
of a Fourier-transformed spectrum, and automatic phase 
and baseline correction were performed in Toppin software 
as Bruker IVDr. The concentrations of metabolites were 
expressed as mmol/L (Figure S1).

Statistical analysis

Data were analyzed by the umbrella program (Protein T, 
Tianjin). Wilcoxon test, independent-sample t-test, or χ2 
test were used to compare the data between two groups. 
The P value (<0.05) and fold change (FC) (<0.83 or >1.2) 
were used as screening criteria to find the difference 
indicators, which were subsequently modeled by logistic 
regression. A total of 99 models were constructed. 
Indicators with a frequency of 50-fold or more were defined 
as high-frequency indicators. The modeling process was 
random and divided into 7:3 sampling (i.e., 70% of the 
samples were training queues and 30% of the samples 
were verification queues). The model with strong stability 
was selected through multiple modeling. The model 
formula: total value = index 1*coef1 + index 2*coef2 + 
... + intercept (intercept, constant; coef is the coefficient 
multiplied by the index). Finally, the diagnostic accuracy 
of the best predictive parameters was evaluated by the area 
under the receiver operating characteristic (ROC) curve 
(AUC), and the sensitivity and specificity were calculated. 
Indicators with a normal distribution are expressed as mean 
± standard deviation. The Kruskal-Wallis test was used to 
analyze the correlation between multiple samples. P<0.05 
was considered statistically significant, and all statistical 
tests were two-tailed. SPSS statistical package (version 
21.0, IBM, Armonk, NY, USA) and R (version 4.0.3, R 
Foundation for Statistical Computing, Vienna, Austria) 
were used for data analysis and drawing.

Results

Basic demographic information and clinical characteristics 
(Table 1)

According to the clinical practice guidelines of the American 
Thoracic Society/Japanese Respiratory Society (15), the 
61 stable female patients met the criteria (51 patients 
with S-LAM, 10 patients with TSC-LAM). All patients 
completed a CT scan of the lung before enrollment. Lung 
CT showed diffuse distribution of cysts in bilateral lungs, 
which was consistent with the characteristics of LAM. Blood 
samples were collected from patients within 1 month after 
diagnosis, and none had received any treatment at the time 
of blood drawing. The age and pulmonary function indexes 
of the patients were normally distributed data, expressed 
as mean ± standard deviation. There is no significant 
difference in most clinical indicators between S-LAM 
and TSC-LAM groups. All LAM patients and controls 
were Asian and their mean age was 40.70±8.59 years 
(40.90±8.68 years for S-LAM patients; 39.70±8.49 years  
for TSC-LAM patients). None had a smoking history, and 
3 patients (4.92%) had a family history of LAM or TSC. 
Of the 61 patients, 44 (72.13%) underwent biopsy, 28 
(45.90%) had pneumothorax, 5 (8.20%) had chylothorax, 
and 39 (63.93%) had extrapulmonary involvement. Among 
the extrapulmonary organs involved, renal AML accounted 
for the largest proportion (23 cases, 37.70%), followed by 
liver, retroperitoneal AMLs, hysteromyoma and chylous 
ascites. The proportion of extrapulmonary involvement 
in TSC-LAM group was significantly higher than that in 
S-LAM group, especially in kidney. We also tested lung 
function at baseline. Pulmonary ventilation function indexes 
included forced expiratory volume in the first second 
(FEV1)% predicted (70.26%±27.50%), forced vital capacity 
(FVC)% predicted (90.63%±16.03%), and FEV1/FVC% 
(66.93%±23.54%). The diffusion function [ diffusing 
capacity of the lungs for carbon monoxide-single breath% 
(DLCO-SB%) predicted] was 57.28%±21.63%.

Difference index analysis

Indicators with significant differences should simultaneously 
meet two criteria: P value of the comparison between 
the two groups <0.05, and FC >1.2 (upregulated) or 
<0.83 (downregulated). The full names corresponding to 
abbreviations of all indicators of differences are shown  

https://cdn.amegroups.cn/static/public/ATM-22-6420-supplementary.pdf
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Table 1 Demographics and clinical characteristics of 61 patients with lymphangioleiomyomatosis (S or TSC)

Clinical characteristics LAM (n=61) S-LAM (n=51) TSC-LAM (n=10) P-value (S-LAM vs. TSC-LAM)

Age (years), mean ± SD 40.70±8.59 40.90±8.68 39.70±8.49 >0.05

Female, n (%) 61 (100.00) 51 (100.00) 10 (100.00) >0.05

Asian, n (%) 61 (100.00) 51 (100.00) 10 (100.00) >0.05

Smoking history 0 0 0 >0.05

Family history, n (%) 3 (4.92) 1 (1.96) 2 (20.00) 0.016

Biopsy, n (%) 44 (72.13) 37 (72.55) 7 (70.00) >0.05

Pneumothorax, n (%) 28 (45.90) 23 (45.10) 5 (50.00) >0.05

Chylothorax, n (%) 5 (8.20) 3 (5.88) 2 (20.00) >0.05

Extrapulmonary involvement, n (%) 39 (63.93) 29 (56.86) 10 (100.00) 0.009

Renal angiomyolipoma, n (%) 23 (37.70) 14 (27.45) 9 (90.00) <0.001

Liver, n (%) 19 (31.15) 13 (25.49) 6 (60.00) 0.031

Chylous ascites, n (%) 4 (6.56) 3 (5.88) 1 (10.00) >0.05

Hysteromyoma, n (%) 9 (14.75) 7 (13.73) 2 (20.00) >0.05

Retroperitoneal angiomyolipoma, n (%) 13 (21.31) 11 (21.57) 2 (20.00) >0.05

FEV1% predicted, mean ± SD 70.26±27.50 66.93±28.51 87.66±10.99 0.001

FVC% predicted, mean ± SD 90.63±16.03 89.47±16.68 96.68±10.79 >0.05

FEV1/FVC, %, mean ± SD 66.93±23.54 64.41±24.65 80.08±9.22 0.002

DLCO-SB% predicted, mean ± SD 57.28±21.63 53.94±20.45 74.75±20.03 0.007

S, sporadic; TSC, tuberous sclerosis complex; LAM, lymphangioleiomyomatosis; DLCO-SB, diffusing capacity of the lungs for carbon 
monoxide-single breath; FEV1, forced expiratory volume in the first second; FVC, forced vital capacity; SD, standard deviation.

in Table S1.

Indicators of differences between LAM patients and healthy 
controls

There were 15 different lipoprotein indexes these groups, 
mainly the fifth and sixth components of low-density 
lipoprotein (LDL), specifically H2A2, V5FC, L6PL, 
L3TG, L6TG, L5FC, L6CH, L6FC, L6PN, L6AB, 
L5PN, L5AB, L5PL, L5CH, H1A2 (see Appendix for 
abbreviations). There were 18 differential metabolites, 
including methionine, acetic acid, alanine, histidine, N,N-
dimethylglycine, sarcosine, acetoacetic acid, ornithine, 
dimethyl sulfone, glutamic acid, lysine, 3-hydroxybutyric 
acid, acetone, threonine, isoleucine, trimethylamine 
N-oxide, 2-aminobutyric acid, and creatine (all P<0.05 and 
FC >1.2 or <0.83, Table 2).

Indicators of differences between S-LAM patients and 
healthy controls

There were 10 different lipoprotein indexes between these 
groups, mainly the sixth components of LDL, specifically 
V5FC, L3TG, L6CH, L6TG, L6FC, L6PL, L6PN, L6AB, 
H1A2, H2A2. There were 18 differential metabolites, 
including methionine, acetic acid, alanine, histidine, 
acetoacetic acid, dimethyl sulfone, N,N-dimethylglycine, 
3-hydroxybutyric acid, acetone, ornithine, lysine, succinic 
acid, threonine, creatine, glutamic acid, trimethylamine 
N-oxide, isoleucine, and 2-aminobutyric acid (all P<0.05 
and FC >1.2 or <0.83, Table 2).

Indicators of differences between TSC-LAM patients and 
healthy controls

There were 14 different lipoprotein indexes between 

https://cdn.amegroups.cn/static/public/ATM-22-6420-supplementary.pdf
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Table 2 Number of differential metabolites identified

Biochemical name P value FC

LAM vs. control

Methionine 3.263E−11 0.20 

Acetic acid 5.501E−13 4.25 

Alanine 1.107E−06 0.72 

Histidine 1.024E−06 0.81 

N,N-dimethylglycine 0.001 1.25 

Sarcosine 0.038 2.25 

Acetoacetic acid 0.001 1.60 

Ornithine 1.981E−04 0.35 

Dimethyl sulfone 2.670E−04 0.50 

Glutamic acid 0.009 1.70 

Lysine 3.008E−04 0.74 

3-Hydroxybutyric acid 7.266E−05 4.70 

Acetone 1.955E−04 1.71 

Threonine 0.015 0.24 

Isoleucine 0.015 0.82 

Trimethylamine N-oxide 0.020 1.29 

2-Aminobutyric acid 0.010 0.24 

Creatine 0.006 1.39 

H2A2 1.501E−04 1.30 

V5FC 0.006 2.00 

L6PL 0.005 1.44 

L3TG 0.005 1.26 

L6TG 0.005 1.33 

L5FC 0.025 1.27 

L6CH 0.010 1.46 

L6FC 0.011 1.42 

L6PN 0.006 1.51 

L6AB 0.006 1.51 

L5PN 0.044 1.44 

L5AB 0.044 1.44 

L5PL 0.047 1.29 

L5CH 0.050 1.33 

H1A2 0.023 1.60 

Table 2 (continued)

Table 2 (continued)

Biochemical name P value FC

S-LAM vs. control

Methionine 2.273E−10 0.20

Acetic acid 3.995E−12 4.50

Alanine 5.170E−06 0.72

Histidine 2.066E−06 0.81

Acetoacetic acid 4.555E−04 2.00

Dimethyl sulfone 3.332E−04 0.50

N,N-Dimethylglycine 0.001 1.25

3-Hydroxybutyric acid 2.824E−05 4.87

Acetone 7.109E−05 1.89

Ornithine 0.001 0.39

Lysine 0.001 0.75

Succinic acid 0.003 1.33

Threonine 0.025 0.56

Creatine 0.011 1.35

Glutamic acid 0.018 1.66

Trimethylamine N-oxide 0.034 1.21

Isoleucine 0.009 0.80

2-Aminobutyric acid 0.003 0.24

L6PN 0.015 1.42

V5FC 0.016 1.89

L3TG 0.008 1.27

L6TG 0.017 1.27

L6CH 0.027 1.38

L6FC 0.024 1.41

L6PL 0.014 1.41

L6AB 0.015 1.42

H1A2 0.010 1.66

H2A2 5.03E−05 1.31

TSC-LAM vs. control

Acetic acid 2.80E−05 3.56

Creatinine 2.57E−04 1.47

Methionine 8.94E−05 0.19

Alanine 0.003 0.80

Ornithine 0.002 0.31

Table 2 (continued)

file:///C:/%e5%88%98%e5%b7%a7%e7%8e%b2/2023%e6%8e%92%e7%89%88/1-13/javascript:;
file:///C:/%e5%88%98%e5%b7%a7%e7%8e%b2/2023%e6%8e%92%e7%89%88/1-13/javascript:;
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these two groups, mainly the sixth components of LDL, 
specifically V4CH, V4PL, V5FC, IDPN, IDAB, L5FC, 
L6CH, L6TG, L6FC, L6PL, L6PN, L6AB, H4FC, H4PL. 
There were 8 differential metabolites, including acetic 
acid, creatinine, methionine, alanine, ornithine, lysine, 
trimethylamine N-oxide, and glutamic acid (all P<0.05 and 
FC >1.2 or <0.83, Table 2).

Indicators of differences between S-LAM and TSC-LAM

The metabolites with significant difference between S-LAM 
and TSC-LAM were creatinine and acetone (all P<0.05 
and FC >1.2 or <0.83, Table 2). There was no significant 
difference in lipoprotein between the two subgroups.

Model building

Selection of indicators with significant difference 
between LAM patients and healthy controls for logistic 
regression analysis
The 15 differential lipoprotein indexes and 18 differential 
metabolites obtained by comparing LAM patients with 
healthy controls were modeled by logistic regression. The 
high-frequency indexes appearing in the modeling were 
acetic acid, alanine, methionine, sarcosine, creatine, V5FC, 
2-aminobutyric acid, glutamic acid, histidine, H2A2, 
threonine, L3TG, and isoleucine (Figures 2,3).

The indicators in the median model were histidine, 
methionine, 2-aminobutyric acid, alanine, threonine, 
isoleucine, L3TG, L6TG, H2A2, trimethylamine N-oxide, 
glutamic acid, creatine, ornithine, sarcosine, dimethyl 
sulfone, N,N-dimethylglycine, and acetic acid (Figure 2, 
Table 3).

In the validation cohort, the AUC value of the median 
model was 0.9737, and the sensitivity and specificity of the 
model were 100% and 89%, respectively (Figure 4A). In all 
subjects in this group, ROC curves (Figure 4B) were drawn 
separately for the high-frequency indicators or indicators 
that appeared in the median model to distinguish patients 
from healthy people. Among them, the indicators with 
higher diagnostic efficacy were methionine (AUC =0.929, 
sensitivity =73.8%, specificity =100%, cut-off value =0.011 
mmol/L) and acetic acid (AUC =0.966, sensitivity =95.1%, 
specificity =90%, cut-off value =0.006 mmol/L) (Table 4).

The calculation formula of the median model was: 
total value = histidine*(−56.25) + methionine*(−51.27) 
+ 2-aminobutyric acid*(−46) + alanine*(−21.79) + 
threonine*(−7.20) + isoleucine*(−2.57) + L3TG*0.31 + 
L6TG*0.84 + H2A2*1.21 + trimethylamine N-oxide*2.46 
+ glutamic acid*8.78 + creatine*14.90 + ornithine*169.06 
+ sarcosine*255.47 + dimethyl sulfone*348.10 + N,N-
dimethylglycine*469.56 + acetic acid*746.67 + (−8.27).

Selection of indicators with significant difference 
between S-LAM patients and healthy controls for 
logistic regression analysis
The 10 differential lipoprotein indexes and 18 differential 
metabolites obtained by comparing S-LAM patients with 

Table 2 (continued)

Biochemical name P value FC

Lysine 0.006 0.56

Trimethylamine N-oxide 0.028 1.95

Glutamic acid 0.045 2.20

V5FC 0.023 3.39

V4CH 0.019 1.53

IDPN 0.013 1.71

IDAB 0.013 1.71

V4PL 0.031 1.32

H4PL 0.015 1.24

L6PL 0.009 1.61

L6CH 0.013 1.65

L6TG 0.011 1.68

L6PN 0.019 1.75

S-LAM vs. TSC-LAM

Creatinine 0.0004 1.43

Acetone 0.036 0.76

FC >1.2 = significantly upregulated, FC <0.83 = significantly 
downregulated, P<0.05 = significant difference. FC, fold 
change; S, sporadic; TSC, tuberous sclerosis complex; LAM, 
lymphangioleiomyomatosis.
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healthy controls were modeled by logistic regression. 
The high-frequency indexes appearing in the modeling 
were  acet ic  ac id ,  2-aminobutyr ic  ac id ,  g lutamic 
acid, creatine, V5FC, histidine, methionine, alanine, 
isoleucine, trimethylamine N-oxide, threonine, and 
L6TG (Figures 2,3). The indicators in the median model 
were 2-aminobutyric acid, histidine, isoleucine, alanine, 
threonine, lysine, L6TG, H2A2, V5FC, trimethylamine 
N-oxide, creatine, acetone, glutamic acid, ornithine, N,N-

dimethylglycine, and acetic acid (Figure 2, Table 3). In the 
validation cohort, the AUC value of the median model was 
0.9852, and the sensitivity and specificity of the model were 
100% and 93%, respectively (Figure 4C). In all subjects in 
this group, ROC curves (Figure 4D) were drawn separately 
for the high-frequency indicators or indicators that appeared 
in the median model to distinguish patients from healthy 
people. Among them, the indicators with higher diagnostic 
efficacy were methionine (AUC =0.924, sensitivity 
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Figure 2 Box plots of differential metabolic indicators. (A) Methionine significantly differently expressed in S-LAM vs. healthy controls 
(P<0.0001, FC =0.2) and TSC-LAM vs. healthy controls (P<0.0001, FC =0.19). (B) Acetic acid significantly differently expressed in S-LAM 
vs. healthy controls (P<0.0001, FC =4.5) and TSC-LAM vs. healthy controls (P<0.0001, FC =3.56). (C) Alanine significantly differently 
expressed in S-LAM vs. healthy controls (P<0.0001, FC =0.72) and TSC-LAM vs. healthy controls (P=0.003, FC =0.8). (D) Creatinine 
significantly differently expressed in S-LAM vs. healthy controls (P=0.011, FC =1.35), TSC-LAM vs. healthy controls (P<0.001, FC =1.47), 
and S-LAM vs. TSC-LAM (P<0.001, FC =1.43). (E) L6TG significantly differently expressed in S-LAM vs. healthy controls (P<0.05, FC 
=1.27) and TSC-LAM vs. healthy controls (P<0.05, FC =1.68). (F) L6PL significantly differently expressed in S-LAM vs. healthy controls 
(P<0.05, FC =1.41) and TSC-LAM vs. healthy controls (P<0.05, FC =1.61). (G) 2-Aminobutyric acid significantly differently expressed in 
S-LAM vs. healthy controls (P<0.05, FC =0.24). (H) Acetone significantly differently expressed in S-LAM vs. healthy controls (P<0.001, FC 
=1.89) and S-LAM vs. TSC-LAM (P<0.05, FC =0.76). *, P<0.05; **, P<0.001; ***, P<0.0001. S, sporadic; TSC, tuberous sclerosis complex; 
LAM, lymphangioleiomyomatosis; FC, fold change.
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Figure 3 High-frequency indicators appeared in the modeling process in LAM patients (A), S-LAM patients (B) and TSC-LAM patients (C) 
vs. healthy controls. S, sporadic; TSC, tuberous sclerosis complex; LAM, lymphangioleiomyomatosis.

=72.5%, specificity =100%, cut-off value =0.011 mmol/L)  
and acetic acid (AUC =0.963, sensitivity =94.1%, specificity 
=90%, cut-off value =0.006 mmol/L) (Table 4).

The calculation formula of the median model was: 
total value = methionine*(−72.9901) + alanine*(−1.9661) 
+ HDA2*0.0201 + H4A2*0.0283 + H2A1*0.1263 + 
L6TG*0.2449 + acetic acid*162.4706 + (−3.6679).

Selection of indicators with significant difference 
between TSC-LAM patients and healthy controls for 
logistic regression analysis
The 14 differential lipoprotein indexes and 8 differential 
metabolites obtained by comparing TSC-LAM patients 
with healthy controls were modeled by logistic regression. 
The high-frequency indexes appearing in the modeling were 
acetic acid, methionine, creatinine, and alanine (Figures 2,3).  
The indicators in the median model were methionine, 
alanine, L6PL, creatinine, and acetic acid (Figure 2, Table 3).  
In the validation cohort, the AUC value of the median 
model was 1, and the sensitivity and specificity of the 
model were 100% and 100%, respectively (Figure 4E). In 
all subjects in this group, ROC curves (Figure 4F) were 
drawn separately for the high-frequency indicators or 
indicators that appeared in the median model to distinguish 
patients from healthy people. Among them, the indicators 
with higher diagnostic efficacy were methionine (AUC 
=0.948, sensitivity =80%, specificity =100%, cut-off value  
=0.011 mmol/L), acetic acid (AUC =0.975, sensitivity 
=100%, specificity =90%, cut-off value =0.007 mmol/L) and 
creatinine (AUC =0.917, sensitivity =80%, specificity =95%, 
cut-off value =0.059 mmol/L) (Table 4).

The calculation formula of the median model was: total 
value = methionine*(−37.07) + alanine*(−0.79) + L6PL*0.12 
+ creatinine*32.52 + acetic acid*107.40 + (−3.78).

Correlation analysis between differential metabolites 
and clinical indicators
Clinical indicators of the 61 LAM patients were collected, 
including age, lung function (FEV1% predicted, FVC% 
predic ted ,  FEV1/FVC,  DLCO-SB% predic ted) , 
pneumothorax, chylothorax, renal AML, liver lesions, 
chylous ascites, hysteromyoma and retroperitoneal AMLs. 
The correlation between the clinical indicators and the 
differential indicators (alanine, methionine, L6TG, 
acetic acid, L6PL, creatinine, histidine, 2-aminobutyric 
acid, acetone, sarcosine) with high diagnostic efficiency 
was analyzed. Methionine was found to be significantly 
associated with the occurrence of  pneumothorax 
(P<0.05), and creatinine was significantly correlated with 
hysteromyoma (P<0.05) (Figure 5).

Discussion

This is the first metabonomic analysis of LAM patients in 
an Asian population using the NMR method. We conducted 
our study to search for blood biomarkers of LAM and to 
assess the efficacy of this non-invasive examination. Our 
study found that S-LAM and TSC-LAM patients, compared 
with the healthy control group, jointly showed upregulation 
of part of the sixth component of LDL (L6TG, LDL-6 
triglycerides, L6PL LDL-6 phospholipids). We also found 
abnormal metabolism of some amino acids, such as the 
downregulation of methionine and alanine and upregulation 
of acetic acid and creatinine. These indicators were high-
frequency indicators or indicators in the median model that 
appeared together in the three types of models. In addition, 
creatinine and acetone were found to be significantly 
different between the S-LAM and TSC-LAM subgroups.

We found that methionine levels were significantly 
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lower in LAM patients than in healthy people. Methionine 
is an essential amino acid required for the maintenance of 
cell growth (20) and protein translation (21). Abnormal 
methionine metabolism (downregulation) had been 
observed in many tumors, such as glioma and lung cancer 
(22,23). mTORC1 is central to the ability of cells to adapt 
to microenvironments, and is a key signaling hub. It can 
be activated by a growth factor signal (24), and stimulates 
amino acid uptake and protein synthesis by phosphorylating 
multiple targets (25). It has been reported that in non-
small cell lung cancer cells, methionine deficiency can 
activate mTORC1 to varying degrees, inhibiting AKT 
phosphorylation and affecting the proliferation of tumor 
cells (26). In the pathogenesis of LAM, the activation 
of mTORC1 and the inactivation of mTORC2 are key 
factors for the occurrence and progression of LAM. We 
speculate that the downregulation of methionine may play 
an important role in the occurrence and progress of LAM. 
In addition, another study found that methionine deficiency 
in the diet of mice significantly reduced the level of alveolar 
surfactant, leading to atelectasis and reversibly affecting 
lung function, resulting in a decrease in deep inspiratory 
capacity and compliance (27). The decrease in the rate of 
extracellular matrix turnover in the alveolar epithelium 
and pulmonary surfactant synthesis may be involved in 
the pathogenesis of LAM. Human smokers under the 
restrictions of methionine limitation were more likely 
to develop atelectasis and air trapping. The pulmonary 
imaging features of LAM include multiple cystic changes, 
which are similar to pulmonary air trapping in smokers 
from the perspective of pathophysiology. Our study also 
found a significant decrease in methionine in LAM patients, 
and in both LAM subtypes (S-LAM and TSC-LAM), 
suggesting that pulmonary cystic degeneration may be 
associated with downregulation of methionine. We also 
found that methionine could effectively distinguish LAM 
from healthy people, with an AUC value of 0.929 and a 
cut-off value of 0.011 mmol/L. It is noteworthy that we 
also found that methionine was significantly related to the 
occurrence of pneumothorax, indicating that the low level 
of methionine in patients’ blood is potentially an indicator 
for early prediction of pneumothorax risk. In the future, in-
depth research is needed to confirm this possibility.

Another indicator with high diagnostic efficacy was 
acetic acid. It was significantly upregulated in LAM patients 
compared with healthy controls. The AUC value was 0.966 
(sensitivity =95.1%, specificity =90%), and the cut-off value 

Table 3 Indicators in the median model

Group Name Coefficient

LAM vs. 
Control

Histidine −56.25

Methionine −51.27

2-Aminobutyric acid −46.00

Alanine −21.79

Threonine −7.20

Isoleucine −2.57

L3TG 0.31

L6TG 0.84

H2A2 1.21

Trimethylamine N-oxide 2.46

Glutamic acid 8.78

Creatine 14.90

Ornithine 169.06

Sarcosine 255.47

Dimethyl sulfone 348.10

N,N-dimethylglycine 469.56

Acetic acid 746.67

Intercept −8.27

S-LAM vs. 
Control

Creatinine −115.30

Trimethylamine N-oxide −43.66

Alanine −0.46

L6TG 0.12

H4PL 0.33

V5FC 3.88

Ornithine 7.44

Glutamic acid 11.14

Acetic acid 742.47

Intercept −11.47

TSC-LAM vs. 
Control

Methionine −37.07

Alanine −0.79

L6PL 0.12

Creatinine 32.52

Acetic acid 107.40

Intercept −3.78

S, sporadic;  TSC, tuberous sclerosis complex; LAM, 
lymphangioleiomyomatosis.
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was 0.006 mmol/L. A previous study identified that in 
their metabolomic analysis of breast cancer patients, acetic 
acid was elevated compared with healthy controls, making 
it a potential biomarker (28). Acetic acid is significantly 
increased in lung and liver cancer, which confirms that 
acetic acid and its metabolites may have a role in promoting 
tumor growth (29,30). In addition, we also found that 
alanine was differentially expressed. Alanine levels were 
significantly lower in the plasma of cancer patients 
compared with healthy controls (31), most likely due to 
greater utilization as the main gluconeogenic precursor to 
meet the high glucose uptake and demand of tumor cells. 
Pancreatic cancer cells rely on extracellular alanine as the 
carbon source to promote the tricarboxylic acid cycle in 
a glutamic-pyruvic transaminase 2 (GPT2)-dependent 
manner (32). A recent study reestablished the role of alanine 
in T cell activation (33). GPT2 is responsible for alanine 
catabolism (34,35), converting alanine to pyruvic acid, which 

is the main substrate of mitochondrial metabolism. Pyruvic 
acid could compensate for glutamine consumption by 
supplementing the tricarboxylic acid cycle, and maintain the 
cancer anabolic process by utilizing the activities of different 
enzymes (e.g., pyruvate dehydrogenase complex or pyruvate 
carboxylase) (36-38). In the present study we found that 
acetone was significantly higher in S-LAM patients than in 
healthy controls and could distinguish S-LAM from TSC-
LAM. A previous study found higher acetone production by 
lung cancer cells (39), and Pedersen et al. found that acetone 
was significantly elevated in the blood of small cell lung 
cancer patients (40). Ketone bodies are mainly responsible 
for delivering energy to cells and are involved in regulating 
various cellular processes (41). Increased ketogenesis 
in cancer cells may be due to alterations in lipogenesis, 
gluconeogenesis, and cholesterologenesis, all mechanisms 
intimately related to ketone body regulation, or due to 
high competition for primary energy compounds between 
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Table 4 Sensitivity, specificity, AUC and cut-off value of the indexes for differentiating between patients, patient subgroups, and healthy controls

Group Name AUC Sensitivity (%) Specificity (%) Cut-off value (mmol/L)

LAM vs. control Alanine 0.816 75.4 80 0.387

Methionine 0.929 73.8 100 0.011

L6TG 0.681 55.7 76.7 3.370

Acetic acid 0.966 95.1 90 0.006

Creatinine 0.565 34.4 90 0.059

2-Aminobutyric acid 0.744 68.9 100 0.003

S-LAM vs. control Alanine 0.805 72.5 80 0.387

Methionine 0.924 72.5 100 0.011

L6TG 0.660 86.3 43.3 2.330

Acetic acid 0.963 94.1 90 0.006

Creatinine 0.496 15.7 100 0.026

2-aminobutyric acid 0.780 74.5 100 0.004

Acetone 0.764 72.5 80 0.026

TSC-LAM vs. control Alanine 0.840 90 75 0.382

Methionine 0.948 80 100 0.011

L6PL 0.800 90 75 12.550

Acetic acid 0.975 100 90 0.007

Creatinine 0.917 80 95 0.059

AUC, area under the curve; S, sporadic; TSC, tuberous sclerosis complex; LAM, lymphangioleiomyomatosis.

cancerous and healthy cells (41,42).
Creatinine upregulation was also found in this study. 

Rouvière et al. reported that 48–80% of TSC patients had 
kidney disease, accompanied by AML, cysts, cancer and/
or progression to renal insufficiency (43). The rate of 
AML involvement in the TSC-LAM group in our study 
was as high as 90%, consistent with the result of elevated 
creatinine. Previous studies have shown renal AMLs in 34–
80% of TSC-LAM patients (44,45), with AMLs, cortical 
cysts, malignant lesions, and/or chronic renal dysfunction. 
We also found significantly higher creatinine in patients 
with TSC-LAM compared with healthy controls, reflecting 
the possibility of renal involvement in TSC-LAM patients. 
Moreover, this indicator was differentially expressed 
between S-LAM and TSC-LAM, showing promise as an 
indicator distinguishing between the two subtypes.

We analyzed the plasma lipid metabolic profile of 
LAM patients and in the comparison with healthy 
controls, plasma LDL-6 triglycerides were significantly 
increased in S-LAM patients, and LDL-6 phospholipids 

were significantly increased in TSC-LAM patients at 
baseline. Previous studies had shown that breast cancer 
was associated with lipid disorders, and that increased 
levels of LDL in the blood may be related to tumor lipid 
reprogramming metabolism (46,47), which is in line with 
our findings. Moreover, we further classified the elevated 
lipoprotein subgroups by the NMR platform and found that 
the sixth component of LDL was elevated, which is usually 
ignored in routine clinical lipid testing. Many studies have 
found that LDL promotes the proliferation, metastasis and 
angiogenesis of breast cancer cells (48-50). Bottolo et al.  
found that sphingolipid, fatty acid, and phospholipid 
metabolites were associated with disease severity and 
mTOR inhibition in LAM patients (17). The association 
between these metabolites and their potential biological 
roles in cell survival and signaling suggests that lipids 
may be both disease-relevant biomarkers and potential 
therapeutic targets for LAM. Taken together, our data are 
consistent with previous reports in other types of tumors, 
suggesting that LDL is significantly elevated in LAM 
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patients, but that the AUC of LDL-6 triglycerides and 
LDL-6 phospholipids is not high. The exact mechanism 
linking lipoprotein abnormalities and the development of 
LAM remains unclear and needs to be further explored by 
more fundamental studies in the future.

Because LAM is a rare disease, the number of subjects 
included in this study was limited, especially TSC-LAM, 
which is a rare type of rare disease, so the number of cases 
was very small. It is hoped in the future that the number of 
patients as well as multicenter studies can be enlarged to 
overcome this limitation. In addition, although we found 
significant differences in some lipoproteins and metabolites 
between LAM patients and healthy controls, the underlying 
mechanisms remain unclear. In the future, studies in 
animal models or cell models could further confirm the 
related mechanisms, such as metabolic pathways, and make 
breakthroughs in therapeutic drugs.

Conclusions

In the present study, for the first time, we deeply explored 
the blood metabolic signatures of LAM patients by 
NMR. NMR had good discriminatory power for blood 
samples, thus opening up new possibilities for non-invasive 
diagnostic methods for LAM. Metabolic disorder is one 
of the manifestations of LAM. Methionine and acetic 
acid levels in the plasma of LAM patients could be used 
as biomarkers for disease diagnosis. Methionine was also 
found to be associated with pneumothorax in LAM patients. 
Acetone and creatinine were promising metabolic markers 
to distinguish S-LAM from TSC-LAM. 
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Table S1 Abbreviations

H1A2: HDL-1, Apo-A2 

H2A2: HDL-2, Apo-A2

V5FC: VLDL-5, free cholesterol

L6PL: LDL-6, phospholipids 

L3TG: LDL-3, triglycerides 

L6TG: LDL-6, triglycerides

L5FC: LDL-5, free cholesterol

L6CH: LDL-6, cholesterol

L6FC: LDL-6, free cholesterol

L6PN: LDL-6, particle number

L6AB: LDL-6, Apo-B

L5PN: LDL-5, particle number 

L5AB: LDL-5, Apo-B 

L5PL: LDL-5, phospholipids 

L5CH: LDL-5, cholesterol 

V4CH: VLDL-4, cholesterol 

V4PL: VLDL-4, phospholipids 

IDPN: IDL, particle number 

IDAB: IDL, Apo-B

H4FC: HDL-4, free cholesterol

H4PL: HDL-4, phospholipids

LDL, low-density lipoprotein; HDL, high-density lipoprotein; 
VLDL, very low-density lipoprotein; Apo, apolipoprotein.

Supplementary

Figure S1 Flowchart of metabolomics detection. The patient’s plasma was transferred to the NMR tube and placed in a 600-MHz NMR 
instrument for detection, and the H-spectrum data were obtained for analysis. NMR, nuclear magnetic resonance.


