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ARTICLE INFO ABSTRACT
Keywords: Background: Small cell lung cancer (SCLC) is a malignant disease with poor prognosis. At the time of diagnosis
Small-cell 1‘_1118 cancer most patients are already in a metastatic stage. Current diagnosis is based on imaging, histopathology, and
Metabolomics immunohistochemistry, but no blood-based biomarkers have yet proven to be clinically successful for diagnosis
Serum metabolites d . h . hani £ SCLC full d d h 1 . .
Pathways and screening. The precise mechanisms of SCLC are not fully understood, however, several genetic mutations,

protein and metabolic aberrations have been described. We aim at identifying metabolite alterations related to
SCLC and to expand our knowledge relating to this aggressive cancer.

Methods: A total of 30 serum samples of patients with SCLC, collected at the time of diagnosis, and 25 samples of
healthy controls were included in this study. The samples were analyzed with nuclear magnetic resonance
spectroscopy. Multivariate, univariate and pathways analyses were performed.

Resuits: Several metabolites were identified to be altered in the pre-treatment serum samples of small-cell lung
cancer patients compared to healthy individuals. Metabolites involved in tricarboxylic acid cycle (succinate: fold
change (FC) = 2.4, p = 0.068), lipid metabolism (LDL triglyceride: FC = 1.3, p = 0.001; LDL-1 triglyceride: FC =
1.3, p = 0.012; LDL-2 triglyceride: FC = 1.4, p = 0.009; LDL-6 triglyceride: FC = 1.5, p < 0.001; LDL-4
cholesterol: FC = 0.5, p = 0.007; HDL-3 free cholesterol: FC = 0.7, p = 0.002; HDL-4 cholesterol FC = 0.8, p
< 0.001; HDL-4 apolipoprotein-Al: FC = 0.8, p = 0.005; HDL-4 apolipoprotein-A2: FC > 0.7, p < 0.001), amino
acids (glutamic acid: FC = 1.7, p < 0.001; glutamine: FC = 0.9, p = 0.007, leucine: FC = 0.8, p < 0.001;
isoleucine: FC = 0.8, p = 0.016; valine: FC = 0.9, p = 0.032; lysine: FC = 0.8, p = 0.004; methionine: FC = 0.8, p
< 0.001; tyrosine: FC = 0.7, p = 0.002; creatine: FC = 0.9, p = 0.030), and ketone body metabolism (3-hy-
droxybutyric acid FC = 2.5, p < 0.001; acetone FC = 1.6, p < 0.001), among other, were found deranged in
SCLC.

Conclusions: This study provides novel insight into the metabolic disturbances in pre-treatment SCLC patients,
expanding our molecular understanding of this malignant disease.

Diagnostic signatures

lung carcinoma (SCLC), with SCLC accounting for 15-20% of the in-
cidents [3]. SCLC is highly malignant and is known for an aggressive
tumor growth with poor prognosis [4-6]. Small cell lung cancer is
traditionally categorized as limited stage (LS-SCLC) or extensive stage
(ES-SCLC). However, in 2007 the International Association for the Study
of Lung Cancer recommended the use of the Tumor, Lymph Node,
Metastasis (TNM) staging system for SCLC [7]. Most SCLC patients are

1. Introduction

Lung cancer is the second most common cancer type in both males
and females and the leading cause of death among cancers globally, with
an estimated 1.8 million in 2018 [1,2]. Histopathologically, lung cancer
is divided into non-small cell lung carcinoma (NSCLC) and small-cell
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Abbreviations:

SCLC Small cell lung cancer

NSCLC Non-small-cell lung cancer

LS Limited stage

ES Extensive stage

TNM Tumor, Nodes, Metastasis

PCI Prophylactic cranial irradiation
CT Computed tomography

PET Positron emission tomography

TCA Tricarboxylic acid
NOESY Nuclear Overhauser Effect Spectroscopy
CPMG  Carr-Purcell-Meiboom-Gill

HC Healthy controls

AUC Area under the curve

Ccv Cross-validation

VIP Variable importance in projection

FDR False discovery rate

PLS-DA  Partial least squared discriminant analysis

BCAA Branched-chain amino acid
3-HBA  3-hydroxybutyric acid

VLDL Very low-density lipoprotein
IDL Intermediate-density lipoprotein
LDL Low-density lipoprotein

HDL High-density lipoprotein

already in the metastatic ES-SCLC at diagnosis, and the reported
two-year survival rate for ES-SCLC is only around 5% [5,6]. Patients are
initially discovered when they consult their general practitioner with
unspecific symptoms, which occur when the cancer is already advanced
[8]. Diagnosis is confirmed by clinical imaging using computed to-
mography (CT) and positron emission tomography/CT in combination
with cytological/histopathological biopsies of the tumor-suspected le-
sions of the lung [9].

Research fields like genomics and proteomics have already detected
gene mutations and altered protein expressions [9] and these findings
have helped pave the way for the testing of new treatments such as
immune- and targeted therapies in SCLC [10]. However, the extensive
research has not yet resulted in any successful screening modalities for
SCLC [11]. It is expected that metabolomics can further explore the
molecular mechanisms of SCLC [12]. Metabolomics is the scientific
method investigating chemical processes involving metabolites, the
small molecular substrates of cell metabolism, which are the end prod-
ucts of gene and protein regulations and are highly responsive to
medication, disease progression or regression, and changes in environ-
mental factors [13]. Since metabolites are the intermediates and
end-products of cellular cancer processes, including cell differentiation,
proliferation, regulation, and DNA repair, the “Hallmarks of Cancer”
were changed in 2010 to include the reprogramming of energy meta-
bolism as an emerging hallmark of cancer [14].

In the last two decades, the field of metabolomics have gradually
accumulated important information towards the understanding of lung
cancer [15]. However, the focus has primarily been on NSCLC, whereas
SCLC has only recently gained attention [9,11]. The current metab-
olomic research on SCLC is limited, however, the metabolomic mani-
festation of SCLC appears to be partly comparable with the NSCLC
metabolome, indicating both common and unique mechanisms [16-18].
Among most significant molecular aberrations found in lung cancers are
those involved in cell growth such as energy metabolism, identified
through changes in concentrations of metabolites related to tricarbox-
ylic acid (TCA) cycle and high glucose metabolism including glucose,
lactate, glutamic acid, and glutamine [19-22], one-carbon metabolism,
fatty acid metabolism, nucleotide biosynthesis, and amino acid meta-
bolism [23,24].

This study aims to identify serum metabolite perturbations in newly
diagnosed patients that may add new insight to the complex molecular
mechanisms underpinning SCLC.

2. Methods
2.1. Study participants
This cross-sectional study included medical data and pre-treatment

blood samples of 31 patients diagnosed with SCLC between March
2015 until September 2017 at the Department of Oncology, Aalborg

University Hospital, Denmark. The study was primarily dealing with
thrombogenic alterations in SCLC patients, and the inclusion and
exclusion criteria were previously described by Pedersen et al. [25].
Briefly, for inclusion criteria patients had to be eligible to receive
chemotherapy consisting of platinum and a topoisomerase inhibitor
according to the standard treatment guidelines in Denmark. In all cases,
a histopathologically and/or cytologically confirmed SCLC was
required. The exclusion criteria were: prior systemic chemotherapy for
lung cancer, concomitant anticoagulation treatment (platelet inhibitors,
acetylsalicylic acid, and clopidogrel were allowed), active or high risk of
overt bleeding of clinical importance, severe coagulopathy such as he-
mophilia, severe liver dysfunction with impaired coagulation, acute
peptic ulcer, intracranial hemorrhage or surgery in the central nervous
system within the last three months, treatment with any other investi-
gational agents, and participation in other clinical trials. Clinical data,
administration of medications, treatment details, and radiological
evaluation, and routine laboratory testing were collected at the time of
diagnosis (at baseline). Staging of the SCLC was based on the 7th edition
of the tumor, lymph node, metastasis (TNM) classification of lung cancer
[7]. The present study was approved by the North Denmark Region
Committee on Health Research Ethics (N-20140055), reported to the
Danish Data Protection Authority (2021-000206), and performed in
accordance with the Declaration of Helsinki. All included participants
provided written informed consent before enrolment in the study. In
addition, blood obtained from 25 age- and gender-matched healthy in-
dividuals from the blood bank at Aalborg University Hospital were used
for comparison. In Denmark, blood donors are healthy volunteers
without any biochemical anomalies or evidence of illness and only
rarely using medicine (most medicine is not allowed). Donors were also
required to complete a questionnaire regarding their physical health
including smoking status and current medication.

2.2. Sample collection and preparation

Patient blood samples were collected at the time of diagnosis. Blood
samples were collected in 10 mL clot activator tubes (BD Vacutainer®,
UK) and centrifuged at 2500xg for 15 min at room temperature. The
subsequent serum was snap-frozen in liquid nitrogen and stored at
—80 °C until analysis. For this study, only samples obtained at the time
of diagnosis were analyzed.

2.3. Nuclear magnetic resonance spectroscopy

Prior to NMR analysis, serum samples were thawed for 1 h, gently
mixed with an equal volume (350 pL) of sodium phosphate buffer
(0,075 M, pH 7.4, 20% D,0 in H,0, 6 mM NaNs, 4.6 mM 3-(trime-
thylsilyl)-2,2,3,3-tetradeuteropropanoic acid (TSP-d4)) and transferred
to 5 mm NMR tubes. NMR spectra were recorded on a Bruker Avance III
600 MHz spectrometer fitted with a BBI probe (Bruker Biospin
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Corporation, Billerica, MA). Sample handling and data acquisition was
performed in automation using IconNMR on Topspin 3.6.2 and Sam-
plejet autosampler (Bruker Biospin). One-dimensional nuclear Over-
hauser effect (NOESY) spectra (pulse program “noesygpprld”) and Carr-
Purcell-Meiboom-Gill (CPMG) (“cpmgprld) were recorded at 310 K
using acquisition parameters from Dona et al. (2014) [26]. The NOESY
spectra were recorded with 96k data points, 30 ppm spectral width,
whereas CPMG spectra were recorded with 72k data points and 20 ppm
spectral width. Both experiments were recorded with 32 scans and with
water suppression (25 Hz) during relaxation delay (4 s) and mixing time
(NOESY, 10 ms). The free induction decays were Fourier transformed
after zero fillings to 128k data points and 0.3 Hz line broadening. In
accordance with B.I.Methods (Bruker Biospin), reference samples for
temperature calibration, water suppression determination and external
quantitative referencing were routinely recorded and processed in
automation.

Quantification of 155 metabolites was automatically performed
using B.I.Quant-PS™ 2.0 and B.L.LISA™ (Bruker Biospin). A compre-
hensive list of included metabolites and abbreviations can be found in
the supplementary table (Table S1). Metabolic changes were compared
to the Edinburgh Human Metabolic Network [27] and Kyoto Encyclo-
pedia of Genes and Genomes [28] databases to enrich the findings with
references and metabolic pathways from existing research.

Metabolite annotation was performed using 2D 'H-'H total corre-
lation spectroscopy and 'H-'3C heteronuclear single-quantum correla-
tion spectra, the Human Metabolome Database (HMDB) [29], and
results from literature [30-34].

2.4. Statistics

A supervised partial least squares discriminant analysis (PLS-DA)
was conducted to identify metabolite differences between healthy con-
trols and SCLC patients. Variable Importance in Projection (VIP)-score
algorithm was used to select most important metabolites in sample
grouping. A VIP score rank of >1 was considered important. Multivar-
iate analyses were performed in the open-source software program
RStudio [35] using the R-package “mixOmics” [36].

Prior to multivariate analysis, the data was normalized, Pareto
scaled, and mean centered. A 10-Fold Cross-Validation (CV) repeated
1000 times was applied for validation of the PLS-DA modelling. The
classification error rate was averaged across all folds and the optimal
number of components was determined by the balanced error rate of the
maximum distance and the Mahalanobis distance error rate [36]. Data
was checked for normality by Shapiro test and nonparametric
Mann-Whitney U Test and post-hoc false discovery rate (FDR) correction
were performed to identify metabolites presenting statistically signifi-
cant differences among groups. Fold change analysis was performed
based on median ratio between sick and healthy individuals. Receiver
operating characteristics (ROC) analysis was conducted in GraphPad
Prism version 9.1.1 (GraphPad Software, La Jolla, CA, USA) to test the
discriminatory efficacy of the identified diagnostics metabolites. Finally,
visualization of altered metabolite pathways was performed in Met-
Scape 3.1.3 [37].

3. Results
3.1. Subject characteristics

A total of 30 SCLC patients fulfilled the inclusion criteria and were
enrolled in this study. Demographics and clinical characteristics of the
study participants are described in Table 1. At the time of inclusion, 24
SCLC-patients were diagnosed with an extensive disease where 23 of
these had lymph node metastases. Based on TNM staging, 19 patients
were classified as stage IV.

Metabolism Open 12 (2021) 100127

Table 1

Demographics and patient characteristics of the study population. All
values are presented as mean =+ standard deviation. SD = standard deviation,
TNM staging = Tumor, Lymph Node, and Metastasis.

Characteristics of SCLC patients and healthy controls

SCLC patients Healthy controls

n=230 n=25
Demographics
Sex (Male/females, n) 16/14 12/13
Mean age (£+SD) 65 +9 63 +3
Smokers/Non-smokers 29/1 0/25
Disease characteristics
Disease stage, n (%)
Limited stage 6 (20%)
Extended stage 24 (80%)
TNM stage, n (%)
1B 1 (3%)
A 7 (23%)
I11B 3 (10%)
I\ 19 (63%)

3.2. Altered metabolic signatures in small cell lung cancer patients

Several intensities were found different between healthy control and
SCLC individuals, indicating altered metabolite fingerprints among
cancer patients (Fig. 1). Visual inspection of the averaged CPMG spectra
of newly diagnosed patients (Baseline, red) and healthy controls (Con-
trol, blue) revealed distinctive patterns between the groups within
several metabolic intensities corresponding to fatty acids, lipoproteins,
creatinine, glycerol, glycine, acetone, and succinic acid, among others.

To illustrate the maximum variance between groups, a supervised
PLS-DA modelling was performed on the 155 quantified metabolites. A
clear separation was found between healthy controls and newly diag-
nosed SCLC patients (Fig. 2A), with an error of cross validation of <0.20.
Most significant metabolites based on VIP-scores>1.0 are shown in
Fig. 2B and include amino acids (glutamic acid/glutamate, glutamine,
isoleucine, leucine, lysine, methionine, ornithine, tyrosine, and succinic
acid), ketone bodies (3-hydroxybutyric acid, acetone, and acetoacetic
acid), glucose, glycerol, and lipoprotein subfractions of LDL and HDL
(Table 2).

Fig. 3 represents the most significant metabolite differences found
between healthy controls and SCLC patients: 3-HBA (AUC = 0.86, 95%
CL. 0.76-0.95, p < 0.001), acetoacetic acid (AUC = 0.81, 95% CI.
0.6-0.86, p = 0.003), glutamic acid (AUC = 0.81, 95% CI. 0.7-0.92, p <
0.001), leucine (AUC = 0.81, 95% CI. 0.69-0.93, p < 0.001), methionine
(AUC = 0.80, 95% CI. 0.68-0.92, p < 0.001), and LDL-6 triglyceride

— T T T T T T—6oseine]
i — contro

Intensity (a.u.)
A

Fig. 1. Averaged metabolic fingerprints of healthy controls (Control, blue) and
newly diagnosed small cell lung cancer patients (Baseline, red) with annotated
peak intensities in the ~4.5-0.5 ppm range on the Carr-Purcell Meiboom-Gill
(CPMQG) spectra belonging to amino acids, glucose, lactate, lipoproteins, fatty
acids, and ketone bodies, among others. The intense dimethyl sulfone signal
was due to one patient presenting abnormally high concentration. Abbrevia-
tions: ppm = parts per million, 3-HBA = 3-hydroxybutyric acid, NAcGlc = N-
Acetyl-Glycoprotein fragment. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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VIP >1.0

Glutamic acid

HDL-4 cholesterol
LDL-6 triglyceride
HDL-4 apolipoprotein-A2
Glycerol
Hydroxybutyric acid
Methionine

Acetone

LDL triglyceride
Tyrosine

HDL-4 apolipiportein-Al
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Acetoacetic acid
Leucine
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HDL-1 triglyceride
HDL-3 free cholesterol
Lysine
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Fig. 2. Distinct patterns between healthy controls and Small-Cell Lung Cancer (SCLC) patients. A. Partial least squares discriminant analysis (PLS-DA) scores plot of
healthy control samples (blue) versus newly diagnosed SCLC patients (red) on latent variable 1 (LV) and 2. B. Most significant metabolites based on VIP-scores
ranking (VIP >1.0). VIP = Variable importance in projection, LV = latent variables. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

(AUC = 0.81, 95% CI. 0.700.92, p < 0.001).

3.3. Reprogrammed metabolic pathways in small-cell lung cancer

To extrapolate important metabolic changes possibly related to
SCLC, pathway analysis was performed on altered small metabolites
with non-corrected p-values <0.1, excluding lipoproteins due to missing
KEGG IDs. We found eight additional metabolites of interest including
glucose (FC = 1.1, p = 0.067), valine (FC = 0.9, p = 0.085), isoleucine
(FC = 0.8, p = 0.023), creatine (FC = 1.9, p = 0.015), ornithine (p =
0.017), asparagine (p = 0.011), succinic acid (FC = 2.4, p = 0.014), and
2-aminobutyric acid (p = 0.017) (Table S2). Fig. 4 shows several
metabolic pathways to be altered in SCLC, including ketone body
metabolism, TCA cycle, amino acids, and glycerophospholipid
metabolisms.

4. Discussion

This study provides a detailed NMR-based metabolomics analysis of
serum from healthy controls and newly diagnosed patients with the
purpose of identifying distinguished metabolites that help underpinning
the impaired complex molecular mechanisms of SCLC. We identified
changes in amino acid, energy, and lipid metabolisms of newly diag-
nosed SCLC patients compared to healthy individuals.

The altered amino acids included glutamic acid, glutamine, leucine,
isoleucine, valine, lysine, methionine, threonine, and tyrosine (Fig. 4,
Table 1). Increased glutamic acid showed great potential in discrimi-
nating between SCLC patients and healthy controls (FC=1.7, p < 0.001,
and AUC = 0.81 with 95% CL. For AUC: 0.70-0.92, p < 0.001). Similar
perturbations have previously been described in serum and plasma of
NSCLC patients [38-40], and described in a small SCLC study, giving
confidence to our findings. The role of glutamic acid in cancer is
well-described and has become an important target in cancer treatment
research [41,42]. Among others, glutamic acid plays key roles in
biosynthetic pathways of cells, including purine and pyrimidine syn-
thesis, as nitrogen and carbon source in TCA cycle anaplerosis, protein
and amino acid synthesis, and lipid metabolism [43]. Furthermore, we
identified glutamine to be slightly decreased in SCLC patients (FC = 0.9,
p = 0.007). Glutamine has previously been found to be decreased in
serum of NSCLC [38,44], however, to our knowledge, this is the first

time we provide evidence of similar alterations in SCLC. Glutamine is
known to be important for the cellular uptake of essential amino acids
and activation of the oncogenic mTOR pathway, involved in cell pro-
liferation and inhibition of apoptosis, which is known to be associated
with SCLC pathogenesis [9,45], hence our results may reflect alterations
in these mechanisms.

Interestingly, we found the branched-chain amino acids leucine,
isoleucine, and valine to be decreased in SCLC patients (Fig. 4), which
might be a distinctive signature for SCLC since previous studies have
reported increased plasma and serum isoleucine and leucine in NSCLC
[19,22,38,44]. BCAAs are involved in various metabolic pathways,
including glutamic acid and glutamine metabolism, as well as down-
stream catabolism to acetyl-CoA, which fuels the TCA cycle, fatty acid,
and cholesterol synthesis, and interferes with tumor growth metabolism
through the activation of the mTOR pathway [46,47].

The three main ketone bodies 3-HBA, acetoacetic acid, and acetone
were found significantly increased in SCLC patients, with FCs of 2.5 and
1.6 for 3-HBA and acetone, respectively (p < 0.001). Enhanced ketone
bodies are a common finding in various cancer types including lung
cancer [16]. Ketone bodies are primarily responsible for delivering en-
ergy to cells; however, 3-HBA also participates in regulation of various
cellular processes including protein acetylation, cell signaling, and
augmented cell resistance to reactive oxygen species formation [48,49].
It is worth considering that the increased serum ketone body levels
found could be explained by a loss of appetite, which is a well-known
symptom observed in cancer, leading to a lower food intake or pa-
tients fasting before blood sample collection [50]. Blood samples in this
study were collected at different times of the day and patients were not
asked to be fasting beforehand; however, this does not exclude the
possibility that patients could have been fasting prior to sample collec-
tion. The normal range of ketone bodies in the blood is around 200-400
pM, which correlates with the serum levels of healthy individuals found
in this study. These values can increase up to five-fold during fasting
[49], which is similar to the mean concentrations measured in SCLC
patients in this study. It is still interesting that some cancer cells, due to
their abnormal mitochondria, are unable to use ketones as fuel and some
studies have even suggested a potential positive effect of a ketogenic diet
against cancer progression [50,51]. However, it is possible that the
increased ketogenesis in cancer cells was due to altered lipogenesis,
gluconeogenesis, and cholesterogenesis, which are all mechanisms
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Table 2
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Metabolic signatures significantly altered in SCLC patients at the time of diagnosis compared to healthy controls. Testing was based on non-parametric Mann-
Whitney U Test with FDR correction. The medians of significant metabolites were compared between groups to determine fold changes (FC). All metabolite con-
centrations are in mmol/L except for the lipoprotein subfractions which are displayed in mg/dL. Abbreviation: FDR = false discovery rate, LDL = low-density lipo-
protein, HDL = high-density lipoprotein, based on population and square root. FC = median fold change, n.a. = not available, ROC = receiver operating characteristics
curve, AUC = area under the curve a. p-values of Mann Whitney U Test. b. FDR corrected p-values. c. p-values of ROC-based AUCs.

Metabolic signatures of small cell lung cancer

Metabolites [mmol/L or mg/ Controls SCLC FC - q- Sensitivity Specificity AUC (95% CL) ‘p-
di] Median (min-max) Median (min-max) value value 0 ) value
3-Hydroxybutyric acid 0.037 (0.00-0.27) 0.091 (0.03-0.86) 2.5 <0.001 0.001 83 72 0.86 <0.001
(0.76-0.95)
Acetoacetic acid 0.000 (0.00-0.05) 0.010 (0.00-0.26) 0.001 0.011 57 88 0.81 0.003
. (0.60-0.86)
Acetone 0.019 (0.00-0.04) 0.030 (0.01-0.15) 1.6 <0.001 0.005 80 68 0.73 <0.001
(0.68-0.91)
Glutamic acid 0.069 (0.00-0.14) 0.115 (0.06-0.27) 1.7 <0.001 0.004 80 72 0.81 <0.001
(0.70-0.92)
Glutamine 0.660 (0.51-0.81) 0.587 (0.34-0.79) 0.9 0.007 0.047 73 64 0.71 0.007
(0.58-0.85)
Glycerol 0.000 (0.00-0.42) 0.292 (0.00-0.88) n. 0.001 0.096 73 72 0.76 0.001
a. (0.63-0.89)
HDL-3 free cholesterol 2.261 (1.24-3.56) 1.685 (0.16-4.02) 0.7 0.002 0.023 70 68 0.74 0.002
(0.61-0.87)
HDL-4 apolipoprotein-Al 68.871 56.793 0.8 0.005 0.038 60 84 0.72 0.005
(48.96-84.58) (29.06-81.18) (0.59-0.86)
HDL-4 apolipoprotein-A2 18.006 13.358 (6.33-21.86) 0.7 0.001 0.006 67 76 0.77 <0.001
(10.45-22.06) (0.65-0.90)
HDL-4 cholesterol 18.812 14.295 (5.85-23.12) 0.8 <0.001 0.006 70 76 0.78 <0.001
(13.67-23.48) (0.66-0.90)
HDL-4 free cholesterol 3.522 (2.25-4.77) 2.720 (0.74-4.74) 0.8 0.008 0.047 73 64 0.71 0.007
(0.58-0.85)
HDL-4 phospholipid 26.706 22.264 0.8 0.005 0.027 67 76 0.73 0.003
(19.20-33.12) (12.67-32.48) (0.60-0.87)
LDL triglyceride 15.950 (9.55-32.90) 21.471 1.3 0.001 0.006 80 76 0.78 <0.001
(11.00-55.92) (0.65-0.91)
LDL-1 triglyceride 4.664 (2.73-11.31) 6.264 (3.42-19.49) 1.3 0.012 0.038 70 76 0.70 0.012
(0.55-0.84)
LDL-2 triglyceride 1.945 (1.06-5.15) 2.730 (0.95-3.95) 1.4 0.009 0.054 73 72 0.70 0.010
(0.56-0.85)
LDL-4 cholesterol 13.585 (0.00-28.42) 6.995 (0.00-22.19) 0.5 0.007 0.047 70 60 0.71 0.007
(0.58-0.85)
LDL-6 triglyceride 3.934 (2.20-6.11) 5.854 (3.04-15.33) 1.5 <0.001 0.003 73 72 0.81 <0.001
(0.70-0.92)
Leucine 0.100 (0.07-0.20) 0.078 (0.05-0.21) 0.8 <0.001 0.004 77 80 0.81 <0.001
(0.69-0.93)
Lysine 0.208 (0.00-0.33) 0.167 (0.00-0.29) 0.8 0.004 0.035 60 72 0.73 0.004
(0.59-0.86)
Methionine 0.085 (0.06-0.13) 0.065 (0.00-0.13) 0.8 <0.001 0.005 80 72 0.80 <0.001
(0.68-0.92)
Threonine 0.116 (0.00-0.37) 0.000 (0.00-0.30) n. 0.005 0.044 73 60 0.71 0.009
a. (0.57-0.85)
Tyrosine 0.068 (0.04-0.11) 0.049 (0.00-0.11) 0.7 0.002 0.021 73 68 0.75 0.002
(0.62-0.88)

tightly linked to ketone regulation, as well as due to the high competi-
tion of primary energy compounds between cancer and healthy cells
[51,52].

Altered lipid- and lipoprotein metabolism of SCLC was observed in
this study through elevated levels of glycerol and LDL triglycerides, and
lowered serum concentration of HDL-4 subfractions in SCLC patients.
Our results are in line with previous findings, where serum and plasma
glycerol levels were found altered in lung cancer patients [16,38,40].
Glycerol is involved in glycolysis and biosynthesis of lipids, including
triglycerides and phospholipids [53]. Cancer cells have a high need for
energy and lipids for cell membrane synthesis in order to proliferate.
Therefore, it is not surprising that glycerol was found to be disturbed in
SCLC patients. Same mechanisms might also explain the changes in li-
poprotein concentrations we observed in LDL and HDL subfractions.
While the triglyceride subfractions of LDL subtypes were mainly found
increased (FC > 1.3, p < 0.012), LDL-4 cholesterol was found consis-
tently decreased in SCLC patients. While similar LDL profiles with high
serum LDL triglycerides and low LDL-cholesterols have been identified

in a large case-control study with several cancer types [54], to our
knowledge, this is the first SCLC study to show this pattern. Interest-
ingly, Zhou, T. et al. 2017 [55] found that elevated serum-levels of LDL
at diagnosis correlated with a worse overall outcome for SCLC patients.
The precise involvement of LDL in cancer is not fully established and it is
currently an emerging area of research. However, a possible involve-
ment of LDL in cancer is considered to be by providing lipids to cancer
cells [56], which is supported by findings of increased LDL uptake and
LDL-receptor expression in cancer cells, including lung cancer [57].
Moreover, LDL is known to play a role in regulating pathways commonly
altered in cancer including STAT3-and the mTOR-pathway. We further
identified a consistent decrease in HDL-4 subfractions and in the
cholesterol of HDL-3 in SCLC patients (FC < 0.8, p < 0.008). Previous
studies have found HDL to be lower in plasma of lung cancer patients,
and LDL and VLDL to be increased in the plasma of lung cancer patients
[56]. Moreover, a large cohort study indicated that low plasma levels of
HDL cholesterol were associated with a greater risk of lung cancer [58].

A relatively small cohort of individuals (25 healthy and 30 SCLC
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Fig. 3. Most significant metabolites found perturbed in SCLC patients (AUC>0.80). Box plots and receiver operating characteristic curves (ROC) are presented. A.
ROC-curve and boxplot of 3-hydroxybutyric acid: increased in SCLC patients compared to healthy controls. B. ROC-curve and boxplot of acetoacetic acid: increased in
SCLC patients. C. ROC-curve and boxplot of glutamic acid: increased in SCLC patients. D. ROC-curve and boxplot of leucine: decreased in SCLC patients. E. ROC-curve
and boxplot of methionine: decreased in SCLC patients. F. ROC-curve and boxplot of LDL-6 triglyceride: increased in SCLC patients. LDL = low-density lipoprotein.

Significance is indicated by; *** <0.001, ** <0.01.

individuals) is one of the limitations of this study and may introduce a
risk of bias. Furthermore, the subjects were mostly ES-SCLC (80%) in
TNM Stage IV (63%). Previous studies have concluded that an effective
screening modality must be capable of identifying tumors earlier than
when the primary tumor is visible through CT-imaging [59]. To identify
metabolite signatures of early SCLC, additional comparisons between
disease states (LS vs ED) or TNM stages (early vs locally advanced vs
metastatic disease), are warranted. Therefore, a study with a larger
cohort of LS-SCLC patients is recommended. The age distribution of
controls was narrower than the patients because there is an upper limit
of age being a blood donor. However, the mean age was almost the same,
and this difference is probably of minor importance. Furthermore, the
patients were smokers and the controls non-smokers; we cannot exclude

that this may result in (some) metabolic differences in itself.

Therapeutic approaches could potentially be guided from the meta-
bolic changes, but the mechanisms are probably complex. Ideally,
combining these findings with genetic and/or protein alterations in
SCLC cells would provide for more detailed information on the molec-
ular mechanisms of SCLC linked to these metabolic changes.

In this study, we demonstrate significant disturbances in serum
metabolic profile of SCLC patients, thus providing novel scientific basis
for future research in clinical routine settings. Understanding the
metabolic landscape of SCLC could provide essential knowledge about
disease mechanisms and characteristics, and ultimately help improve
the survival of patients through better treatment options, and perhaps
pave the way for the discovery of metabolite biomarkers for early
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detection of SCLC.
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