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Abstract

Background The detrimental impact of malnutrition and cachexia in cancer patients subjected to surgical resection is
well established. However, how systemic and local metabolic alterations in cancer patients impact the serum metabolite
signature, thereby leading to cancer-specific differences, is poorly defined. In order to implement metabolomics as a
potential tool in clinical diagnostics and disease follow-up, targeted metabolite profiling based on quantitative measure-
ments is essential. We hypothesized that the quantitative metabolic profile assessed by 1H nuclear magnetic resonance
(NMR) spectroscopy can be used to identify cancer-induced catabolism and potentially distinguish between specific
tumour entities. Importantly, to prove tumour dependency and assess metabolic normalization, we additionally
analysed the metabolome of patients’ sera longitudinally post-surgery in order to assess metabolic normalization.
Methods Forty two metabolites in sera of patients with tumour entities known to cause malnutrition and cachexia, namely,
upper gastrointestinal cancer andpancreatic cancer, aswell as seraof healthy controls,werequantifiedby 1HNMRspectroscopy.
Results Comparing serummetabolites of patients with gastrointestinal cancer with healthy controls and pancreatic can-
cer patients, we identified at least 15 significantly changed metabolites in each comparison. Principal component and
pathway analysis tools showed a catabolic signature in preoperative upper gastrointestinal cancer patients. Themost spe-
cifically upregulated metabolite group in gastrointestinal cancer patients was ketone bodies (3-hydroxybutyrate,
P< 0.0001; acetoacetate, P< 0.0001; acetone, P< 0.0001; false discovery rate [FDR] adjusted). Increased glycerol levels
(P < 0.0001), increased concentration of the ketogenic amino acid lysine (P = 0.03) and a significant correlation of
3-hydroxybutyrate levels with branched-chained amino acids (leucine, P = 0.02; isoleucine, P = 0.04 [FDR adjusted])
suggested that ketone body synthesis was driven by lipolysis and amino acid breakdown. Interestingly, the catabolic sig-
naturewas independent of the bodymass index, clinically assessedmalnutrition using the nutritional risk screening score,
and systemic inflammation assessed by CRP and leukocyte count. Longitudinal measurements and principal component
analyses revealed a quick normalization of key metabolic alterations seven days post-surgery, including ketosis.
Conclusions Together, the quantitative metabolic profile obtained by 1H NMR spectroscopy identified a
tumour-induced catabolic signature specific to upper gastrointestinal cancer patients and enabled monitoring restora-
tion of metabolic homeostasis after surgery. This approach was critical to identify the obtained metabolic profile as an
upper gastrointestinal cancer-specific signature independent of malnutrition and inflammation.
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Introduction

Modern, multimodal oncological therapy, including surgery,
chemo- and radiotherapy, has improved outcomes of patients
with gastroesophageal cancer in recent years.1 Nonetheless,
gastroesophageal cancer is still a leading cause of
cancer-related deaths worldwide.2 Hence, novel approaches
are needed to improve our understanding of disease progres-
sion, identify patients at risk and follow-up the post-surgery
disease outcome. Studies in various animal models and
patients have revealed that gastroesophageal tumours may
induce systemic metabolic alterations by a combination of in-
creasing energy expenditure, mechanical food intake obstruc-
tion, increased catabolic activity, metabolic dysregulation and
systemic inflammation.3 These disturbances may result in
cancer cachexia and malnutrition, which are major contribu-
tors to postoperative morbidity and mortality after surgical
resection.4 The prevalence of preoperative malnutrition in
gastroesophageal cancer patients ranges from 40% to 60%,
and sarcopenia is reported to occur ranging from 6.8% to
79%.5,6

Malnutrition is defined by reduced nutrient intake, mainly
leading to body fat catabolism but also muscle mass reduc-
tion, resulting in overall weight loss. In contrast, cancer
cachexia is a pathological process inducing weight loss mainly
due to muscle catabolism with or without body fat loss and is
accompanied by inflammation.7 Many studies have shown
the deteriorating effect of malnutrition and decreased mus-
cle mass on patients undergoing major surgery due to upper
gastrointestinal (upper GI) carcinoma.8 Cancer cachexia and,
in particular, decreased muscle mass and function are associ-
ated with poor quality of life and worse patient outcomes.9

Cancer is believed to induce cachexia by a combination of
increasing energy expenditure, mechanical food intake
obstruction, increased catabolic activity and metabolic
dysregulation, and systemic inflammation.7 Early preopera-
tive diagnosis and consecutive nutritional intervention before
surgery can improve outcomes.10 To this end, various screen-
ing modalities have been developed to identify patients at
risk.11 An established screening tool is the Nutritional Risk
Screening score (NRS), which can detect patients at preoper-
ative nutritional risk.12

Nevertheless, the NRS and similar screening modalities
are based on a partially subjective rating either by a physi-
cian or the patient, which can lead to false conclusions
regarding the patient’s nutritional status. Additionally,
clinical evaluation can miss metabolic disturbances preced-
ing clinical manifestation. It is currently difficult to deter-
mine which patient subset will develop cancer-induced
muscle loss before the onset of severe symptoms. Early
identification of patients at risk for catabolic metabolism
would allow optimal nutritional classification and support,
enabling a shift from reacting to the loss of function to-
wards prevention.7

Malnutrition and starvation that require global metabolic
adaptations are associated with changes in the metabolic
profile.13 In order to establish serum metabolic profiles as
a valuable approach in the clinical routine, absolute
quantitative analyses are mandatory to ensure reproducibil-
ity and enable calculation of appropriate reference values.
Moreover, physiological interpretation of relative metabo-
lite concentrations is limited, as the comparison with
known homeostatic levels is impossible. Hence, the present
study uses a targeted metabolomics approach by 1H
nuclear magnetic resonance (NMR) spectroscopy and multi-
variate statistical analysis to measure the concentration of
various metabolites in human blood serum samples of
patients with upper gastrointestinal (GI) cancer located in
the oesophagus or stomach (collectively termed upper GI),
healthy controls and pancreatic cancer (PanC) patients in
an attempt to identify disease-related metabolite concen-
tration differences.

So far, efforts to identify metabolic alterations in upper
GI cancer patients employed solely cross-sectional study
designs comparing healthy individuals with diagnosed
patients.14 This approach is not ideal for discriminating
between patient-dependent confounding effects and
cancer-induced metabolic changes. The metabolome adapts
very rapidly to changing environmental conditions,
making it particularly suitable for dynamic studies. The
problem of high heterogeneity of the metabolome can be
circumvented by using longitudinal measurements as an
internal control. Therefore, analyses on tumour-induced
metabolic alteration should include serum metabolomic
profile measurements before tumour resection and longitu-
dinal follow-up postoperatively. Many cross-sectional
studies have proven metabolic alteration in cancer patient
sera, but longitudinal studies are urgently needed to prove
tumour dependency and to assess normalization velocity
after resection. Thus, longitudinal sample collection up to
7 days post-surgery was used to test whether the metabo-
lite profile of upper GI cancer patients returns to a normal
state and at which time altered metabolites reach physio-
logic concentrations.

Methods

Human subjects and sample collection

The study protocol was approved by the Ethics Committee of
the Technische Universität (IRB number 00001473) Dresden
(file number EK-109032022) and was conducted following
the Declaration of Helsinki. Written informed consent was
obtained from all patients or healthy volunteers before study
inclusion. In total, 48 patients with upper GI cancer and 39
patients with pancreatic cancer were included in the study
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over the period of November 2018 to September 2019.
Moreover, samples from 59 healthy volunteers were
analysed. The samples were immediately frozen and stored
at �80°C.

NMR sample measurement and analysis

1H NMR spectroscopy measurements were performed
according to established protocols.15 The frozen serum sam-
ples were thawed at room temperature for about 30 min be-
fore being mixed with phosphate buffer (1:1) to a volume of
600 μL. The resulting mixture was pipetted into the NMR
sample tube and immediately prepared for measurement.

All measurements were run on a Bruker 600-MHz Avance
III Neo NMR-spectrometer equipped with a BBI Probe and a
Bruker SampleJet robot with a cooling system for sample
storage at 4°C. The samples were measured at 310 K, and a
full quantitative calibration was completed before the mea-
surement. All experiments were completed using the Bruker
in vitro diagnostics (IVDr) methods.15 All data were processed
in automation using Bruker TopSpin 4.1.1 and ICON-NMR.
Metabolite reports (40 parameters) were obtained using
Bruker IVDr B.I. Methods Plasma/Serum Analysis (B.I.Quant-
PS, v.2.0.0). Triglycerides and cholesterol concentration were
assessed using Bruker Lipoprotein Subclass Analysis (B.I.LISA,
v.1.0.0). The analysis was performed on 1D Nuclear
Overhauser Spectroscopy experiments (1D NOESY).

Statistical analysis

All statistical analyses were performed using the R statistics
environment (version 4.0.1, R Foundation for Statistical
Computing, www.r-project.org) using the MetaboAnalystR 3
package. Graphical visualization was performed using
GraphPad Prism v8 (GraphPad Software, Inc, La Jolla, CA,
USA) and Metaboanalyst 5.0.16

Concerning demographical and clinical data, a normal
distribution test, a Student’s t-test, or Kruskal–Wallis test
was performed to compare groups accordingly. Categorical
variables were summarized as absolute and relative frequen-
cies (percentages) and compared using the χ2 test or exact
Fischer test, depending on sample size.

For multivariate analyses, a data integrity check was
performed. First, to avoid random noise and systematic
missingness, we filtered out metabolites with constant or
single values across samples. In some samples, metabolite
concentrations did not reach the limit of detection; a com-
mon observation in metabolomics analyses.17 Accordingly,
we used the recommended minimum imputation default
setting of MetaboAnalyst 5.0 for missing value imputation.18

Dimension reduction and exploratory analysis of identified
metabolites were performed using unsupervised principal

component analysis (PCA). orthogonal partial least-squares
discriminant analysis (OPLS-DA) was used to identify features
driving group separation. To evaluate the importance of
specific variables for separation in OPLS-DA, variable impor-
tance in projection (VIP) was calculated for every metabolite.
Metabolite concentrations were compared using Student’s
t-test for normally distributed and Mann–Whitney U-test for
non-normally distributed data. Longitudinal metabolic data
were analysed by ANOVA, followed by Tukey’s multiple
comparisons test.

P values were adjusted for multiple testing using the false
discovery rate (FDR) method. All P values were considered
statistically significant at a level of less than 0.05.

Results

Study design

A total of 283 serum samples from 48 upper GI cancer
patients, 39 PanC patients and 59 healthy controls were
available for metabolomic analysis (Figure 1A). Blood
was collected from enrolled cancer patients immediately
before surgery (d0). Further longitudinal samples were
collected from upper GI cancer patients on the first (d1),
third (d3), and seventh (d7) postoperative days, if possible
(Figure 1A).

Within the control group of third year medical students
47 were male and 13 female resembling the distribution
of the upper GI study group. Of the 48 upper GI patients,
38 were male, and 10 were female, whereas 17 PanC
patients were female, and 22 were male. Although both
groups had a higher male ratio, the upper GI group had
significantly more men. Age and body mass index (BMI)
did not differ between groups (Supporting information,
Table S1). Importantly, there were no differences in the
assessment of comorbidities and fitness using the clinically
approved scoring system ‘Charlson Comorbidity Index’ or
the ‘American Society of Anesthesiologists’ (ASA) score.
Specific comorbidities were equally distributed between
both groups (Table S1).

Upper GI cancer induces specific metabolic
alterations

This study aimed to identify metabolic alterations induced by
cancer located in the upper GI tract. First, we compared
preoperative blood draws of upper GI cancer patients with
healthy controls to unravel tumour-induced metabolic distur-
bances. Due to expected confounding effects linked to age
differences and pre-existing diseases in the upper GI group,
we further confirmed our findings with an additional control
group of PanC patients. PanC patients comprise a valid
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control group due to their similar age and pre-existing dis-
ease distribution. Additionally, the tumour location of PanC
patients is close to the upper GI groups’ and both cancer
types are known for the appearance of cancer anorexia–ca-
chexia syndrome (CACS). To follow the hypothesized normal-
ization of cancer-related metabolic disruptions after surgery,
we performed a metabolomic analysis with samples collected
before and at three longitudinal time points after surgical
resection.

Unsupervised PCA of the preoperative metabolome of 48
upper GI cancer patients and 59 healthy controls
(Figure 1A) showed an excellent separation in the principal
components space (Figure 1B, left panel). Interestingly, a
clear separation trend was also achieved when the
metabolomic signatures of the upper GI cancer patients
were applied in the PCA against the metabolic marks in
the sera of 39 PanC patients (Figure 1B, right panel). To ex-
clude the presence of an inhomogeneous metabolic pattern
which would argue against the combination of both cancer
types in a single group, we also analysed both cancer types
separately in an unsupervised PCA. As shown in Figure S1,
the metabolic pattern of healthy controls nicely separated
from oesophageal and gastric cancer patients, but there
was no obvious separation between the two cancer types.
Moreover, to exclude that the katabolic signature we
identified was driven separately by a specific cancer
subgroup, we performed an ANOVA multiple comparison
analysis comparing the oesophageal and the gastric cancer
patients separately with control or pancreatic cancer
patients (Tables S2 and S3). In results, the ketone body
dominated signature was significantly increased indepen-
dently in the oesophageal and gastric subgroup compared
with control or the PanC patients. Thus, the identified
catabolic signature accounts for the overall upperGI cancer
group (Tables S2 and S3).

Further, hierarchical clustering analysis (HCA) of 15 signifi-
cantly altered serum metabolites (false discovery rate ad-
justed P < 0.05) comparing upper GI cancer patients with
healthy controls revealed severe alterations in ketone, amino
acid, lipid and glucose metabolism (Figure 1C, upper panel).
Similar metabolite classes were changed when comparing

serum metabolites of upper GI cancer patients with PanC
patients (Figure 1C, lower panel).

Next, an OPLS-DA was employed to visualize group
discrimination and consecutively calculate the separation
driving metabolites in a VIP score. Metabolites that are re-
sponsible for the significant separation observed between
the serum metabolome in healthy controls or PanC patients
compared with upper GI cancer patients are indicated by a
VIP score >1.0. OPLS-DA clearly separated upper GI cancer
patients vs. healthy controls (Figure 1D, upper panel) and
upper GI cancer vs. PanC patients (Figure 1D, lower panel).
Interestingly, in both comparisons, driver metabolites ranking
highest VIP scores were representatives of ketone and amino
acid metabolism (Figure 1E).

Metabolomic analysis is consistent with a
starvation status in the upper GI cancer patients

The global trends that manifested in HCA and PCA before sur-
gery prompted us to investigate nutrition-related metabolic
alterations in upper GI cancer patients. After the initial dis-
covery experiments, we focused on the comparison between
upper GI and PanC patients. Pathway analysis confirmed that
ketone metabolism was most strongly deregulated in upper
GI cancer patients and amino acid and carbohydrate
metabolism to a slightly lesser degree than in PanC patients
(Figure 2A). Ketone body oxidation is best known to be in-
duced upon fasting, starvation, and strict low-carbohydrate
diets. Total ketone body concentrations can rise to approxi-
mately 1 mmol/L after extensive exercise or 24-h fasting.19

Interestingly, the ketone bodies 3-hydroxybutyrate,
acetoacetate and acetone were significantly elevated in
upper GI cancer patient sera compared with PanC
patients, with many upper GI cancer patients exceeding
physiologic levels (Figure 1C lower panel, and Figure 2B).
To exclude that the difference in ketone bodies between
upper GI cancer and PanC patients was driven by an in-
creased rate of neoadjuvant chemotherapy in upper GI
cancer patients, we compared the metabolic signature of
patients with and without neoadjuvant chemotherapy. No

Figure 1 Study design and metabolic profile. (A) Human cohort of 48 upper gastrointestinal (GI) cancer patients, 59 healthy controls, and 39 PanC
control patients. Schematic timeline of the blood drawing protocol of 48 upper GI cancer patients before surgery (d0), the first postoperative day
(d1), the third postoperative day (d3) and the seventh postoperative day (d7). (B) Principal component analysis (PCA) based on 42 metabolites iden-
tified by 1H NMR spectroscopy and calculated metabolite concentrations. Comparison of 48 patients with upper GI cancer and 59 healthy controls in
the left plot. The right plot represents a comparison of 48 upper GI cancer patients with 39 PanC patients before surgery. (C) Hierarchical clustering
analysis of the metabolome of patients with cancer in the upper GI tract compared with healthy controls (upper panel) and hierarchical clustering
analysis of the metabolome of patients with cancer in the upper GI tract compared with PanC patients before surgery (lower panel). Represented
are the top 15 significantly changed metabolites (false discovery rate [FDR] adjusted P < 0.05). Each column represents one sample, and each row
represents one metabolite. Colour intensity in each cell represents the normalized metabolite level in the respective sample. (D) Orthogonal partial
least squares discriminant analysis (OPLS-DA) of respective patients and control individuals. (E) Variable importance in projection (VIP) score for the
identification of important metabolites identified by OPLS-DA comparing upper GI cancer patients with healthy controls (left panel) and upper GI can-
cer patients with PanC patients (right panel). The coloured boxes on the right indicate the relative concentrations of the corresponding metabolite in
each group.
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difference was found in the concentration of analysed
metabolites, demonstrating that neoadjuvant chemotherapy
does not alter the upper GI cancer metabolomic signature
(Figure S2).

For extrahepatic utilization, ketone bodies are broken
down into acetyl-CoA moieties. Acetoacetate receives a
CoA unit from Succinyl-CoA in the mitochondrial matrix,
generating succinate20,21 (Figure S3). Interestingly, peripheral

Figure 2 Pathway analysis reveals starvation metabolism in upper gastrointestinal (GI) cancer patients. (A) Metabolic pathway analysis comparing the
metabolome of upper GI cancer patients and PanC patients before surgery. The y-axis indicates pathway impact and the x-axis the statistical signifi-
cance depicted as a log scale. Highlighted pathways were significantly altered in pathway analysis with P < 0.05 and FDR of 1%. (B–E) Significantly
altered metabolites involved in altered metabolic pathways. (B) Ketone bodies (3-hydroxybutyrate, acetoacetate, and acetone); (C) glutamine metab-
olism (glutamine and glutamate); (D) lipid metabolism (glycerol and cholesterol) as well as (E) citric acid cycle and carbohydrate metabolism (succinate,
citrate and pyruvate).
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succinate levels were markedly increased in the peripheral
blood of upper GI cancer patients (Figure 1C lower panel,
Figures 2E and S3) compared with the concentrations
obtained in PanC patients. Glycogen-deprived muscle tissue
breaks down amino acids as an alternative fuel. The gener-
ated ammonia is fused with glutamate to synthesize
glutamine. Glutamine is released into the bloodstream
providing fuel for gluconeogenesis in the liver.22 Consistently,
upper GI cancer patients showed a substantial increase in
glutamine concentration and decreased glutamate levels
(Figures 1D, 2C and S3). The decreased concentration of
lactate (primarily derived from skeletal muscle23) and pyru-
vate and the significantly increased glucose concentration
might indicate insulin resistance in upper GI cancer patients
compared with healthy controls. Although the underlying
mechanisms are unknown, insulin resistance is suggested
to be a risk factor for gastric cancer, as a prospective
multicentre study has shown an association between insulin
resistance and early gastric cancer.24 In line with the
increased abundance of ketones in the sera of upper GI
cancer patients, metabolites linked to lipid utilization were
also increased (Figures 1D, 2D and S3).

Adipose tissue triglycerides are hydrolyzed into glycerol
and free fatty acids (FAs) and delivered through the blood-
stream for β-oxidation and ketone body synthesis in the
liver.25 Indeed, glycerol was significantly elevated in upper
GI cancer patients (Figures 1D, 2D and S3). Additionally,
prolonged starvation is associated with cholesterol
mobilization.26 Total cholesterol was significantly increased
in upper GI cancer patients compared with PanC patients’
sera (Figure 1C lower panel, Figure 2D). Finally, the sera of
upper GI cancer patients were enriched with citrate
(Figure 1C lower panel, Figures 2D and S3), which has been
shown to be increased in precachexic cancer patients
compared with non-cachexic cancer patients of various
aetiology.27 Collectively, these data are indicative of conver-
gence towards an adaptive starvation metabolism.

Ketosis is associated with amino acid catabolism

Many cancer patients suffer from severe muscle loss
associated with worse outcomes and poor quality of life.28

Common scores like the NRS might miss subsets of patients
that have catabolic metabolism before developing severe
clinical symptoms.

We hypothesized that increased ketone body concentra-
tions are associated with amino acid catabolism. Indeed,
Pearson correlation coefficient showed a significant positive
correlation between the branched-chain amino acids
(BCAA) leucine and isoleucine that are mobilized from
muscle tissue during prolonged starvation (Figures 3A and
S3) with 3-hydroxybutyrate in upper GI cancer patients.
Leucine is solely ketogenic, while isoleucine can feed both

gluconeogenesis and ketogenesis. Interestingly, alanine
and pyruvate, which are substrates for gluconeogenesis in
the liver, correlated negatively with 3-hydroxybutyrate
(Figures 3A and S3).

In the absence of metabolic disturbances, 3-
hydroxybutyrate levels remain below 1 mmol/L.20 Higher
levels have been shown to occur in metabolic disorders or
after prolonged starvation for more than 24 h. Physiologi-
cally preoperative starvation does not induce ketosis (de-
fined as 3-hydroxybutyrate levels above 1 mmol/L).29 We
addressed the question of whether ketosis is associated
with increased amino acid breakdown by comparing upper
GI cancer patients with preoperatively high and low
3-hydroxybutyrate levels (3-hydroxybutyrate >1 and <1)
(Figure 3C). As expected, the solely ketogenic amino acid
leucine and isoleucine, which can also support ketogenesis,
were significantly increased in sera of ketotic patients. Ca-
chexia is usually not characterized by ketosis. Accordingly,
elevated 3-hydroxybutyrate levels were not associated with
higher NRS scores (Figure 3B). Furthermore, clinical and lab-
oratory parameters associated with cachexia or increased
inflammatory states did not differ between ketosis and
non-ketonemic upper GI cancer patients (Figure S4A–E).
There was no difference in BMI, patient age and the analy-
sis of C-reactive protein (CRP). Moreover, neither the num-
ber of leukocytes nor albumin serum levels that are de-
creased in cachexia30 were dependent on the 3-
hydroxybutyrate concentration (Figure S4A,E). In line with
these findings, CRP/albumin and CRP/BMI ratios were also
found to be independent of 3-hydroxybutyrate concentra-
tions in plasma (Figure S4F,G). Together, patients with
upper GI tumours show a catabolic metabolism that is not
detected by classical indicators like the NRS score or
albumin levels.

Surgical resection reverses metabolic dysregulation
in upper GI cancer patients

We hypothesized that preoperative metabolic alterations
were tumour-induced and would resolve upon resection. To
tackle this question, we assessed the postoperative
longitudinal metabolic alterations by measuring the serum
metabolome preoperatively and on the first, third and
seventh postoperative days. Indeed, the patients’ postopera-
tive metabolic profile converged into a discrete cluster along
PC1 clearly separated from the preoperative metabolic
profile (Figure 4A). As expected, the most substantial changes
were observed in metabolites that distinguished upper GI
cancer patients from pancreatic patients and normal controls
before surgery (Figure 4B). Ketone bodies quickly declined
within 3 days after surgery. Physiological levels stabilized
following Day 3, and no more significant changes were
observed compared with Day 7 after surgery (Figure 4C).
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Succinate, possibly a product of peripheral tissue ketone
utilization, paralleled the ketone body decline (Figure 4D).
Cholesterol and the triglyceride backbone glycerol collectively
decrease within 1 day after surgery, indicating a decrease of
peripheral lipid mobilization26,31,32 (Figure 4E). Surgery also
led to a reduction of glutamine concentration, with a
corresponding increase of glutamate (Figure 4E). In contrast,
pyruvate demonstrated volatility with an initial concentration
surge after surgery, followed by a drop on Day 3 and a second
increase on Day 7 after surgery (Figure 4D).

Finally, we tested to what extent the metabolic signature
of upper GI cancer patients 7 days after surgery has normal-
ized by comparing it with the metabolic profile of healthy
controls (Figure 4F). Strikingly, the PCA clearly revealed a

normalization of the metabolic profile towards the healthy
control state. Collectively these longitudinal metabolomics
data demonstrate a swift decline of cancer-induced metabolic
disturbances by surgical resection.

Discussion

In the present study, we discriminated 48 sera of upper GI
cancer patients from 59 healthy controls and 39 PanC control
patients using PCA and a multivariate OPLS-DA model and
followed the metabolic changes longitudinally after tumour
resection. Hereby, we could demonstrate for the first time
that metabolic alterations quantified in sera of operated

Figure 3 Ketosis is associated with undetected catabolic amino acid metabolism. (A) Pearson correlation analysis of metabolites significantly correlat-
ing with 3-hydroxybutyrate in upper GI cancer patients before surgery (P < 0.05). Red indicates positive and blue negative correlation. (B, C) patients
from the upper GI cohort were separated based on 3-hydroxybutyrate (HB) levels into ketotic (3-hydroxybutyrate > 1.0 mmol/L = 3-hydroxybutyrate
high) and non-ketotic patients (3-hydroxybutyrate < 1.0 mmol/L = 3-hydroxybutyrate low). (B) Comparison of percentages of patients’ nutritional risk
screening (NRS) scores in upper GI cancer 3-hydroxybutyrate high and upper GI cancer 3-hydroxybutyrate low patients. (C) Increased levels of
branched-chain amino acid in the serum of 3-hydroxybutyrate high compared with 3-hydroxybutyrate low patients.
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upper GI cancer patients largely readjust within 7 days post-
surgery, becoming indistinguishable from healthy controls.

We chose a metabolomics approach based on 1H NMR
spectroscopy that allows for the absolute quantification of
metabolite concentrations. Although mass spectrometry of-
fers greater sensitivity and thus higher metabolite coverage,
1H NMR spectroscopy is characterized by high reproducibility
due to standardized sample preparation, measurement and
processing. Moreover, low-cost reagents and a simpler sam-
ple preparation compared with mass spectrometry keeping
sample integrity intact enables affordable high-throughput
metabolomics analyses. Thus, 1H NMR spectroscopy meets
critical prerequisites for possible clinical application.

In order to identify a specific upper GI cancer signature in
the serum, we did not only rely on serum of healthy controls
but also included sera of patients with PanC, collected prior
to surgery to reduce confounding effects. This additional
cohort was chosen because approximately 80% of PanC
patients suffer from CACS. Primary cachexia and anorexia
caused by mechanical tumour obstruction are also common
in upper GI cancer patients. Hence, PanC patients closely
resemble upper GI cancer patients’ nutritional status. First,
we used an unsupervised PCA to extract meaningful patterns
from the noise in the datasets and continued by employing a
univariate statistical method combined with hierarchical clus-
tering to identify characteristic metabolites in sera of upper
GI cancer patients compared with healthy controls or PanC
patients. This analysis strategy revealed expected differences
between upper GI cancer patients and healthy controls but
also a surprisingly similar metabolic pathway dysregulation
compared with PanC patients. The multivariate statistical
method (OPLS-DA) carried out afterward confirmed the
results of the PCA.

Furthermore, the calculated VIP score was used to
demonstrate the emphasis of key metabolites identified by
OPLS-DA, which are responsible for the significant discrimi-
nation between the upper GI cancer patients and healthy
controls or PanC patients, respectively. The obtained promi-
nent serum ketone signature, characterized by an increased
concentration of 3-hydroxybutyrate, acetoacetate and
acetone in upper GI cancer patients compared with healthy
controls, has been demonstrated previously.33 Increased
concentrations of ketones in serum have also been observed

in patients with colorectal malignancy, late-stage oral
squamous cell carcinoma and lung cancer.34 Because blood
samples of upper GI cancer patients and PanC patients were
obtained in the morning after overnight fasting, a starvation
bias between the two groups was prevented. The production
of ketones occurs mainly in the liver following FA
beta-oxidation in response to increased lipolysis in adipose
tissue. Although ketones are mainly consumed in skeletal
muscle, heart and brain, increased ketone utilization in can-
cer tissue is equally possible. It has been shown that cancer
cells can induce oxidation of ketones to fulfil their energetic
demands in a low-glucose environment and promote cancer
progression.35

Published results about ketone body concentrations in
oesophageal and gastric cancer tissue are inconsistent.
One group has reported increased concentrations compared
with normal mucosa36; others found a significant
downregulation.37 Hence, it remains unclear if upper GI
tumours metabolize ketones significantly.

A prerequisite for the observed ketosis in upper GI cancer
patients is increased lipolysis in adipose tissue leading to an
increased glycerol release, as we have observed in upper GI
cancer patients compared with both healthy controls and
PanC patients. The increased cholesterol levels in sera of
upper GI cancer patients compared with PanC patients is a
further sign of prolonged starvation because it has been
shown that starvation triggers cholesterol release from
lysosomes.38 However, it cannot be excluded that the
elevated cholesterol levels are a consequence of long-term
overnutrition because studies have demonstrated a link
between serum cholesterol levels and the risk for oesopha-
geal and gastric cancer.39,40 In line with the obtained ketone
signature, the concentration of succinate, which is produced
during the utilization of ketones, was increased in sera of
upper GI cancer patients compared with healthy controls or
PanC patients. Nonetheless, these elevated succinate levels
could alternatively be a product of tumour cells or other
sources.

The accumulation of glutamine in the plasma of upper GI
patients and specifically BCAA in patients with ketosis is
likely another consequence of prolonged malnutrition. Thus,
the metabolic requirements in upper GI cancer patients drive
proteolysis in skeletal muscle that delivers amino acids used

Figure 4 Longitudinal metabolomics unravels sustained postoperative metabolic alterations. (A) Unsupervised PCA, showing the shift of the metabolic
profile from before surgery (red) towards PC1 at the first postoperative day (green), and the metabolic stabilization at PC1 on Days 3 (dark blue) and 7
(bright blue) after surgery. (B) Heat map displaying hierarchical clustering analysis of relative metabolites concentrations in longitudinal profiles of 48
upper GI cancer patients. Twenty-four significantly altered metabolites are shown. Day 0 indicates blood drawing before surgery, followed by postop-
erative Days 1, 3 and 7. (C–F) Longitudinal metabolite concentration line plots of upper GI cancer patients of metabolites significantly altered over time
and compared with PanC patients before surgery. Serum samples were measured before surgery (Day 0), on the first (Day 1), third (Day 3) and seventh
(Day 7) after surgery. Analysis of metabolites involved in ketone body metabolism (C), citric acid cycle and carbohydrate metabolism (D) as well as
glutamine and lipid metabolism (E). (F) Unsupervised PCA of the metabolomics measurements upper GI patients before surgery (red), at the seventh
postoperative day (blue) and control patients (green).
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in gluconeogenesis and amino acids that support ketone
biosynthesis in addition to FA degraded in beta-oxidation.
However, as they feed into the TCA cycle, their metabolic
fate might also be energy production by oxidative phosphor-
ylation. Glutaminolysis increases in cancer because
glutamine is catabolized to glutamate. The observed ele-
vated glutamine abundance in sera of upper GI patients
could consequently meet the increased energy requirements
of cancer cells.

The surprisingly decreased concentrations of pyruvate and
lactate together with the significantly increased glucose
concentration point to an altered glucose homeostasis in
upper GI cancer patients, at least compared with healthy
controls. Many studies have shown a close association be-
tween diabetes and oesophageal or gastric cancer,41 although
it remains unclear whether insulin resistance increased the
risk for upper GI cancer or if it is the other way around. How-
ever, results from the FIESTA study suggest that preoperative
elevated blood glucose levels predict a poor prognosis for
upper GI cancer patients.42

Strikingly our longitudinal data revealed that the
ketone-dominated signature in upper GI cancer patients
quickly disappeared after surgical tumour resection. Within
24 h and before (par)enteral nutrition was started, we
observed a significant drop in 3-hydroxybutyrate, accompa-
nied by a reduction in, for example, acetoacetate,
succinate, glutamate, glycerol and cholesterol. Hence, our
data suggest that surgical resection itself could sufficiently
revert metabolic alterations, although patients were contin-
ued fasting overnight post-surgery. This suggests that the
observed metabolic signature in sera of upper GI cancer
patients is likely a primary consequence of tumour progres-
sion and is not only owing to secondary circumstances such
as prolonged starvation due to, for example, mechanical
obstruction.

In conclusion, quantifying the serum metabolic profile of
patients with upper GI tumours using 1H NMR spectroscopy
resulted in the identification of an upper GI cancer-specific

signature driven by increased lipolysis, ketone biosynthesis,
and amino acid depletion. Interestingly, its swift reversal
after tumour resection revealed independence of malnutri-
tion and inflammation and thus underlined the importance
of longitudinal studies in addition to cross-sectional
comparisons for enhanced data interpretation. Moreover,
these data demonstrate the promising potential for serum
metabolome analyses to control successful tumour
resection and cancer recurrence. However, further analyses
with larger patient cohorts are required to validate this
observation.
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