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Abstract

Purpose Underlying mechanisms of the relationship between body fatness and colorectal cancer remain unclear. This study
investigated associations of circulating metabolites with visceral (VFA), abdominal subcutaneous (SFA), and total fat area
(TFA) in colorectal cancer patients.

Methods Pre-surgery plasma samples from 212 patients (stage I-IV) from the ColoCare Study were used to perform targeted
metabolomics. VFA, SFA, and TFA were quantified by computed tomography scans. Partial correlation and linear regres-
sion analyses of VFA, SFA, and TFA with metabolites were computed and corrected for multiple testing. Cox proportional
hazards were used to assess 2-year survival.

Results In patients with metastatic tumors, SFA and TFA were statistically significantly inversely associated with 16 glycer-
ophospholipids (SFA: pgpg range 0.017-0.049; TFA: pppg range 0.029-0.048), while VFA was not. Doubling of ten of the
aforementioned glycerophospholipids was associated with increased risk of death in patients with metastatic tumors, but not
in patients with non-metastatic tumors (py range: 0.00044-0.049). Doubling of PC ae C34:0 was associated with ninefold
increased risk of death in metastatic tumors (Hazard Ratio [HR], 9.05; 95% confidence interval [CI] 2.17-37.80); an inverse
association was observed in non-metastatic tumors (HR 0.17; 95% CI 0.04-0.87; p;,.,=0.00044).

Conclusion These data provide initial evidence that glycerophospholipids in metastatic colorectal cancer are uniquely associ-
ated with subcutaneous adiposity, and may impact overall survival.
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SAT Subcutaneous adipose tissue

SFA Subcutaneous fat area

SATI Subcutaneous adiposity index

TAT Total adipose tissue

TFA Total fat area

UHPLC Ultrahigh-performance liquid chromatography

ULOQ  Upper limit of quantification

VAT Visceral adipose tissue

VEGF  Vascular endothelial growth factor VFA: Vis-
ceral fat area

Introduction

There is strong and consistent evidence that obesity is a
major risk factor for colorectal cancer (CRC; as reviewed in
[1-3]). Although it is assumed that this relationship extrap-
olates directly to that after cancer diagnosis, prior studies
investigating the association of obesity with colorectal
cancer survival yielded inconsistent results and reported a
non-linear relationship [4-8]. Patients diagnosed with an
increased body mass index (BMI; BMI > 25 kg/m?) have a
better prognosis compared to patients with normal BMI at
diagnosis (BMI < 25->18.5 kg/m?) [9, 10]. Improved sur-
vival rates have further been observed among overweight
or obese patients as compared to patients with a BMI below
22.5 kg/m2 [11]. This conundrum in the association of BMI
with CRC is recognized as the obesity paradox [12].

Given that the prevalence of obesity is suggested to
increase annually by about 3.5% in colorectal cancer sur-
vivors [13], it is critical to understand the complex role of
obesity in cancer survivorship, which represents an unmet
clinical need.

Although BMI is the most commonly used measure of
body fatness in prospective studies and in the clinical set-
ting [12], it does not allow an accurate assessment of the
quantity of different adipose tissue types on cancer survival
[14]. Adipose tissue is a metabolically active organ [15, 16]
with white adipose tissue being the key metabolically active
compartment [ 16]. White adipose tissue can further be sepa-
rated into visceral adipose tissue and subcutaneous adipose
tissue [17]. Visceral and subcutaneous adipose tissues are
two structurally and functionally distinct fat depots [15].
These compartments are proposed to play distinct roles in
cancer development and progression, independent of overall
body composition [18].

Visceral adipose tissue has been associated with higher
levels of tumor-promoting metabolites such as inflamma-
tion-related lipid metabolites, free arachidonic acid, phos-
pholipases, and prostaglandin synthesis-related enzymes
compared to subcutaneous adipose tissue [19-21]. These
data have mostly been results from studies in healthy indi-
viduals [20-22]. In cancer patients, visceral adiposity has
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been associated with poorer clinical outcomes, such as
postoperative complications, survival, and recurrence, in
the short- and long-term [23, 24].

Subcutaneous adipose tissue has previously been posi-
tively associated with circulating leptin in cancer-free par-
ticipants [25]. Using an untargeted metabolomics approach,
Otto and colleagues showed significant associations of SAT
with cortisol (inversely) and N1-methyl-2-pyridone-5-car-
boxamide (positively) in plasma, and 3-sialyllactose (posi-
tively) in urine collected from healthy individuals [26]. Prior
studies investigating the prognostic relevance of subcutane-
ous adiposity in cancer patients have yielded inconsistent
results, which appear to differ by tumor type and stage, pos-
sibly consistent with adiposity being a risk factor for some
cancers (e.g., breast cancer). In patients diagnosed with
hepatocellular carcinoma [27] or bone metastases [28], high
SAT was associated with better survival. In a large retro-
spective Canadian study, including n=1,473 stage -1V gas-
trointestinal and lung cancer patients, and n =273 patients
diagnosed with metastatic renal cell carcinoma, high SAT
was an independent prognostic factor, predicting reduction
in mortality [29]. In the group of patients that were diag-
nosed with sarcopenia, the longest survival was observed
in patients with high SAT compared to patients with low
SAT. In contrast, among n=23,225 women diagnosed with
stage II and III breast cancer higher SAT was associated with
increased risk of death [30]. Finally, in a retrospective clini-
cal study in non-metastatic colon cancer patients’ (n=167)
changes in SATI were not associated with survival [31].

Research is needed that identifies underlying mechanisms
of the obesity—colorectal cancer link considering distinct
roles of body fat compartments.

To the best of our knowledge, there are no data on the
associations between the plasma metabolome and differ-
ent compartments of adipose tissue with overall survival
in prospectively followed colorectal cancer patients. We
therefore tested the hypothesis that visceral fat area (VFA)
and abdominal subcutaneous fat area (SFA) have distinct
metabolomics profiles that are differentially associated
with overall survival in colorectal cancer patients. Further-
more, we have investigated the association of metabolites
with total fat area (TFA) and compared results to VFA
and SFA. We have previously reported differences in the
metabolic and transcriptomic profiles of VFA and abdomi-
nal SFA and their associations with tumor stage [19]. To
further our understanding of differences in the plasma
metabolic profile of VFA, SFA, and TFA in non-metastatic
and metastatic colorectal cancer, we are leveraging pre-
surgery blood samples and computed tomography (CT)
scans from n =212 patients diagnosed with primary inva-
sive colorectal cancer within the ColoCare Study [16].
We further investigate the associations of metabolites that
remain significant after adjustment for multiple testing
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with overall survival comparing patients with metastatic
tumors to patients with non-metastatic tumors.

Methods
Study cohort

This study population includes patients from the inter-
national prospective ColoCare Study (Clinicaltrials.gov
Identifier: NCT02328677) that has been described in
detail in prior publications [19, 23, 32-34]. The ColoCare
Study includes men and women aged 18-89 years who
were diagnosed with a primary invasive colorectal can-
cer (stages I-1V) undergoing surgery at clinics and sites
internationally. The present study used data from n =212
patients recruited at the ColoCare Study site in Heidelberg,
Germany, between October 2010 and December 2014.

Patients were recruited after diagnosis of colorectal
cancer. Non-fasting blood samples were collected from
patients prior to surgery (baseline time point) at the Uni-
versity Clinic of Heidelberg. The time between surgery
and blood draw was on average 1.9 days (Table 1). Elec-
tronic medical charts, including pathological reports, were
reviewed to collect information on clinical characteristics
(e.g., tumor stage and site, treatment regimen). Anthropo-
metric indices (height, weight, waist and hip circumfer-
ence) were measured at the clinic visit or were obtained
from surgical anesthesia records. Data on health behaviors
(e.g., smoking status) and medication use (e.g., non-ste-
roidal anti-inflammatory drug (NSAIDs)) were obtained
from questionnaires collected at baseline, prior to surgery.
BMI was calculated as kg/m?. Patients were eligible for
the present study if they had a pre-surgery blood sample
available and a CT scan had been performed.

Vital status was obtained through review of local
medical records, follow-up mailings, requests for medi-
cal records from outside providers, and state or national
cancer and death registries. Primary medical records were
reviewed for any signs that a patient is deceased, followed
by request of outside medical records, and any informa-
tion received from follow-up mailings. Any informal
reports such as from next-of-kin were confirmed through
other data sources. Patient information was used to search
national and local data sources for vital status. In Ger-
many, every person is registered and vital status informa-
tion including date of death can be reliably obtained at no
cost from the Registration Office. The study was approved
by the ethics committee of the medical faculty at the Uni-
versity of Heidelberg. All study participants provided writ-
ten informed consent.

Area-based computed tomography (CT)
quantification of abdominal adipose tissue

Abdominal CT scans conducted between August 2010 and
December 2014 were assessed retrospectively using Centric-
ity RIS 4.1i and GE PACS (GE Medical Systems, Bucking-
hamshire, UK) at the Department of Diagnostic and Inter-
ventional Radiology, University Hospital Heidelberg. CT
scans were predominantly performed before surgery (mean
time before: 42 days, after: 41 days). A prior study that used
data from the present study population showed that pre-
and post-surgical CT scans were similar and, thus, could be
combined for statistical analyses [35]. The quantification of
VFA and abdominal SFA based on diagnostic CT scan data
was performed using a dedicated post-processing software
(Syngo Volume tool, MMPW, Siemens Healthineers, Erlan-
gen, Germany).

Area-based quantification of adipose tissue compartments
was performed on two spinal levels most representative of
the abdominal adipose tissue distribution (L3/L4, L4/L5).
The quantity of adipose tissue measured on levels L3/L4
has been reported (e.g., in the Framingham Heart Study) to
best reflect the volume-based quantification of abdominal
adipose tissue compartments including age- and sex-specific
subgroups [36]. Spinal level L4/L5 has been observed to
be strongly correlated with diabetes and hypertension [37].
By manually tracing specific regions of interest at L3/L4
and L4/L5, total fat area (TFA, whole circumference) and
VFA (along the fascial plane tracing the abdominal wall)
were measured (volumetric quantification of selected slice,
divided by slice thickness) [35]. Adipose tissue was selected
by limiting the measurements to a lower attenuation limit
of — 190 Hounsfield units (HU) and an upper attenuation
limit of — 30 HU [38]. Abdominal SFA was determined by
subtracting VFA from TFA.

Laboratory analysis, sample preparation,
and quality control

Blood samples were collected and processed within four
hours after sample blood draw, according to a standard-
ized processing protocol, and stored at — 80 °C. Samples
were shipped on dry ice to the International Agency for
Research on Cancer (IARC) in Lyon, France for laboratory
analysis using the AbsoluteIDQ p180 Kit (Biocrates Life
Sciences AG, Innsbruck, Austria) following the procedure
recommended by the vendor. The kit quantifies up to 188
metabolites from six compound classes (amino acids, bio-
genic amines, glycerophospholipids, sum of hexoses, sphin-
gomyelins, acylcarnitines). Metabolites were selected based
upon clinical and epidemiological relevance in colorectal
carcinogenesis and progression, as well as direct links to
body fatness. The instrumentation consisted of an AB Sciex
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Table 1 Description of baseline demographic and clinical characteristics

Overall study population Non-metastatic® Metastatic®
n=212 n=167 n=45
Patients deceased, n (%) 33 (16%) 18 (11%) 25 (56%)
Survival time, months mean + SD® 10.98 +49.77 12.16+49.77 10.69+41.50 <0.001
Age at surgery, mean=+ SD 63.3+12.54 64.6+11.85 58.7+14.02 0.005
Age at death, mean + SD¢ 64.2+13.32 68.9+10.07 61.3+14.44 0.11
Age at blood donation, mean +SD 62.9+12.49 64.1+11.82 58.3+13.90 0.005
Time between blood draw and death (months) mean + SD¢ 9.7+6.83 8.8+7.68 10.2+6.38 0.47
Time between diagnosis and surgery (days), mean + SD 69+ 104 165+ 164 41+165 0.0014
Time between surgery and blood draw (days) mean +SD 1.9+6.51 2.1+7.31 1.1+£0.79 0.098
Sex, n (%)
Female 66 (31%) 53 (32%) 13 (29%) 0.71
Male 146 (69%) 114 (68%) 32 (711%)
BMI (kg/m?), n (%) 0.021
Underweight, < 18.5 6 (3%) 2 (1%) 4 (9%)
Normoweight, 18.5-24.9 69 (36%) 51 (34%) 18 (42%)
Overweight, 25-29.9 86 (44%) 69 (46%) 17 (40%)
Obese, >30 33 (17%) 29 (19%) 4 (9%)
BMI (kg/mz), mean + SD 26.2+4.26 26.6+4.15 24.8+4.39 0.012
Tumor site, n (%)
Colon 118 (56%) 95 (57%) 23 (51%) 0.49
Rectum 94 (44%) 72 (43%) 22 (49%)
Adjuvant treatment, n (%)° 0.01
No 122 (60%) 103 (65%) 19 (43%)
Yes 81 (40%) 56 (35%) 25 (57%)
Missing 9 8 1
Neo-adjuvant treatment, n (%)
No 138 (65%) 117 (70%) 21 (47%) 0.004
Yes 74 (35%) 50 (30%) 24 (53%)
Fat area (cm?), mean + SD
VFA, L3/4 178.30+104.50 192.5+105.46 140.9+93.18 0.007
SFA, L3/4 201.80+94.55 211.9+91.37 176.8 +98.83 0.053
TFA, L3/4 376.92+162.44 401.47+153.00 316.20+171.08 0.006
VFA, L4/5 152.20+83.56 165.8 +84.49 116.5+70.26 0.001
SFA, L4/5 233.80+96.22 246.7+91.98 201.8+100.19 0.015
TFA, L4/5 383.78 £149.11 410.54 +139.30 317.56 +153.67 0.001

Bold represents the statistically significant p-value, below p < 0.05

SD standard deviation, BMI Body Mass Index, VFA visceral fat area, SAT subcutaneous fat area

*Non-metastatic: colorectal cancer stages I-II1
"Metastatic: colorectal cancer stage IV

“Only deceased patients

Triple Quad 4500 mass spectrometer (MS/MS) equipped
with an electrospray ion source and coupled with an Agilent
Infinity 1290 ultrahigh-performance liquid chromatography
(UHPLC) system. The amino acids and biogenic amines
were quantified by UHPLC-MS/MS, whereas lipids, sugar,
and acylcarnitines were analyzed by flow injection analysis
on the same mass spectrometer (FIA-MS/MS). Chromato-
graphic peaks (UPLC-MS/MS analyses) were integrated
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with the MultiQuant Software (AB Sciex, Framingham, MA,
USA) and exported into the MetIDQ software (Biocrates
Life Sciences AG, Innsbruck, Austria). For FIA-MS/MS
analyses, files were directly exported to MetIDQ software
to be parsed.

Each plate from the kit included three wells with phos-
phate buffer saline (PBS), used as a zero sample, seven wells
with increasing concentration levels of standard mixes of
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amino acids and biogenic amines for calibration, as well as
three quality control samples (QCs) supplied by Biocrates
kit. All samples were analyzed once. QCs were lyophilized
human plasma samples, to which 59 metabolites had been
spiked at three concentration levels. In addition, two IARC
QC samples (QC1 and QC2) were analyzed in duplicate
in each 96-well plate. These QCs were two citrate plasma
samples. To assess the quality of the data, intra- and inter-
batch variabilities were calculated as coefficients of variation
(CV) for all metabolites based on results obtained for the
QC1 and QC2 samples. Metabolites were excluded if CVs
(intra- and inter-batch) were above 20% (7 biogenic amines
and 12 glycerophospholipids). In case a CV was above 20%
for one of the two calculated values, we examined the inter-
batch variability of the Biocrates QC samples to evaluate the
validity of the data.

Concentrations below the calibration curve ranges were
replaced by the median between zero and the lower limit
of quantification (if not more than 5% of metabolite data
were missing). Concentrations above the calibration curve
were replaced by upper limits of quantification (ULOQ). For
compounds semi-quantified (FIA-MS/MS; with one point
calibration), the limit for reporting concentration values was
the limit of detection (LOD), set to three times the median
intensity value of the three PBS zero samples. Some com-
pounds measured by FIA had concentration values close to
the LOD, and were, thus, often detected in a small fraction
of the samples. Therefore, compounds detected in < 10% of
the samples were excluded.

After quality control, a total of 126 metabolites were
retained for further analysis. These included n=76 phos-
pholipids, n =20 amino acids, n=7 biogenic amines, n=14
sphingolipids, and n =9 acylcarnitines. Data were acquired
using Analyst 1.6.2 Software (AB Sciex). For LC-MS/MS
analyses, MultiQuant 3.0.1 Software (AB Sciex) was used
to integrate chromatographic peaks. A.txt file was gener-
ated, and exported into the MetIDQ software (version
5.5.4-DB100-2623 Boron, Biocrates). For FIA-MS/MS
analyses, files were directly exported to MetIDQ software
to be parsed.

Statistical analysis

Patients’ demographical and clinical characteristics were
compared between non-metastatic (stage I/II/III) and meta-
static (stage IV) tumors. Chi-squared tests and t-tests were
used to test differences of patient characteristics with cat-
egorical and continuous variables by the presence of metas-
tasis, respectively.

Plasma metabolite concentrations were log-2 trans-
formed, as the distribution is generally right-skewed and
used as continuous variables in statistical analyses. Each
unit increase corresponds to a doubling in concentration.

Pearson’s partial correlations and linear regression models
were applied to investigate the associations between differ-
ent fat areas (VFA, SFA, and TFA) and plasma metabolites.
In the regression model, metabolite concentrations are the
outcomes and the fat area compartments are the predictors.
Models were adjusted for age, sex, analytical batch, and
tumor stage in non-metastatic tumors (I/II/IIT). We used the
Benjamini—Hochberg procedure to control the false discov-
ery rate (FDR) and to account for multiple testing [39].

Cox proportional hazard models were computed to assess
overall survival (OS) after 24 months of follow-up. Hazard
ratios (HRs) and 95% confidence intervals (CIs) were com-
puted and adjusted for age, sex, tumor stage, and analytical
batch. Survival analyses were conducted for all patients (data
not shown) and additionally stratified by the presence of
metastasis (non-metastatic [stages I/II/III] versus metastatic
[stage IV]). Metabolites that were emerging from the previ-
ous fat analysis and remained statistically significant after
FDR adjustment were targeted in the survival analyses.

Heterogeneity in associations between metabolites and
OS comparing patients with non-metastatic and metastatic
tumors was assessed using likelihood-ratio tests for the
comparison of the model fit for logistic regression models
with and without corresponding interaction terms [40]. For
each metabolite, model fit of Cox regressions was compared
between the model with and without the interaction terms
of non-metastatic (stages I/II/III) versus metastatic tumors
(stage IV) X metabolite (continuous), given age, sex, tumor
stage, and analytical batch were included in the model. All
analyses were conducted using SAS (version 9.4), and two-
sided p values <0.05 were considered as statistically sig-
nificant. Forest plots were prepared using the R software
(package ‘rmeta,” function ‘forestplot’) version 2.15.2 (R
Core Team 2014).

Results

A total of n=212 colorectal cancer patients were included in
the present study (Table 1). Seventy-nine percent of patients
were diagnosed with non-metastatic tumors (n=167 out of
n=212 patients) and 21% (n=45) were diagnosed with met-
astatic disease. Patients were followed for 24 months. After
a median follow-up time of 10.98 months, a total of n=43
(20%) patients were deceased, including n=18 (11%) non-
metastatic colorectal cancer patients (median follow-up of
12.61 months) and n =25 patients (56%) metastatic colorec-
tal cancer patients (median-follow-up time of 10.69 months).
Mean age at surgery differed statistically significantly by the
presence of metastasis; patients with metastatic disease were
younger compared to patients diagnosed with non-metastatic
disease (58.7 years vs. 64.6 years, p=0.005; [Table 1]).
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The exact date of diagnosis was available for 94% of the
patients. The median time between date of diagnosis and
date of surgery was 34 days (mean=69.7 days, + 104.0).
The median time for patients diagnosed with metastatic
tumors was 64 days (mean=132.7 days, + 164.0) and
was significantly longer compared to the median time of
29 days for patients diagnosed with non-metastatic tumors
(mean=52.4+SD 164.0 days; p=0.0014). Patients diag-
nosed with metastatic tumors were more likely to receive
neo-adjuvant treatment (p =0.004) and adjuvant treatment
(»=0.01) compared to patients diagnosed with non-meta-
static tumors.

BMI on a continuous scale was statistically significantly
lower in patients diagnosed with metastatic tumors com-
pared to patients diagnosed with non-metastatic tumors,
both on a continuous scale (mean BMI: 26.6 kg/m? vs BMI:
24.8 kg/m?, p=0.012, respectively) and using BMI catego-
ries as defined by the World Health Organization (p=0.021;
Table 1). No significant differences were observed for tumor
site (p =0.49) or sex (p=0.71).

Visceral, subcutaneous, and total fat areas differed sig-
nificantly by the presence of metastasis. These differences
were observed on both lumbar spine levels, although sta-
tistical significance was marginal for abdominal SFA at
L3/L4. Patients diagnosed with metastatic tumors had on
average a lower amount of VFA and abdominal SFA com-
pared to patients with non-metastatic tumors (e.g., VFA:
L3/L4: p=0.007, L4/L5: VFA: p=0.001; SFA: L3/L4:
p=0.053, L4/L5: p=0.015; Table 1). A total of 126 plasma

metabolites from five different compound classes (acylcar-
nitines, amino acids, biogenic amines, sphingolipids and
glycerophospholipids) were used for the present analyses.

Correlations of visceral fat area with subcutaneous
fat area

We observed significant, but modest, correlation of VFA
with SFA in patients with non-metastatic tumors: level L3/4:
r=0.27, p=0.008 and L4/5: r=0.29, p=0.0046. In patients
diagnosed with metastatic tumors, we observed significant
and higher correlations of VFA with SFA: level L3/4:
r=0.68, p<0.0001 and L4/5: r=0.71, p<0.0001.

Correlations of visceral, subcutaneous, and total
fat area with metabolites in patients diagnosed
with non-metastatic CRC

We observed statistically significant inverse correlations
between VFA and two metabolites in patients with non-met-
astatic tumors (Table 2): asparagine (r=— 0.34, pppr =0.04)
and serine (r=— 0.38, pgpr =0.02) after adjustment for
multiple testing. Similarly, robust associations of VFA with
these two metabolites were observed in linear regression
models (asparagine, pppr =0.017; serine pppr =0.017;
Table 2). TFA was inversely associated with PC aa C42:2
(r=-0.39, pppr =0.03). No significant correlations were
observed for abdominal SFA on both lumbar spine levels and
plasma metabolites in patients with non-metastatic tumors

Table 2 Correlation coefficients and linear regression of fat areas and metabolites in patients diagnosed with non-metastatic colorectal cancer

patients stages I-III adjusted for age, sex, tumor stage, and analytical batch

Correlation coefficients Metabolite® Cases r DPValue DPEDR
Fat area
Level L3/L4
VFA Asparagine 105 -0.37 0.0002 0.017
VFA Serine 105 -0.36 0.0003 0.017
Level L4/L5
VFA Asparagine 105 -0.34 0.0006 0.040
VFA Serine 105 -0.38 0.0001 0.016
Linear regression models Metabolite® Cases Standardized fS-coefficient  py,.e PFDR
Level L3/L4
VFA Asparagine 105 - 043 0.0002 0.017
VFA Serine 105 - 043 0.0003 0.017
TFA PC aa C42:2 105 - 041 0.0003 0.03
Level L4/L5
VFA Asparagine 105 -0.37 0.0006 0.041
VFA Serine 105 - 043 0.0001 0.016

Presented are metabolites that were significant after FDR adjustment
VFA visceral fat area, TFA total fat area, FDR false discovery rate
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with pppr > 0.64. All results are presented in Supplementary
Tables 1 and 2.

Correlations of visceral, subcutaneous, and total
fat area with metabolites in patients diagnosed
with metastatic CRC

Statistically significant inverse associations of SFA with
15 glycerophospholipids were observed in patients diag-
nosed with metastatic tumors (pppr range 0.017-0.049).
The strongest correlation coefficients were observed for
PC ae C34:0: r=- 0.59, — pppr=0.020 and PC ae C36:1:
r=—0.52, pppr =0.04; level L3/L4 (Table 3). Similarly, lin-
ear regression models revealed significant associations of
SFA with these 15 glycerophospholipids after FDR adjust-
ment (pppr range 0.017-0.049; Table 4). Comparably, TFA
was statistically significantly inversely associated with 12
glycerophospholipids in patients diagnosed with metastatic
tumors (pgpg range 0.029-0.049). The strongest correla-
tion coefficient was observed for PC ae C40: 2: r=— 0.61,
Prpr =0.028; level L4/5 (Table 4). Linear regression models
revealed similar associations of TFA with those glycerophos-
pholipids after FDR adjustment (pppg range 0.017-0.049;
Table 4). We did not observe significant associations of VFA
with any of the investigated metabolites (all pppr >0.25).
All results are presented in Supplementary Tables 3 and 4.

Associations of metabolites significant after FDR
adjustment with overall survival in patients
diagnosed with non-metastatic and metastatic CRC

A doubling of serine was associated with a 90% reduced risk
of death in patients with non-metastatic tumors (HR 0.09;
95% CI 0.01-0.85) and similarly a reduced risk in patients
with metastatic tumors, although not statistically significant
(HR 0.44; 95% CI1 0.09-2.23).

We did not observe a significant association of asparagine
with risk of death in patients with either non-metastatic [HR
3.46; 95% CI 0.38-31.55] or metastatic colorectal cancer
patients (HR 0.29; 95% CI 0.04-2.24). Although not sta-
tistically significant, doubling of asparagine was associated
with reduced risk of death in patients diagnosed with non-
metastatic tumors, while doubling of asparagine in patients
with metastatic tumors was associated with an increase in
risk of death.

In patients with non-metastatic tumors, we observed
statistically significant inverse associations between four
glycerophospholipids and overall survival, with up to 82%
risk reduction of death (e.g., PC aa C36:1 [HR 0.17; 95%
CI 0.03-0.87], PC ae C40:6 [HR 0.18; 95% CI 0.04-0.89],
respectively; Fig. 1). Among patients diagnosed with meta-
static disease, a doubling of glycerophospholipid concentra-
tions was associated with increased risk of death for seven

Table 3 Correlation coefficients of subcutaneous fat areas (at level
L3/L4 and L4/L5) and metabolites in metastatic colorectal cancer
patients (stage IV) adjusted for age, sex, and analytical batch

Fat area Metabolite? Cases r DPvalue PrDR.

Level L3/L4
SFA PC ae C40:2 38 -0.61 0.0003 0.017
SFA PC ae C40:6 38 —-0.63 0.0002 0.017
SFA PC ae C34:0 38 —-0.59 0.0005 0.020
SFA PCaaC42:0 38 —-0.57 0.0007 0.024
SFA PCaaC42:5 38 - 054 0.0017 0.037
SFA PCae C42:2 38 - 055 0.0015 0.037
SFA PC ae C30:0 38 —-052 0.0025 0.041
SFA PCae C36:1 38 -052 0.0026 0.041
SFA PCaa C40:6 38 - 050 0.0043 0.045
SFA PCaaC42:1 38 —-0.50 0.0046 0.045
SFA PCaaC42:4 38 —-0.50 0.0039 0.045
SFA PCae C42:3 38 —-0.50 0.0042 0.045
SFA PCae C44:6 38 —-0.50 0.0039 0.045
SFA PCae C34:1 38 —049 0.0053 0.048
SFA PCaaC38:0 38 - 048 0.0059 0.049
TFA PCaaC42:0 38 —0.57 0.0008 0.048
TFA PC ae C40:6 38 —-0.59 0.0005 0.048

Level L4/L5
SFA PCae C40:2 38 —-0.61 0.0003 0.034
SFA PCaaC42:4 38 —-0.53  0.0021 0.045
SFA PCaaC42:5 38 —0.55 0.0015 0.045
SFA PC ae C30:0 38 —-0.53  0.0021 0.045
SFA PCae C34:.0 38 —0.57 0.0009 0.045
SFA PC ae C40:6 38 —-0.54 0.0016 0.045
SFA PCaa C42:0 38 —-0.52  0.0029 0.046
SFA PCae C34:1 38 —-0.51  0.0036 0.046
SFA PC ae C36:1 38 —-0.52  0.0027 0.046
SFA PCae C42:2 38 —-0.51  0.0036 0.046
TFA PCaaC42:0 38 —-0.54  0.0019 0.030
TFA PCaaC42:4 38 —-0.54 0.0018 0.030
TFA PCaaC42:5 38 —-0.53  0.0019 0.030
TFA PC ae C30:0 38 -0.53 0.0023 0.030
TFA PCae C34:0 38 —-0.56 0.0009 0.030
TFA PCae C34:1 38 —-0.57 0.0008 0.030
TFA PCae C36:1 38 -0.53 0.0023 0.030
TFA PCae C36:2 38 —0.50 0.0041 0.044
TFA PCae C40:2 38 —-0.62 0.0002 0.028
TFA PCae C40:6 38 —-0.58 0.0006 0.030
TFA PCae C42:2 38 — 048 0.0061 0.048
TFA PCae C44:6 38 —-0.50 0.004 0.044
TFA SM C26:1 38 - 055 0.001 0.030
TFA Cl6 38 0.48 0.006 0.048
TFA C18:1 38 0.48 0.005 0.048
TFA C18:2 38 0.48 0.0060  0.048

SFA subcutaneous fat area, TFA total fat area, FDR false discovery
rate

*Presented are metabolites that were significant after FDR adjustment
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Table 4 Linear regression of subcutaneous and total fat areas (at level
L3/L4 and L4/L5) and metabolites in metastatic colorectal cancer
patients (stage IV) adjusted for age, sex, and analytical batch

Fat area Metabolite*  Cases Standardized pyvy,. Prog’
p-coefficient

Level L3/L4
SFA PC ae C40:2 38 —0.65 0.0003 0.017
SFA PC ae C40:6 38 —0.66 0.0002 0.017
SFA PC ae C34:0 38 - 0.59 0.0005 0.020
SFA PCaa C42:0 38 —0.62 0.0007 0.024
SFA PCaaC42:5 38 - 0.59 0.0017 0.037
SFA PCae C42:2 38 - 0.58 0.0015 0.037
SFA PC ae C30:0 38 - 0.56 0.0025 0.041
SFA PC ae C36:1 38 -0.54 0.0026 0.041
SFA PC aa C40:6 38 - 0.54 0.0043 0.045
SFA PCaaC42:1 38 -0.52 0.0046 0.045
SFA PCaaC42:4 38 -0.53 0.0039 0.045
SFA PC ae C42:3 38 -0.53 0.0042 0.045
SFA PC ae C44:6 38 —0.50 0.0039 0.045
SFA PC ae C34:1 38 —0.50 0.0053 0.048
SFA PCaa C38:0 38 - 0.49 0.0059 0.049
TFA PCaaC42:0 38 —0.68 0.0008 0.048
TFA PC ae C40:6 38 —0.68 0.0005 0.048

Level L4/L5
SFA PC ae C40:2 38 - 0.65 0.0003 0.034
SFA PCaaC42:4 38 - 0.56 0.0021 0.046
SFA PCaaC42:5 38 -0.59 0.0015 0.046
SFA PC ae C30:0 38 -0.57 0.0021 0.046
SFA PC ae C34:0 38 -0.57 0.0009 0.046
SFA PC ae C40:6 38 -0.57 0.0016 0.046
SFA PCaaC42:0 38 —-0.56 0.0029 0.046
SFA PCaeC34:1 38 -0.52 0.0036 0.046
SFA PCae C36:1 38 -0.54 0.0027 0.046
SFA PCae C42:2 38 -0.53 0.0036 0.046
TFA PCaaC42_0 38 - 0.61 0.0019 0.030
TFA PCaaC42_4 38 - 0.60 0.0018 0.030
TFA PCaaC42_5 38 —0.62 0.0019 0.030
TFA PC ae C30_0 38 - 0.60 0.0023 0.030
TFA PCaeC34_0 38 - 0.60 0.0010 0.030
TFA PCaeC34_1 38 —0.62 0.0008 0.030
TFA PCae C36_1 38 - 0.58 0.0023 0.030
TFA PCae C36_2 38 -053 0.0041 0.044
TFA PC ae C40_2 38 —0.69 0.0002 0.028
TFA PC ae C40_6 38 —0.65 0.0006 0.030
TFA PCae C42_2 38 - 0.54 0.0058 0.048
TFA PCae C44_6 38 -053 0.0042 0.044
TFA SM C26:1 38 —0.61 0.0014 0.030
TFA C16 38 0.55 0.0061 0.048
TFA C18:1 38 0.54 0.0058 0.048

SFA subcutaneous fat area, TFA total fat area, FDR false discovery
rate

*Presented are metabolites that were significant after FDR adjustment
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glycerophospholipids, including a fivefold increase in risk of
death for glycerophospholipid PC ae C40:2 (HR 5.58; 95%
CI 1.16-26.74), and a sevenfold increased hazard of death
for PC ae C30:0 (HR 7.96; 95% CI 1.84-34.48; Fig. 1). Sta-
tistically significant heterogeneity in associations between
patients with non-metastatic and metastatic disease was
observed for ten glycerophospholipids, e.g., PC ae C36:1
(Phet=0.00044) and PC ae C34:1 (p,,,,=0.016; Fig. 1).

Associations of visceral, subcutaneous, and total
fat area with overall survival in patients diagnosed
with non-metastatic and metastatic CRC

We performed survival analyses for all body compartments
on both lumbar levels. Since results were comparable on
level L3/L4 and level L4/L5, we present only data on level
L3/L4. We did not observe significant associations of SFA,
VFA, or TFA with survival in patients diagnosed with
non-metastatic tumors: SFA: HR 0.99; 95% CI 0.99-1.06,
p=0.81; VFA: HR 1.00; 95% C1 0.99-1.01, p=0.97; TFA:
HR 1.00; 95% CI 0.99-1.00, 0.89.

In patients diagnosed with metastatic tumors, we
observed statistically significant inverse associations for SFA
and TFA but not VFA: SFA: HR 0.99; 95% CI 0.98-1.00,
p=0.04; VFA: HR 0.99; 95% CI 0.99-1.00, p=0.05; TFA:
HR 0.99; 95% C1 0.99-1.00, p=0.04. Notably the HR of all
results was close to 1.00.

Sensitivity analyses

Adjustment for neo-adjuvant treatment and adjuvant treat-
ment did not alter results (data not shown), with one excep-
tion. The association of PC ae C36:1 that was inversely, but
not statistically significantly, associated with risk of death
in patients diagnosed with stage I-III cancer became statis-
tically significant after adjustment for adjuvant treatment,
e.g., prior to adjustment: HR 0.26; 95% CI 0.05-1.23 and
after adjustment for adjuvant treatment: HR 0.14; 95% CI
0.02-0.96.

Discussion

Our study of 212 patients diagnosed with primary invasive
colorectal cancer showed statistically significant correla-
tions of abdominal SFA and TFA with glycerophospholip-
ids. These correlations differed when comparing patients
with non-metastatic (stages I-III) and metastatic (stage [V)
tumors. A strong inverse correlation between abdominal
SFA and TFA and glycerophospholipids was observed in
patients diagnosed with metastatic tumors, while no cor-
relation was observed in patients diagnosed with non-met-
astatic tumors. We further investigated the association of
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Fig. 1 Adjusted hazard of over- Non-metastatic tumors Metastatic tumors

all death for colorectal cancer n=167 n=45

patients (at 2-year fOUOW'“P) PC aa C38 0  0.20(0.04-0.97) = 1.41 (0.36-5.54) »— Phec= 0.038

by the presence of metastasis. PC aa C40 6  0.50(0.12-2.03 2.50 (0.41-15.14

. - - . 4al-10. =|

Analyses were adjusted for -0 50 (0.12-2.03) ( ) Phei=0-12

age, sex, stage (non-metastatic PC aa C42.0 146(033-694) —¢— 2.00(0.59-6.81)  fe— Pre=0.54

tumors), and analytical batch. PC aa C42_1 091(0.18-4.75) 44— 1.63 (0.46-5.76)  m— Phe=0-39

The black box indicates the PC aa C422 183 (0.40-851) e 0.34 (0.05-2.39) oL Ppe=0.15

hazard ratio (HR), with horizon-

azard ratio (HR), with horizo PC aa C42.4  0.44(0.09225) =f— 3.58(0.61-21.10) fa Phe=0.035

tal gray lines representing the

bounds of the 95% confidence PCaa C42.5 0.93(0.19-4.64) 4 3.60(0.69-18.89) = Pre=0-22

interval (95% CI). Non- PC ac C30 0 1.70(0.40-7.20) —t+——— 7.96 (1.84-34.48) Phe=0.22

metastatic includes stage I-1II PC_ac C34 0  0.67(0.13-3.46) -=—— 9.05 (2.17-37.80) Prec=0-021

tumors and metastatic includes PC ae C34 1 134(0.16-11.10) —| 25,61 (3.20-205.03) Po=0.016

stage IV tumors
PC_ae C36_1  0.17(0.03-0.87) =~ 18.89 (2.47-144.55) | —————=———  py,=0.00044
PC_ac_C36_2 031(0.07-138) =t 047 (1.954587) |— = Pu=0-0032
PC ae C40 2 0.73(0.13-4.17) = 5.56 (1.16-26.74) Phe=0.049
PC ae C40 6  0.18(0.04-0.89) = 3.34(0.64-17.34) t— Ppe=0.027
PC ac C42. 2  0.57(0.10-3.16) -w—— 870(1.1565.78) | o . p =0.049
PC ae C42 3  0.56(0.11-2.64) -=— 4.07(0.70-23.64) 4+ Prec=0-036
PC aec C44 6 2.30(0.44-11.82) —+—=——— 2.91(0.67-12.63) L= Phe=0.75
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metabolites emerging from these analyses and their asso-
ciation with overall 2-year survival among colorectal can-
cer patients. Significant heterogeneity in the associations
of glycerophospholipids with risk of death was observed
comparing patients with non-metastatic and metastatic
tumors. Doubling of glycerophospholipids was associated
with reduced risk of death in patients diagnosed with non-
metastatic tumors. On the contrary, doubling of glycerophos-
pholipids in patients diagnosed with metastatic tumors was
associated with an increased risk of death. While visceral
fat area has been previously associated with increased risk
and worse prognosis in colorectal cancer [19, 41, 42], the
present study did not observe an association between VFA
and circulating glycerophospholipids in either patients with
non-metastatic or metastatic tumors.

To our knowledge, this is the first study that revealed dif-
ferences in the correlations of abdominal SFA with glyc-
erophospholipids comparing patients with non-metastatic
and metastatic colorectal tumors. This is intriguing since
previous studies, including ours, predominantly focused on
VAT as a metabolically active organ that is critical in cancer
development and progression [43—46]. For example, we have
previously shown that VFA, but not SFA, is associated with
increased levels of pro-angiogenic cytokines (such as vascu-
lar endothelial growth factor [VEGF]) [47]. Using state-of-
the art metabolomics and transcriptomics, we have reported
that VAT displayed elevated markers of inflammatory lipid
metabolism, free arachidonic acid, phospholipases, and pros-
taglandin synthesis-related enzymes compared to SAT in
colorectal cancer patients [19]. There is further evidence that
VAT adipocytes are more metabolically active compared to

0251357 10 20

SAT adipocytes [48]. Based on this understanding, VAT has
been the focus of prior research on the obesity—cancer link;
however, a comprehensive understanding of the contribu-
tion of lipid metabolism in carcinogenic processes needs to
consider the role of SFA as well.

Aerobic glycolysis, lipid, and glutamine metabolism have
been shown to be essential drivers of metastasis-promoting
processes [49, 50]. Metabolically active cancer cells require
growth of new blood vessels, for the supply with essential
nutrients, such as glycerophospholipids [51]. Signaling path-
ways are stimulated to drive pro-angiogenic processes and
direct interactions with cells and tissues in the tumor micro-
environment, which play a critical role in the formation of
new blood vessels and tumor progression [52]. Tumor cells
depend particular on reprogrammed lipid metabolic function
for survival and growth to fulfill cholesterol needs for mem-
brane biosynthesis and to complete de novo lipid synthesis
[53, 54].

Glycerophospholipids such as phosphatidylcholines and
phosphatidylethanolamines [55] are ubiquitous metabolites
and key components of cell lipid bilayers [55], and have a
direct impact on membrane structure and signaling path-
ways. Changes in the composition of plasma glycerophos-
pholipids may lead to improper membrane function and
signaling, altered cell viability and proliferation, as docu-
mented by in vitro and in vivo studies [56, 57].

Prior research has revealed specific differences in lipid
metabolism comparing visceral and subcutaneous adipose
tissue. For example, the basal lipolytic rate is higher in sub-
cutaneous compared to omental adipocytes [58], and we
have previously described differences in metabolic as well
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as transcriptomic pathways between visceral and subcutane-
ous adipose tissue [19]. There is clinical evidence that lower
subcutaneous adiposity in cancer patients is associated with
increased overall mortality (HR: 1.26; p <0.01) compared
to cancer patients with high subcutaneous adiposity [29].

These studies are in line with the presented findings of
strong inverse correlations between SAT and glycerophos-
pholipids in patients with newly diagnosed metastatic CRC.
One possible mechanism underlying these results may be
increasing subcutaneous adipocyte lipolysis that results in
increased glycerophospholipid concentrations. Indeed, sub-
cutaneous adipocyte lipolysis has been identified as inde-
pendent contributor to circulating lipid concentrations [59],
particularly circulating phosphatidylcholines [60].

There is in vitro evidence that exosomes derived from
pancreatic cancer cell lines can initiate lipolysis in subcuta-
neous adipose tissue [61]. Tumor cells of metastatic CRC are
known to release exosomes into the circulation that mediate
communication between cells and affect tumor-related and
other metabolic processes in target cells, such as adipocytes
[62]. Although there are no data in colorectal cancer yet, a
similar mechanism to that described in pancreatic cancer
cells may be underlying the inverse association of SAT with
glycerophospholipids in metastatic tumors.

Alterations in metabolic pathways related to lipolysis and
apoptosis have been repeatedly linked to cachexia. Cachexia
is a multifactorial-induced energy balance disorder, where
energy intake and expenditure are imbalanced [63]. This dis-
order affects over 50% of cancer patients (mostly advanced
cancer patients) and is suggested to indirectly cause about
20% of deaths in cancer patients [63]. Cachexia is charac-
terized by substantial weight loss mainly from muscle mass
and body fat loss [63]. While the molecular underpinnings
of cachexia remain unclear, changes in several metabolic
pathways including carbohydrate, lipid, and nitrogen metab-
olisms are key drivers of the drastic involuntary weight loss
[63]. Studies on cachexia and lipid metabolism suggest that
the loss of body fat, particularly white adipose tissue is
associated with increased lipolysis rather than a dysregula-
tion of lipid synthesis [64]. The observed significant inverse
association of SFA with circulating glycerophospholipids
limited to patients with metastatic disease is an indicator
for an increased lipolysis of subcutaneous adipose tissue in
advanced disease and disease-related symptoms, such as
cachexia.

This observation further lends support to prior retrospec-
tive clinical studies that have observed increased concentra-
tions of circulating glycerophospholipids in non-small cell
lung cancer [65] and breast cancer patients [66]. While these
retrospective studies described changes in the glycerophos-
pholipid metabolism in cancer patients free of metastasis
[65, 66], recent in vitro data support the results from our pro-
spective cohort study [57]. Proliferating tumor cells are in
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need of increased aerobic glycolysis to ensure nutrient sup-
ply that is essential for highly proliferating cells [57]. There
is mechanistic evidence that increased glycosylation impacts
cell—cell adhesion and, therefore, stimulates cancer invasive-
ness and development of metastasis [67, 68]. Halama et al.
have shown that a metabolic switch in numerous pathways
including glycerophospholipid metabolism causes the pro-
gression and transition towards more aggressive phenotypes
of cancer [57]. This is in agreement with the present find-
ings that higher concentrations of glycerophospholipids are
associated with poorer overall survival in colorectal cancer
patients with metastatic disease, but not in earlier stages of
colorectal cancer.

Our study has several strengths and limitations. To date,
this is the largest study to evaluate associations between dif-
ferent fat areas and plasma metabolic profiles in non-met-
astatic and metastatic colorectal cancer patients. The pre-
sented results have to be interpreted with caution given the
potential reverse causation, as the associations of metabo-
lites with fat areas in patients with metastatic disease may be
a consequence of pre-existing cachexia, which can distort the
true relationship between adipose tissue and metabolomics.

Yet, with regard to the association of plasma metabo-
lites with overall survival, sample size was limited and
results need to be replicated in additional studies. A limita-
tion of this study is that we have no additional information
on whether the cause of death is colorectal cancer or other
causes. An advantage of this study is the use of data from a
well-characterized cohort of prospectively followed colorec-
tal cancer patients [16].

The stability of metabolite measurements over a 2-year
period has previously been shown [69]. Repeated intra-
individual measurements for the identified glycerophospho-
lipids in plasma have demonstrated reasonable intra-class
correlation coefficients: PC aa C42:2 r=0.55, PC ae C34:0:
r=0.78, PC ae C36:0: r=0.70 and PC ae C36:1: r=0.87
[69].

Determination of adipose tissue areas using CT imaging
is another strength of this study, as it provides a reliable
and non-invasive method to quantify body composition as
compared to BMI [70] and dual-energy x-ray absorptiom-
etry (DXA). Prior research has shown that DXA is likely to
underestimate VAT mass at low VAT levels and overestimate
it at high VAT levels [71, 72]. Considering the advantages of
CT scans compared to BMI and DXA and the general avail-
ability of CT scans as part of clinical routine, it was decided
to use this approach to quantify VAT, SAT, and TAT in this
prospectively followed cohort of cancer patients. Given the
relative size of SFA in comparison to VFA, it is plausible
that SFA is more broadly involved in cancer metabolism.

The follow-up time of 24 months may have been inad-
equate time for events to occur in patients with non-met-
astatic disease. Since the five-year follow-up has not been
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completed for all patients yet, we decided to use 2-year over-
all survival as primary outcome for the present study. Our
data provide initial evidence that metabolic profiles are dif-
ferent between patients with metastatic and non-metastatic
tumors and are uniquely linked to abdominal subcutaneous
but not visceral adiposity. The results regarding associa-
tions of glycerophospholipids with survival in patients with
metastatic disease are intriguing. Further clinical as well as
mechanistic studies are needed to improve our understand-
ing of the role of glycerophospholipid metabolism in cancer
progression. Together, the present findings yield promising
new avenues to enhance our understanding of processes that
are linked to the development of metastasis.
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