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ABSTRACT
Background  Colorectal cancer (CRC) exhibits 
increased levels of arachidonic acid-derived pro-
inflammatory derivatives indicating an uptake of dietary 
polyunsaturated fatty acids (PUFAs).
Objective  We aimed to investigate uptake of extrinsic 
fatty acids (FAs) in tumours and their relevance for CRC 
lipid metabolism and progression.
Design  Total FAs were quantified using gas 
chromatography-mass spectrometry in non-diseased 
mucosa and tumour tissue from patients with CRC of a 
discovery cohort (n=152), validated in an independent 
cohort (n=28) and associated with clinical, genomic 
and microbiome data. The genetic mouse tumour model 
Apc1638N was used to track the flux of stable isotope-
labelled FAs in tumours from the intestinal lumen. The 
relationship between FA uptake and tumour progression 
was investigated in 2D and 3D cell models.
Results  Extrinsic long chain PUFAs, including 
arachidonic acid, accumulate in CRC, particularly in 
right-sided tumours, and in tumours of Apc1638N mice. 
The CRC-specific FA profiles were independent of 
sex, molecular subtypes, early-disease or late-disease 
onset. The absorption of FAs from the intestinal lumen 
in tumours was confirmed in specific pathogen-free 
Apc1638N mice. In the absence of the microbiome, in 
germ-free Apc1638N mice, fewer tumours were developed, 
and survival was increased. Inhibition of FA import or 
β-oxidation reduces cancer cell proliferation.
Conclusion  Extrinsic FAs accumulate in CRC, verifying 
a central role of arachidonic acid-derived inflammatory 
mediators, but also suggesting a relevance of dietary 
FAs for cancer cell proliferation. It will be intriguing 
to explore to what extent targeting this flux pathway 
together with the interrelated microbiome opens new 
therapeutic avenues for CRC in humans.

INTRODUCTION
We read with great interest the recent publication by 
Soundararajan et al,1 reporting on increased levels 
of arachidonic acid-derived phospholipids, their 
pro-inflammatory and tumour-promoting deriva-
tives, and an overexpression of genes encoding their 
biosynthetic enzymes in colorectal cancer (CRC). 
Since humans cannot generate polyunsaturated 
fatty acids (PUFAs) from mono-unsaturated fatty 

acids (MUFAs),2 those results suggest an uptake of 
arachidonic acid (FA20:4 n-6) and/or its precursors 
in cancer cells from the diet.

Fatty acid (FAs) accessibility is key for cancer 
metabolism. FAs are β-oxidised to generate 
adenosine triphosphate (ATP) or used for 
membrane lipids like phosphatidylcholine (PC) or 
phosphatidylethanolamine (PE), in proliferating 
cells.3 4 The current paradigm is that those origi-
nate from de novo lipogenesis, which is drastically 
induced in CRC, but low in non-diseased intestinal 
tissue. In intestinal tumours, the expression of fatty 
acid synthase (FASN), a key enzyme in de novo 
synthesis (DNS) of FAs, is associated with infe-
rior prognosis,5 and its inhibition is considered for 
CRC treatment.6 The downside of high lipogenesis 
is that it consumes enormous amounts of nicotin-
amide adeninedinucleotide phosphate (NADPH), 
an important source of reducing power critical for 
tumour cell metabolism.3 Building one molecule 
palmitate (FA16:0) de novo requires 14 molecules 
NADPH. Hence, the uptake of extrinsic FAs from 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The current understanding of fatty acid (FA) 
sources for cancer cells is straightforward: FAs 
originate mainly from intracellular de novo 
synthesis.

WHAT THIS STUDY ADDS
	⇒ Extrinsic, including dietary long chain 
polyunsaturated fatty acids, FAs are absorbed 
and accumulate in colorectal cancer (CRC), 
suggesting a contribution as energetic 
substrates and membrane components in 
cancer cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ It will be intriguing to explore to what extent 
targeting FA uptake and metabolism in cancer 
cells, for example, by dietary intervention, 
pharmacological inhibition of FA flux or 
modulation of the microbiome regulating 
host lipid metabolism, opens new therapeutic 
avenues for CRC.
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the intestinal lumen, the circulation or the tumour microenvi-
ronment7 might be a simple and opportunistic alternative for 
DNS. However, the uptake of extrinsic FAs by gastrointestinal 
cancer cells and its interrelation with endogenous FA biosyn-
thesis are still unclear.

Therefore, we quantified total fatty acids (TFAs) in two inde-
pendent cohorts of patients with primary CRC, with a partic-
ular focus on diet-derived long chain PUFAs. After integration 
of FA profiles from both cohorts and association with clinical 
and genetic parameters, an accumulation of extrinsic, most 
likely diet-derived FAs in tumours was identified. Using in vivo 
stable isotope-labelling experiments, the flux of extrinsic FAs 
from the intestinal lumen into tumour tissues was confirmed in 
a genetic mouse tumour model (Apc1638N). To explore the role 
of the microbiome involved in CRC development and FA metab-
olism, germ-free (GF) Apc1638N were bred, as well as the faecal 
and tumour tissue microbiome composition was investigated in 
patients.

MATERIAL AND METHODS
All materials used and methods applied are described in detail in 
the online supplemental methods.

Human tissue samples
The discovery cohort consisted of n=152 patients, and the 
validation cohort of n=28 patients with primary CRC, who 
underwent surgery and gave informed consent for anal-
ysis of their tissue and data at the Department of Surgery 
(TUM, Munich) between 1987 and 2024. Patients with 
neoadjuvant treatment were excluded and only cases with 
curative tumour resection (R0) were included, except for 

UICC/AJCC (Union for International Cancer Control/Amer-
ican Joint Committee on Cancer) stage IV patients, who 
presented synchronous distant metastasis at first diagnosis. 
Tissue samples were macro-dissected to separate carcinoma 
from adjacent non-tumour tissue and immediately shock-
frozen in liquid nitrogen. Tumour cellularity (>70%) was 
assessed by histology-guided sample selection, based on 
histological evaluation of H&E stained consecutive tissue 
cryo-sections.5 Briefly, the first and last of consecutive 
cryo-sections were mounted on glass slides and processed 
for histology, the intermediate sections were sampled in 
tubes and used for FA analyses. Clinical characteristics are 
summarised in table 1; representative histology is shown in 
online supplemental figure 1.

Mouse models and housing
GF and specific pathogen-free (SPF) Apc1638N mice (male 
and female, ~1:1; mean age: 8 months) were exposed to 
a 12 hours light-dark cycle, housed at 22°C and fed a chow 
diet. Breeding of GF mice was performed in plastic film 
isolators, SPF mice were housed in individually ventilated 
cages.

Stable isotope labelling of lipid uptake and flux in mice
10–16 weeks old SPF Apc1638N mice (male) were starved for 
2 hours before oral gavage of 100 µL of olive oil containing 
10 µmol FA16:0[D5] (Hexadecanoic-15,15,16,16,16-d5 Acid), 
3.33 µmol TG(16:0[D31])3 (Glyceryl-Tri(hexadecanoate-d31)) 
(CDN isotopes) and 476 µmol FA2:0[13C]2. After 1–2-6 hour 
mice were sacrificed.

Table 1  Clinical parameters for human CRC cohorts CI and CII

Parameter Variable Discovery cohort/CI, n=152
Discovery cohort/CI, 
proportion (%)

Validation cohort/CII,
n=28

Validation 
cohort/CII, 
Proportion (%)

Sex Male 90 59 15 54

Female 62 41 13 46

Age Mean/median and range (years) Mean 64.2/Median 66;
30–86

Mean 66.7/Median 67;
48–88

Histology (WHO) Adenocarcinoma 133 88 28 100

Mucinous carcinoma 16 10.5 0 0

Signet ring carcinoma 3 1.5 0 0

pTNM-stage (UICC/AJCC) I 7 5 7 25

II 38 25 8 29

III 83 55 6 21

IV 24 16 7 25

Anatomical localisation Left-sided colon 75 49 15 54

Right-sided colon 70 46 9 32

Rectum 7 5 4 14

Alive status Alive 60 39 13 46

Tumour-related death 45 30 1 4

Non-tumour-related death 38 25 0 0

Lost to follow-up 9 6 14 50

Recurrence No recurrence 76 50 9 32

Disease recurrence 51 34 5 18

Lost to follow-up 25 16 14 50

Non-diseased control tissue Matched controls (colorectal 
mucosa)

100 66 28 100

pTNM: staging system; UICC/AJCC; Union for International Cancer Control/American Joint Committee on Cancer.
CRC, colorectal cancer.
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TFA analysis
TFA analysis was performed by gas chromatography coupled to 
mass spectrometry (GC-MS) of FA methyl esters.8 9 FAs were 
quantified by single ion monitoring (SIM), to detect specific 
fragments of saturated (74 m/z), mono-unsaturated (55 m/z), 
di-unsaturated (67 m/z) and polyunsaturated FA (79 m/z). 
Isotopically-labelled FAs were quantified by SIM of molecular 
ions using the calibrations of unlabelled species (internal stan-
dard: C21:0iso).

Mass isotopomer distribution analysis
To determine de novo FA synthesis, enrichment of 13C2 in 
FA16:0 was analysed by mass isotopomer distribution analysis 
(MIDA) using SIM of molecular ions (M: 270 m/z; M2–M16: 
272–286 m/z).9–11 Fractional synthesis rates (FSRs) representing 
the fraction of newly synthesised FA16:0 were calculated using 
the excess mass ratio of the isotopologues M6/M4 relative to an 
unlabeled control.

Statistical analyses of lipidomic data
Lipid data were analysed according to the principles described 
previously.9 For the generation of volcano plots, all data were 
log2 transformed. Lipid species were excluded if undetectable in 
more than 50% of samples. An unpaired t-test assuming unequal 
variances was used to test for significantly different abundances 
in the conditions. The Benjamini-Hochberg method was used 
to calculate the false discovery rate (FDR) and to account for 
multiple testing (padj < 0.05). Fold changes were calculated as 
the difference between the mean of the log2-transformed values 
of the respective groups. To compare mean lipid concentrations 
between groups, an unpaired t-test assuming unequal variances 
was applied.

Overall survival rates after surgery were analysed using a 
multivariate Cox regression with adjustments for age, sex, UICC 
tumour stage and anatomical localisation of CRC (right-sided or 
left-sided).

Cell culture (2D and 3D) and assays
Proliferation of human CRC 2D cell lines, HCT116 (RRID: 
CVCL_0291) and DLD1 (RRID: CVCL_0248) (ATCC, Rock-
ville, Maryland, USA) was determined by analysis of mito-
chondrial activity12 after incubation with SMS121 or etomoxir 
(Biozol) for 24 hours, compared with solvent control (DMSO). 
3D organoids were generated from n=5 patients with primary 
CRC.13 Viability was tested using resazurin (Sigma-Aldrich)12 
after incubation with SMS121 or etomoxir for 96 hours.

Microbiome analyses in stool and tissue samples
Tumour tissue and matched adjacent normal tissue samples 
were collected from 26 patients with CRC (CII) during surgical 
resection, and stool samples were collected from 18 patients 
with CRC (CII) prior to treatment. After extraction of bacterial 
DNA,14 the V3–V4 region of the 16S rRNA gene was sequenced 
(tissue), or shallow shotgun metagenomic sequencing was 
performed (stool).

RESULTS
Study design and cohort characteristics
The discovery cohort, referred to as cohort I (CI), consisted of 
152 patients with primary CRC with a median follow-up of 80 
months with tumour and matched normal tissue available for 
87 patients. An independent validation cohort, referred to as 
CII, comprised 28 additional patients with CRC with matched 

tumour and normal samples. In addition, blood plasma (20 
patients) and stool samples (18 patients) were available in CII. 
Clinical data are indicated in table 1 and representative histology 
is shown in online supplemental figure 1.

Long-chain and PUFAs accumulate in CRC
To improve our understanding of CRC FA metabolism, we quan-
tified TFAs containing 8–24 carbons including PUFAs (online 
supplemental table 1) using GC-MS in CI. Comparing tumour 
tissue with normal mucosa, we identified systematic discrepan-
cies. FAs containing >18 carbons and >3 double bonds (DBs) 
including FA20:4 n-6 were enriched in tumours, while shorter 
saturated and mono-unsaturated species like FA16:0 (palmitic 
acid) and FA18:1 n-9 (oleic acid) were depleted compared with 
normal tissue (figure 1A–C, unmatched comparison of n=152 
patients; online supplemental figure 2, matched comparison of 
n=87 patients). To verify these results, TFAs were quantified 
in an independent cohort (CII) using the identical method as 
for CI. Here, the comparison of matched normal and tumour 
samples revealed almost the identical changes between tumour 
tissue and normal mucosa as observed in CI (figure  1D–F). 
The ratios between FA20:4 n-6 and FA22:6 n-3 were similar in 
normal mucosa and CRC tumours of both cohorts (figure 1C 
and F). In total, in CI and CII, eight TFA species were consis-
tently higher abundant in tumours including FA20:4 n-6 
(figure 1G, Q2), and seven were consistently higher abundant in 
normal tissue (figure 1G, Q4). An exploratory survival analysis 
(with adjustments for age, sex, UICC tumour stage and anatom-
ical CRC localisation; but no other clinical confounders) based 
on the postoperative follow-up data obtained in CI and CII 
(n=94 patients) revealed that low FA20:5 n-3 levels were asso-
ciated with lower overall year survival postsurgery (p=0.007; 
online supplemental figure 3). FA22:6 n-3 levels correlated 
between tumour and blood plasma (n=20 patients from CII) 
with R=0.77 and p<0.001 (online supplemental table 2; online 
supplemental figure 4).

In accordance with human CRC, very similar FA patterns, with 
elevated fractions of C20–C24 FA containing >3 DB including 
FA20:4 n-6 were detected in tumours of a genetic mouse model 
for human CRC, the Apc1638N line5 15 (figure 1H–J), indicating 
conserved tumour FA signatures across different species.

Comparison of FA profiles in right-sided and left-sided CRC
The anatomical localisation of CRC is well known to have 
prognostic and predictive relevance. It affects their molecular 
profiles (eg, frequency of microsatellite instability (MSI) and 
B-Raf proto-oncogene (BRAF) mutations) and the expression 
of lipid-related enzymes.16 17 Patients with right-sided colon 
cancer have an inferior prognosis compared with left-sided 
colon cancer,18 especially in advanced disease stages. In CI and 
CII (combined datasets), the abundances of FA22:0, FA23:0, 
FA24:0, FA24:1 n-9, FA20:3 n-6, FA20:4 n-6 and FA22:4 n-6 
were significantly elevated in right-sided compared with left-
sided tumours (including rectal cancer) (figure  2A–C). Here, 
the ratios between FA20:4 n-6 and FA22:6 n-3 were 20% higher 
in right-sided CRC, which is reasonable considering that right-
sided CRC tends to be more aggressive, most likely containing 
higher amounts of pro-inflammatory metabolites. Also, in right-
sided, but not left-sided tumours, the levels of C20–C24 and 
fourfold unsaturated FAs increased from UICC/AJCC stage III 
(lymph node metastasis) to stage IV (distant metastasis) (online 
supplemental figure 5).
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To investigate whether genetic tumour subtypes influence the 
accumulation of long chain and PUFAs in CRC, the lipidomic 
data were stratified by oncogenic KRAS exon 2 mutations, BRAF 
exon 15 mutations and the DNA MSI status. We could not find 
associations with KRAS mutation (online supplemental figure 6) 
or MSI status (online supplemental figure 7), but increased levels 
of FA22:0, FA 23:0 and FA20:4 n-6 in tumours with BRAFV600E 
mutations compared with BRAF wildtypes (online supplemental 
figure 8A-C). Since BRAF-mutated tumours are typically found 
in the right-sided colon16 (9 of the 10 BRAF-mutated tumours 
were right-sided), we analysed after stratification for BRAF 
mutations in right-sided normal tissue and tumours (online 
supplemental figure 8D-F). In this subgroup analysis, no differ-
ences between wildtype and tumours with BRAFV600E muta-
tions could be detected, indicating that rather the anatomical 

location (figure 2A) than the BRAF oncogene might determine 
the tumour’s FA profiles.

Long-chain PUFA enrichment in tumours independent of sex 
and similar in early-onset and late-onset CRC
Sex can influence both lipid metabolism19–21 and CRC patho-
physiology. Female patients have a survival advantage22 and are 
more likely to develop right-sided CRC.18 In accordance, in both 
cohorts (CI and CII), the proportions of right-sided tumours 
(including rectal) were 63% in women and 39% in men. Conse-
quently, we asked whether the differences observed in TFAs 
between CRC and normal tissues depend on sex by analysing 
the datasets from male and female patients separately. In men, 
20 (of 28) TFAs were significantly differently abundant between 

Figure 1  Extrinsic FAs accumulate in human CRC and tumours of APC1638N mice. (A–F) Differential analysis of TFA species in tumour (CI: n=152; CII: 
28) versus non-diseased samples (CI: n=100; CII: n=28) of the human CRC cohorts CI and CII. (G) Integration of significant different TFAs identified 
in the comparisons tumour versus non-diseased samples in CI and CII. Directed p values are defined as ‘–log10 (p) times the direction of the effect’. 
(H–J) Differential analysis of tumour (n=7) versus non-diseased tumour-adjacent samples (n=6) from APC1368N mice. Volcano plots display FAs, whose 
concentrations are significantly changed between the groups (A, D, H). Enlarged dots indicate major FAs. p<0.05 after correcting for multiple testing 
by controlling the false discovery rate at 5%. Stacked column charts indicate the distribution of the major and minor TFAs according to their number 
of carbons and double bonds (DBs) (B, E, I). Bar plots show the levels of the major and minor FA species, and the ratios of FA20:4 n-6 and FA22:6 n-3 
as means+SD (C, F, J). Coloured bars (orange: high in tumours, blue: low in tumours) or * indicate a significant difference at p<0.05, determined using 
an unpaired Student’s t-test. CL, chain length; CRC, colorectal cancer; FA, fatty acid; TFA, total fatty acid.
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tumour and normal samples (figure  2D–F), while in women 
‘only’ 14 TFAs (of 28) differed (figure 2G–I), which might be 
most likely due to the smaller sample size (resulting in a lower 
statistical power) available for female patients. Most impor-
tantly, in tumours of both groups, TFAs containing C20–C24 
and PUFAs (≥4 DB) including FA20:4 n-6 and FA22:6 n-3 were 
accumulated in tumours, while C12–C14 saturated and mono-
fold, di-fold and tri-fold unsaturated C18 FAs were depleted 
(figure 2J, Q2 and Q4). The finding that no TFA species showed 
significant different changes between men and women (figure 2J, 
Q1 and Q3) indicates no major sex-based differences.

To test if the tumour-specific changes in TFA differ between 
late-onset CRC (LOCRC) and early-onset CRC (EOCRC), which 

shows an increasing incidence in the last decade,23 we split the 
combined datasets of CI and CII into the subgroups of patients, 
when CRC was diagnosed under or above the age of 50 years. 
Although in LOCRC, the number of significant different TFA 
species was higher (also most likely due to the higher sample 
size of n=166 tumours and n=112 normal; online supplemental 
figure 9A-C) than in EOCRC (of n=23 tumours, n=16 normal; 
online supplemental figure 9D-F), the fundamental alterations 
with elevations of FA20:3 n-6, FA20:4 n-6, FA22:4 n-6, FA24:0 
and FA24:1 n-9 and reduction of FAs containing 14–18 carbons 
were similar in both subgroups (online supplemental figure 9G). 
No TFA species show different changes between the subgroups 
EOCRC and LOCRC.

Figure 2  Comparison of FA profiles in right-sided and left-sided CRC and sex-dependent analyses. (A–C) Differential analysis of TFA species in right-
sided (n=84) versus left-sided tumours (n=85) of the combined datasets of CI and CII. (D–E) Differential analysis of TFA species in tumour (n=86) 
versus non-diseased samples (n=54) of male and (G–I) in tumour (n=53) versus non-diseased samples (n=36) of female patients of the combined 
datasets of CI and CII. (J) Integration of significant different TFAs identified in the comparisons of tumour versus non-diseased samples of male 
and female patients in CI and CII. Directed p-values are defined as ‘–log10 (p) times the direction of the effect’. Volcano plots display FAs, whose 
concentrations are significantly changed between the groups (A, D, G). Enlarged dots indicate major FAs. p<0.05 after correcting for multiple testing 
by controlling the false discovery rate at 5%. Stacked column charts indicate the distribution of the major and minor TFAs according to their number 
of carbons and double bonds (DBs) (B, E, H). Bar plots show the levels of the major and minor FA species, and the ratios of FA20:4 n-6 and FA22:6 n-3 
as means+SD (C, F, I). Coloured bars (orange: high in tumours, blue: low in tumours) or * indicate a significant difference at p<0.05, determined using 
an unpaired Student’s t-test. CL, chain length; CRC, colorectal cancer; FA, fatty acid; TFA, total fatty acid.
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Extrinsic FAs are absorbed in tumours of Apc1638N mice and 
required for CRC cell proliferation
The long chain C20–C24 PUFAs containing 4–6 DB found 
enriched in human CRC and tumours of the Apc1638N mouse 
model must derive from extrinsic sources, most likely diet. 
MUFAs, which are an end product of FA DNS (online supple-
mental figure 10), cannot be di-saturated to obtain PUFAs in 
mammalians.2 To functionally confirm an (1) uptake of lipids 
from the intestinal lumen in tumours, Apc1638N mice were 
gavaged with deuterated palmitate (FA16:0[D5]), tripalmitin 
(TG(16:0[D31])3) and (2) [13C2]-labelled acetate (FA2:0[13C2]) 
(figure  3A) to determine enrichment of [13C2]-labelled C2 
units in FA16:0 as measure for FA DNS. We found (1) a time-
dependent uptake of FA16:0[D5,D31] in tumours. At 6 hour, 
3.3% of total FA16:0 originated from absorption (FA16:0[D5] 
and FA16:0[D31]) in tumours and FA16:0[D5] levels were 

twofold higher than in tumour-adjacent normal intestinal tissue 
and liver (figure 3B,C). (2) DNS was threefold higher in tumours 
than in non-diseased adjacent tissue, and comparable to the liver, 
which has the largest capacity for lipid synthesis in the body 
(figure  3D). Here, 2.6% of total palmitate was newly synthe-
sised in 6 hours, shown by the FSR calculated using MIDA, 
indicating that DNS and uptake of palmitate contribute approx-
imately equally to the tumour’s FA pool. When FA2:0[13C2] was 
removed from the lipid mix gavaged to the mice, the uptake of 
FA16:0[D5,31] into tumours increased twofold (online supple-
mental figure 11), suggesting that FA absorption is balanced with 
DNS in cancer cells.

To test the relevance of extrinsic FA for CRC cell prolifera-
tion and survival, we incubated two established CRC cell lines 
and primary patient-derived organoids (PDO) with SMS121, a 
pharmacological inhibitor of FA translocase CD36 involved in 

Figure 3  Extrinsic FAs are absorbed in tumours of Apc1638N mice and required for CRC cell proliferation (A) Experimental strategy to determine 
exogenous FA uptake and endogenous FA synthesis in tumours, tumour-adjacent and liver samples of APC1368N mice. At 1–6 hours after oral gavage of 
mice with FA16:0[D5], TG(16:0[D31])3 and FA2:0[13 C2] mice were sacrificed. (B) FA16:0[D5] and FA16:0[D31] levels and (C) percentage contribution 
of FA16:0[D5] and FA16:0[D31] relative to total FA16:0. (D) Fractional [13 C2] enrichment in FA16:0 (fractional synthesis rate, FSR). Means+SD of: 
n=8 (1 hour), n=5 (2 hours), n=6 (6 hours) for liver; n=12 (1 hour), n=16 (2 hours), n=12 (6 hours) for tumour tissue and n=10 (1 hour), n=10 (2 
hours), n=8 (6 hours) for tumour-adjacent tissue. */#p<0.05, unpaired Student’s t-test, tumour-adjacent (*) or liver (#) compared with tumours. (E) 
Viability of HCT116 and DLD1 cells treated with SMS121 (CD36 inhibitor) or etomoxir (Cpt1a inhibitor) for 24 hours at the indicated concentrations 
compared with DMSO-treated controls (n=3 per group and concentration). (F) Viability of patient-derived organoids (PDO) derived from five patients 
with CRC treated with SMS121 or etomoxir for 96 hours at the indicated concentrations compared with DMSO-treated controls (n=3 per group 
and concentration). IC50-values were calculated in Graph Pad Prizm using a variable slope with four parameters. */#p<0.05, unpaired Student’s 
t-test, SMS121 (*) or etoxomir (#) compared with the DMSO control. CRC, colorectal cancer; FA, fatty acid; FASN, fatty acid synthase; GC-MS, gas 
chromatography coupled tomass spectrometry; MIDA, mass isotopomer distribution analysis; SIM, single ion monitoring.
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cellular FA import,24 25 or etomoxir, inhibiting carnitine palmi-
toyltransferase 1A (CPT1a) and FA oxidation.26 In HCT116 
and DLD1 cell lines, viability was reduced with increasing 
concentrations of both inhibitors compared with mock-treated 
cells (figure 3E). At 100 µM, SMS121 reduced viability in both 
cell lines by ≈50% (reported IC50: 156–164 µM in cells24 and 
etomoxir by ≈25% (reported IC50: 0.1–10 µM in isolated mito-
chondria and cells.26 Similarly, in PDOs, viability was inhibited 
with increasing concentrations of SMS121 (calculated IC50: 
403.5 µM) and etomoxir (calculated IC50: 169.6 µM) compared 
with mock-treated cells (figure 3F).

Together, these results provide strong evidence that extrinsic 
FAs are taken up in CRC tumours and required for cancer cell 
proliferation and thus are critical for CRC metabolism and 
tumour progression.

The presence of the microbiome drives tumour development 
in Apc1638N mice, but its faecal and tissue-associated 
composition is heterogenous in patients with CRC
Since the gut microbiome is involved in intestinal lipid absorp-
tion27–30 and host DNA,9 we asked whether tumour formation 
depends on its presence. In fact, we could detect lower numbers 
of intestinal tumours (figure  4A), reduced splenomegaly 
(figure  4B) and mortality in GF compared with SPF Apc1668N 
mice harbouring a diverse gut microbiome (figure  4C). Sple-
nomegaly, the enlargement of the spleen’s size and weight, is a 
result of extramedullary haematopoiesis compensating for the 
blood loss due to bleeding of intestinal tumours. It is well known 
to be related to the intestinal tumour load in patients and Apc-
mutant mouse models.15

Also, in humans, accumulating evidence indicates the micro-
biota as an important player in the development and progression 
of CRC. Hence, we characterised the faecal and tumour tissue-
associated microbiome in patients with CRC (CII). Shallow 
metagenome sequencing of stool samples from 18 patients with 
CRC revealed wide inter-individual variation in alpha diversity 
and substantial heterogeneity in taxonomic composition at both 
family and species levels (online supplemental figure 12A). PCoA 
ordination demonstrated dispersed clustering with the first 
two principal coordinates explaining only 25.3% of variance, 
confirming high inter-patient variability (online supplemental 
figure 12B). At the family level, Bacteroidaceae, Oscillospira-
ceae, Lachnospiraceae and Ruminococcaceae dominated most 
samples, though Enterobacteriaceae showed sporadic enrich-
ment in individual patients (online supplemental figure 12C). 
Species-level analysis identified high compositional heteroge-
neity, with patient-specific dominance patterns (online supple-
mental figure 12D). Core microbiome analysis (80% prevalence 
threshold) identified F. prausnitzii, P. vulgatus, B. thetaiotaomi-
cron and B. uniformis as most prevalent species (>60%), though 
with variable abundances across patients (online supplemental 
figure 12E).

In tissue samples, comparison of bacterial community compo-
sitions between tumour (n=26) and adjacent normal tissue 
(n=22) samples after 16S rRNA amplicon sequencing demon-
strated a similar alpha diversity including richness and Shannon 
effective number of species (figure  4D and E). Non-metric 
multidimensional scaling ordination of Bray-Curtis dissimi-
larities demonstrated substantial overlap between both groups 
(figure  4F). The type of tissue analysed (normal or tumour 
tissue) explained only 2.6% of variance in community compo-
sition (R2=0.026, p=0.25), suggesting a high inter-individual 
variability rather than consistent group-level separation. At the 

phylum level, the tissue-associated microbiome was dominated 
by Bacillota (60%–65%) and Bacteroidota (20%–25%), with a 
notable heterogeneity in Pseudomonadota abundance in tumour 
samples (range: 2%–40%) compared with normal tissue (range: 
5%–15%) (figure  4G). At the family level, Enterobacteriaceae 
were sporadically enriched in a subset of tumour samples (up to 
60% compared with <5% in normal tissue), suggesting oppor-
tunistic colonisation events rather than universal tumour-specific 
enrichment (figure 4H). Among the top 15 differentially abun-
dant genera (figure 4I) Escherichia-Shigella exhibited the largest 
effect size among tumour-enriched genera with approximately 
10-fold higher mean abundance in tumour samples (though not 
reaching statistical significance after FDR correction). Other 
tumour-enriched genera included Bacteroides, Enterococcus, 
Streptococcus and Fusobacterium, while normal tissue showed 
enrichment of butyrate-producing genera including Faecalibac-
terium, Dialister and Eubacterium eligens group.

To identify potential microbes affecting CRC FA metabo-
lism, we finally correlated bacterial genus abundances with 
the validated TFA species differing between normal mucosa 
and CRC tissue (figure  4J). Among seven genera of interest 
(Holdemanella, Prevotella, Prevotella_7, Intestinibacter, Bilo-
phila, Family XIII AD3011 group, Subdoligranulum), we found 
significant associations (FDR<0.10) including negative correla-
tions of Prevotella with FA10:0 (R=−0.44, p=0.018), FA12:0 
(R=−0.50, p=0.005), FA18:2 n-6 (R=−0.45, p=0.015); and 
Intestinibacter with FA22:6 n-3 (R=−0.46, p=0.013).

We conclude that microbiome impacts CRC development and 
progression in the Apc1638N mouse model. In patients, micro-
biome diversity and composition are comparable between healthy 
intestinal tissue and CRC tumours, but patient-specific, leading 
to substantial tumour-associated microbiome heterogeneity.

DISCUSSION
Cancer metabolism is geared toward biomass production, fueled 
by glucose as carbon source and by FAs that can be β-oxidised 
to generate ATP or used for membrane lipids in proliferating 
cells.3 4 The current understanding of FA sources for cancer cells 
is straightforward: FAs originate mainly from intracellular DNS. 
Here, we show that extrinsic, that is, dietary FAs, are absorbed 
and accumulate in CRC. Our results not only suggest a contri-
bution of extrinsic FAs as energetic substrates and membrane 
components in cancer cells,4 but also verify the central role of 
arachidonic acid in tumours as precursor for pro-inflammatory 
mediators reported by Soundararajan and colleagues.1

So far, most lipidomic studies focused on mass spectrometry-
based profiling of the blood’s lipidome aiming to diagnose 
CRC.31 In tumour tissues, the majority of reported CRC-specific 
alterations of lipids are in agreement with our data, although 
there is a certain heterogeneity and variation between the indi-
vidual studies published. Consistent datasets include: elevated 
percental proportions of triglycerides containing polyunsaturated 
acyl chains (TG56:4, TG56:5, TG56:6) in CRC tumour tissues, 
which could even be related to patient survival (three cohorts; 
∑=154 patients; own investigations reported previously)5; 
increased concentrations of FA20:4 and FA22:6-containing lyso-
phospholipids (eg, lyso-phosphatidylinositol (LPI) 20:4, LPI22:6, 
lyso-phosphatidylserine 22:6, lyso-phosphatidylglycerol 22:6) 
in tumour tissues (one cohort; 11 patients)32; higher percental 
proportions of saturated and mono-unsaturated C20, C22 and 
C24-FAs in CRC tumours (one cohort; 19 patients)33; analysis 
of PC 36:4 (potentially containing FA20:4) signal abundances 
allowing a discrimination of CRC from normal tissue (20 
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Figure 4  The presence of the microbiome drives tumour development in Apc1638N mice, and normal tissue-associated and tumour-associated 
microbiome composition in patients with CRC. (A) Numbers of tumours in small and large intestine and (B) ratios of spleen/body weight of SPF 
and germ-free (GF) Apc1638N mice. Splenomegaly is an established marker of tumour-induced morbidity. Means+SD of n=75 SPF and n=60 GF 
Apc1638N mice, p values are indicated, determined using an unpaired Student’s t-test. (C) Overall survival of GF and SPF Apc1638N mice. (D) Observed 
species richness in normal (n=22) and tumour (n=26) tissue of CRC patients. (E) Shannon effective diversity (exp H’) in normal and tumour tissue 
of CRC patients. (F) Non-metric multidimensional scaling (NMDS) ordination of bacterial community composition based on Bray-Curtis dissimilarity. 
Blue=normal, red=tumour. Ellipses represent 95% CIs. (G) Phylum-level taxonomic composition of individual patient samples. (H) Family-level 
taxonomic composition of individual patient samples. (I) Top 15 differentially abundant genera ranked by absolute difference in mean relative 
abundance. (J) Spearman correlations between seven bacterial genera and TFA measurements across all patient samples (n=48). Only significant 
correlations are shown (FDR <0.10; Red: positive correlation, blue: negative correlation). Colour intensity reflects correlation strength. Prevotella and 
Prevotella_7 are different bacterial entities (different species/OTUs within the Prevotella genus). APC, adenomatous polyposis coli; CRC, colorectal 
cancer; FDR, false discovery rate; GF, germ-free; SPF, specific-pathogen free.
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patients).34 Divergent findings include: Reduced FA20:5 n-3 
and FA22:6 n-3, but elevated FA20:4 n-6 levels in CRC tumour 
tissues (one cohort; 35 patients)35; reduced signal intensities 
of C20:4-containing lipids and PC38:4 (potentially containing 
20:4) in the cancerous areas of intestinal samples from patients 
with CRC (one cohort; n=6).36

Among all PUFAs changed in CRC, only FA18:2 n-6 and 
FA18:3 n-3, which are the initial precursors of longer and more 
unsaturated n-3 and n-6 PUFAs (online supplemental figure 10), 
were found decreased in tumour tissues of CI and CII. This might 
be due to increased expressions of FA elongase and desaturases 
(fatty acid elongase 5, fatty acid desaturase (FADS)1 and FADS2) 
in CRC tumours,5 generating FA20:4 n-6 and FA22:6 n-3 (both 
increased in tumour tissue). Deletion of FADS1 in cell lines and 
mice suppresses tumour cell proliferation, migration and inva-
sion, while promoting apoptosis.37 In CII, FA22:6 n-3 levels 
correlated in tumours and plasma, which may reflect to a certain 
extent its dietary intake. FA22:6 n-3 can be regarded as a reli-
able and accurate biomarker for n-3 intake in humans,38 most 
likely because it is a steady end-product of mammalian n-3 PUFA 
metabolism (online supplemental figure 10). Unfortunately, 
dietary histories including PUFA consumption through food 
frequency questionnaires, as common in dietary intervention 
studies, are not available for the patients with CRC, because they 
were included in our study cohorts on surgical tumour resection.

Dietary lipids found enriched in CRC may reach tumour tissues 
(I) after absorption in the small intestine and transport via blood 
and lymph vessels or (II) by direct uptake from the colon lumen 
containing ≈6-8 g of lipids (adults, western diet) that have not 
been absorbed in the small intestine.39 The finding that the abun-
dances of the PUFAs FA20:3 n-6, FA20:4 n-6 and FA22:4 n-6 
were significantly elevated in right-sided compared with left-
sided tumours implies the latter, since the right colon is in closer 
proximity to the small intestine and thus may have an increased 
access to lipids. In addition, the different FA profiles between 
right-sided and left-sided CRC may reflect individual lipid meta-
bolic capacities and requirements. Right-sided tumours deviate 
from different embryonic tissue origins than left-sided and tend 
to be of more aggressive phenotype with enhanced proliferative 
and metastatic potential,16 with a potentially higher demand for 
lipids. Also, the transcriptomic landscape of lipid metabolism-
related genes differs between right-sided and left-sided CRC,16 40 
and targeting lipid metabolism by chemo-preventive strategies 
was found to yield different outcomes in left-sided and right-
sided CRC.40

As the gut microbiome influences intestinal lipid absorp-
tion27–30 and host lipid metabolism,9 GF Apc1638N mice were 
bred developing less tumours leading to an increased survival. 
In agreement, a reduced development of intestinal tumours was 
observed in APCMin mouse models, when housed under GF condi-
tions or treated long-term with broad-spectrum antibiotics.41–43 
Also, we have previously demonstrated a critical role of the gut 
microbiome in colonic lipid metabolism of mice transgenic for 
ATF6 (nATF6IEC), another mouse model for CRC.44 How the 
gut microbiota promotes CRC is not fully understood. In our 
view, a combination of multiple factors might explain the lower 
numbers of tumours observed in GF APC1638N mice, including: 
(1) a lower capacity for degradation of complex carbohydrates 
to acetate,9 needed for synthesis of membrane lipids of cancer 
cells, as well as to butyrate fueling hyperproliferation,43 (2) a 
lower availability of extrinsic FAs that can be β-oxidised for ATP 
production and (3) the absence of microbe-associated molecular 
patterns sensed by toll-like receptors triggering inflammation 
and colonic tumourigenesis.45 46

In patients, we found a substantial inter-individual variation 
in both faecal and tumour tissue-associated microbiome compo-
sition, consistent with growing evidence that CRC microbi-
omes are patient-specific rather than universally altered.47 Some 
tumours showed a strong enrichment of Escherichia-Shigella, 
typically abundant in colon and considered as CRC pathogens 
promoting tumour formation.48 49 While a high heterogeneity of 
the CRC-associated tissue microbiome between patients is well 
known,50 alpha diversity analyses revealed inconsistent results 
between different studies, with either a similar microbial alpha 
diversity in adjacent non-diseased and CRC tissue (as observed 
here) or a lower alpha diversity of the CRC tissue-associated 
microbiome.50 51 These discrepancies might be due to method-
ical differences (ie, in sampling and sequencing) or due to the 
patients (eg, differing in tumour stages and anatomical loca-
tions of CRC) included in the study cohorts. A critical factor 
explaining the reported heterogeneity of the CRC-associated 
microbiome might be patient-specific immunoinflammatory 
responses to CRC.52 Correlation analyses in normal and tissue 
samples identified negative associations of TFAs (FA10:0, 
FA12:0, FA18:2 n-6 or FA22:6 n-3) changed in CRC with 
Prevotella and Intestinibacter. It is unknown whether these 
FAs alter bacterial growth or are metabolised by the bacteria 
before entering host metabolic pathways,53 but this is certainly 
of interest, since a bacterial conversion in bioactive molecules 
could influence inflammation in CRC. Together, our human 
microbiome results are exploratory, hypothesis-generating and 
may require further functional validation. However, whether 
Prevotella and Intestinibacter critically influence CRC FA uptake 
and can be used for therapy might be interesting for future inves-
tigations, although a relevance was described previously. Faecal 
Prevotella copri was found over-represented in patients with 
CRC,54 and Prevotella intermedia was enriched in CRC tissue, 
enhancing migration and invasion of CRC cells.55 Intestinibacter 
was reported to be more abundant in faecal samples of patients 
with colorectal adenomas compared with healthy controls56 and 
positively associated with CRC risk.57

In summary, our findings extend the current understanding 
of CRC FA metabolism by revealing that extrinsic FAs are taken 
up and accumulate in CRC. Inhibition of FA uptake and oxida-
tion reduces proliferation of CRC cell lines and patient-derived 
organoids, providing strong evidence for an in vivo relevance of 
dietary FAs in tumour initiation and progression. It will be fasci-
nating to explore to what extent and how gut microbes interact 
with FA metabolism in CRC to drive tumour development. 
Future research will show whether targeting CRC FA uptake and 
metabolism opens new therapeutic avenues.
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