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Abstract
Objective  Colorectal cancer (CRC) is conventionally classified as right sided, left sided, and rectal cancer. 
Clinicopathological, molecular features and risk factors do not change abruptly along the colorectum, and variations 
exist even within the refined subsites, which may contribute to inconsistencies in the identification of clinically 
relevant CRC biomarkers. We generated a CRC metabolome map to describe the association between metabolites, 
diagnostic and survival heterogeneity in cancers of different subsites of the colorectum.

Design  Utilizing 372 patient-matched tumor and normal mucosa tissues, liquid chromatography-mass spectrometry 
was applied to examine metabolomic profiles along seven subsites of the colorectum: cecum (n = 63), ascending 
colon (n = 44), transverse colon (n = 32), descending colon (n = 28), sigmoid colon (n = 75), rectosigmoid colon (n = 38), 
and rectum (n = 92).

Results  39 and 70 significantly altered metabolites (including bile acids, lysophosphatidylcholines and 
lysophosphatidylethanolamines) among tumors and normal mucosa, respectively, showed inter-subsite metabolic 
heterogeneity between CRC subsites. Gradual changes in metabolite abundances with significantly linear trends 
from cecum to rectum were observed: 23 tumor-specific metabolites, 30 normal mucosa-specific metabolites, 
and 15 metabolites in both tumor and normal mucosa, had concentration gradients across the colorectum, 
and is disease status dependent. The metabolites that showed a linear trend included bile acids, amino acids, 
lysophosphatidylcholines, and lysophosphatidylethanolamines. Comparison of tumors to patient-matched normal 
mucosa revealed metabolite changes exclusive to each subsite, thereby further highlighting differences in cancer 
metabolism across the 7 subsites of the colorectum. Furthermore, metabolites associated with survival were different 
and unique to each subsite. Finally, an interactive and publicly accessible CRC metabolome database was designed to 
enable access and utilization of this rich data resource (https://colorectal-cancer-metabolome.com/yale-university).

Conclusions  Gradual changes exist in metabolite abundances from the cecum to the rectum. The association 
between patient survival and distinct metabolites with anatomic subsite of the colorectum, reveals differences 
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Introduction
Colorectal cancer (CRC) is a highly heterogeneous dis-
ease with different types of risk factors, prognostic indi-
cators, chemotherapeutic susceptibility, and survival 
outcomes. This heterogeneity leads to different etiologi-
cally and clinically distinct subgroups [1]. Evidence sug-
gests that embryological, histological, genetic, molecular, 
and immunological characteristics of CRC differ by ana-
tomic subsite defined as right-sided CRC (RCC), left-
sided CRC (LCC), and rectal cancer [2], which supports 
the classification of CRC as three distinct tumor enti-
ties [2, 3]. Despite these findings, which illuminated the 
heterogeneous nature of CRC, the current simplistic 
RCC versus LCC classifications are insufficient to show 
the greater anatomic regional variations that exist even 
within subsites categorized by RCC, LCC, and rectal 
locations [4]. Clinicopathological, molecular features, 
and risk factors, change gradually rather than abruptly 
between the refined subsites of CRC from the cecum to 
rectum [5]. In a previous study, Wang et al. [6] showed 
that demographic, clinical, anthropometric, lifestyle, 
and nutritional risk variables differ for cancers along the 
colorectum in a continuum manner. Similarly, the key 
molecular hallmarks of CRC, including BRAF mutations, 
CpG island methylator phenotype (CIMP), and microsat-
ellite instability (MSI), have been found to rise steadily in 
frequency in nine anatomic subsites from the rectum to 
the ascending colon [7]. Furthermore, accumulating evi-
dence points to the differences in gut microbiome com-
position between different anatomic sublocations in the 
colorectum [8, 9]. These findings call into question the 
simple division of CRC into primary subsites and empha-
size the necessity for further research into refined CRC 
subsites. If not addressed, subsite-associated variabil-
ity may contribute to the failure of mechanism-targeted 
therapies for CRC as well as poor accuracy of potential 
CRC biomarkers [10].

In a previous study, we unraveled the biological differ-
ences between CRC liver metastasis originating from left 
versus right sided CRCs [11]. This led to a novel hypoth-
esis regarding the mechanism of EGFRi resistance in 
RCC [11]. Therefore, to further investigate the diagnostic 
and survival differences among the refined subsites of the 
colorectum, we conducted the first study aimed at char-
acterizing the metabolome along the length of the col-
orectum in CRC patients. We identified unique subsite 

specific metabolite markers (normal versus tumor), inter-
subsite metabolic heterogeneity (tumor versus tumor), 
and unique subsite specific survival markers. Further-
more, the changes in metabolite abundances from the 
cecum to the rectum were gradual rather than abrupt. 
Our results highlighted metabolic differences between 
cancers of different subsites and thus enriched the cur-
rent understanding of CRC anatomic subsite heteroge-
neity, aligning with and substantiating the previously 
proposed continuum, which challenged the conventional 
classification of CRC into RCC, LCC and rectal cancer. 
In addition to validating earlier studies on the CRC con-
tinuum, our study identifies metabolite markers that 
provide a new biological perspective on CRC subsite het-
erogeneity. By completing the gaps left by previous stud-
ies, these newly discovered metabolites offer a deeper 
understanding of the metabolic variations along the col-
orectum. To facilitate interrogation of the extensive CRC 
metabolome data generated in this study, we designed an 
interactive, publicly accessible online platform (https://
colorectal-cancer-metabolome.com/yale-university) that 
will allow user-driven exploration and hypothesis genera-
tion. An overview of the study is presented in Fig. 1A.

Methods
A detailed overview of Materials and Methods can be 
found in the Supplementary information 1 (Supplemen-
tary Materials and Methods).

Results
Patient characteristics
In this study, our analysis consists of tissues collected 
from 372 CRC patients. Primary tumor tissues with an 
equal number of patient-matched normal mucosa tis-
sues were obtained from seven different regions of the 
colorectum: 63 cecum, 44 ascending, 32 transverse, 28 
descending, 75 sigmoid, 38 rectosigmoid, and 92 rectum. 
We implemented a rigorous procedure to ensure that 
the normal mucosa tissues were indeed free of malig-
nant cells and belonged to the same anatomical subsite 
as the matched tumor tissue (Supplementary informa-
tion 1). We did not observe any statistically significant 
differences in age (p = 0.997), sex (p = 0.073), and chemo-
therapy status (p = 0.237) between cases from different 
anatomic subsites (Table S4). We also compared cancer 
stages between all subsites and found the overall ANOVA 

between cancers across the colorectum. These inter-subsite metabolic heterogeneities enrich the current 
understanding and substantiate previous studies that have challenged the conventional classification of right-sided, 
left-sided, and rectal cancers, by identifying specific metabolites that offer new biological insights into CRC subsite 
heterogeneity. The database designed in this study will enable researchers to delve into granular information on the 
CRC metabolome, which until now has not been available.
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p-value to be significant (p = 0.006). However, after per-
forming Bonferroni post hoc analysis we observed only 
one significant difference between sigmoid and rectum 
subsites (p = 0.004) concerning cancer stage (Table S4 
and S5). Notably, there was no difference between the 
remaining subsite comparisons in terms of stages.

Metabolites commonly altered for cancers across 
colorectum subsites but their association with each subsite 
is different
Untargeted metabolome profiles were compared between 
all patient-matched tumors and normal mucosa from 
the seven subsites, which revealed 26 identified metab-
olites that were commonly altered in all the subsites 
(Table S6). We observed significantly reduced levels of 
hydroxyindoleacetic acid (HIAA), uric acid, linolenic 
acid, and dopamine sulfate, in tumors across all subsites. 

Fig. 1  A Workflow to investigate diagnostic and survival heterogeneity among cancers of different subsites of the colorectum. C-Cecum, A-Ascending, 
T-Transverse, D-Descending, S-Sigmoid, RS-Rectosigmoid, R-Rectum. B Unique metabolites altered in tumor tissue compared to normal mucosa tissues 
in each specific subsite of the colorectum. C Metabolites uniquely altered in the left (descending, sigmoid, rectosigmoid and rectum) and right (cecum, 
ascending) subsites of the colorectum. FDR-corrected p-values with log2 fold changes in brackets are shown for statistically significant metabolites. The 
significant changes (FDR-corrected p < 0.05) are highlighted in blue. Only FDR-corrected p-values and not fold changes are shown for non-significant 
metabolites
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The association between these metabolites and CRC 
differed depending on the subsite location. A negative 
association with tumors strengthened from cecum to 
rectum for HIAA (OR ranges from 0.42 to 0.11), uric acid 
(OR ranges from 0.48 to 0.17), and linolenic acid (OR 
ranges from 0.58 to 0.37). The highest risk of CRC with 
a reduced level of HIAA was observed in the cecum. The 
risk was generally higher in the transverse and ascending 
subsites (which are part of the proximal colon). The risk 
was reduced in descending, rectosigmoid, and rectum tis-
sues, but not in sigmoid subsites. The magnitude of risk 
was lowest in the rectosigmoid, and highest in the cecum, 
with a 3.6-fold difference in the OR. A reduced level of 
uric acid was associated with a higher risk in the cecum, 
ascending colon, and descending colon, as compared to 
other subsites; the risk was reduced in the sigmoid, rec-
tosigmoid, and rectum. The magnitude of risk was lowest 
in the rectum and highest in the cecum, with a 2.88-fold 
difference in the OR. The reduced level of linoleic acid in 
tumors was associated with a higher risk in the regions 
from the cecum to descending and then the risk was 
reduced from the sigmoid to the rectum. Dopamine sul-
fate showed heterogeneity in the association with CRC 
(OR ranges from 0.54 to 0.34) in different regions of the 
colorectum but there was no pattern observed.

A significantly increased level of 15 metabolites was 
observed in tumors from each of the seven subsites when 
compared to their matched normal mucosa. The major-
ity of these metabolites had an OR that differed between 
subsites, suggesting the heterogeneous association of 
these metabolites among the seven subsites of colorec-
tum. The positive association of metabolites with CRC 
strengthened from cecum to rectum for kynurenine 
(OR ranges from 2.06 to 6.60) and reduced nicotinamide 
adenine dinucleotide (NADH) (OR ranges from 2.06 to 
3.72). The risk was higher from the sigmoid to rectum 
subsites as compared to other subsites. The magnitude 
of risk was lowest in the cecum and highest in the recto-
sigmoid, with a 3.2-fold difference in the OR in the case 
of kynurenine. The magnitude of risk was very similar 
within proximal subsites and distal subsites, but the ORs 
were generally substantially higher in distal subsites for 
NADH. The magnitude of risk for hydroxyproline was 
lowest in the rectum and highest in the sigmoid, with a 
2.6-fold difference in the OR. The ORs were very similar 
within proximal subsites for hydroxyproline. N-acetyl-L-
cysteine was highly heterogeneous with no specific pat-
tern across the subsites. The magnitude of risk was lowest 
in descending and highest in ascending subsites, with a 
3-fold difference in the OR. We also performed a linear 
regression between CRC subsites and the OR for each 
metabolite. It was observed that the strength of associa-
tion between CRC risk and metabolites was significantly 

linear (Plinear<0.05) and gradually changed from cecum to 
rectum for NADH, kynurenine, and HIAA.

The ORs for uridine 5’-diphosphate (UDP) and gua-
nosine diphosphate (GDP)-glucose did not differ across 
the subsites which shows that these metabolites have low 
heterogeneity for OR along the colorectum. For all the 
remaining metabolites, the risk association with CRC 
was generally heterogeneous with no specific patterns 
from cecum to rectum.

Distinct metabolite changes in tumors compared to 
matched normal mucosa in each anatomic subsite
Subsite-specific metabolite markers associated with CRC 
were discerned through a comparative analysis of tumors 
from each of the colorectal subsites with their respective 
matched normal mucosa. The unique metabolite changes 
in each subsite are presented in Fig. 1B and Figures S3-S4. 
Notable metabolite changes were identified for each CRC 
subsite, and metabolite identification was confirmed 
using analytical standards. Specifically, in the cecum, 
two dipeptides; alanyl-leucine, valyl-methionine, and an 
amino acid alanine, exhibited significant upregulation. In 
ascending tumors, a marked increase in valerylcarnitine 
and a decreased level of LysoPE(P-18:0) were observed. 
Transverse tumors displayed a specific elevation in dec-
anoylcarnitine. Notably, in the descending colon, two 
carnitine metabolites, hexanoylcarnitine and octanoyl-
carnitine were elevated. Epsilon-(gamma-glutamyl)lysine 
exhibited a decrease in tumor compared to normal tissue 
in the descending colon. Interestingly, in sigmoid tumors, 
two bile acids, glycocholic acid and glycodeoxycholic 
acid were downregulated. Rectosigmoid tumors showed 
a significant upregulation of LysoPE(18:0). In rectal 
tumors, increased levels of six metabolites; cysteinylg-
lycine, cytidine, cytidine-5’-monophosphate, glucose-
6-phosphate, glucosamine-6-phosphate, and mevalonate 
were noted, alongside decreased levels of six metabolites; 
ethyl-4-aminobenzoate, phenylacetylglutamine, alanyl 
glutamine, palmitoleic acid, valyl-serine, and diethyl suc-
cinate. Furthermore, DDA and MSE data were processed 
to predict structures of additional unique metabolites 
(designated level 3 identifications) in each subsite. Our 
analysis enabled the identification of additional distinct 
metabolites in each subsite; 8 in cecum, 3 in ascending, 2 
in descending, 9 in sigmoid, 2 in rectosigmoid and 19 in 
rectum (Figure S4). This enhanced metabolome coverage 
provides a more comprehensive insight into the unique 
tumor biology of each subsite. Overall, findings shown in 
this section underscore subsite-specific metabolic altera-
tions in CRC, revealing potential markers that contribute 
to a nuanced understanding of the molecular landscape 
of colorectal tumors.
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Comparative metabolite changes in tumors compared 
to normal mucosa and specificity to right versus left CRC 
subsites
Next, we identified the metabolites that were uniquely 
altered in the tumors of proximal subsites (cecum and 
ascending) as compared to their respective normal 
mucosa, which were not similarly altered in distal sub-
sites (i.e. descending, sigmoid, rectosigmoid and rec-
tum), and vice versa. The unique metabolite changes in 
the proximal subsites or distal subsites are presented in 
Fig. 1C, S3, and S5. Formylmethionine, N-acetylmethio-
nine and isovalerylglycine were significantly upregulated 
and oleic acid was significantly downregulated in the 
cecum and ascending tumors when compared to their 
matched normal mucosa, but there was no change in 
any of the subsites in the distal regions. Next, we iden-
tified the metabolites specifically altered in the tumors 
of distal subsites when compared to their matched nor-
mal mucosa. Nicotinamide adenine dinucleotide (NAD) 
and tryptophanamide were significantly upregulated in 
the tumors of all the distal subsites including descend-
ing, sigmoid, rectosigmoid, and rectum. Five metabolites, 
LysoPC (20:4), LysoPC (22:6), LysoPE (22:5), sn-glycero-
3-phosphocholine, and pantothenic acid, were specifi-
cally upregulated and two metabolites (thymidine and 
bilirubin) were specifically downregulated in the tumors 
of the sigmoid, rectosigmoid, and rectum. Further-
more, the level 3 identification of additional metabolites 
revealed some additional distinct metabolites in proximal 
or distal subsites; three in cecum and ascending, one in 
descending, sigmoid, rectosigmoid and rectum, three in 
sigmoid, rectosigmoid and rectum (Figure S5).

Characterization of the metabolic landscape across the 
different subsites of colorectum
To systematically chart metabolome composition along 
the colorectum, we compared metabolite abundances of 
223 annotated metabolites in normal mucosa and tumor 
tissue separately, between seven different subsites of the 
colorectum. Spatially resolved analysis of the colorectum 
revealed the heterogeneous metabolic landscape of nor-
mal mucosa and tumor tissue of refined subsites. Kruskal-
Wallis test was applied to detect the metabolic differences 
between seven subsites, and the metabolites that were 
significantly different in at least one pairwise compari-
son was used to perform hierarchical clustering analysis 
(Tables S7-S8). The results revealed that metabolic het-
erogeneity exists among tumors and normal mucosa of 
the seven CRC subsites. There was a statistically signifi-
cant difference in the mean abundances of 70 metabolites 
in at least one pairwise comparison between the normal 
mucosa of all the colorectum subsites (Figure S6 and 
Table S7). The major differentiating metabolites included 
13 lipid metabolites (seven LysoPCs and six LysoPEs). 

Other metabolites that varied significantly among sub-
sites were two bile acids (glycocholic acid and glycourso-
deoxycholic acid), N-acetylneuraminic acid, kynurenine, 
succinic acid, lactic acid, and S-adenosylhomocysteine 
(SAH). Similarly, we identified statistically significant 
differences in the mean abundances of 39 metabolites in 
at least one pairwise comparison between the tumor tis-
sues of all the colorectum subsites (Fig. 2A and Table S8). 
Normal and tumor colorectum tissue had 21 common 
metabolites (including four LysoPCs, four LysoPEs, and 
two bile acids (glycocholic acid, glycoursodeoxycholic 
acid)) that were significantly different between subsites; 
yet the distribution of these metabolites varied depend-
ing on the tissue types (tumor and normal) (Fig. 2A, S6 
and Tables S7-S8). For example, LysoPC(18:1) was signifi-
cantly different between cecum and descending in both 
the tumor and normal tissues but only in normal tissues 
between ascending and rectosigmoid.

Next, the subsites were grouped into three major 
regions for further analysis: (1) right sided CRC (RCC); 
cecum, ascending, transverse, and hepatic flexure, (2) 
left-sided CRC (LCC); splenic flexure, descending, sig-
moid, rectosigmoid, and (3) rectum. The metabolites 
were compared between these three major regions in 
the normal mucosa and tumor tissues independently. In 
the tumor tissues, we identified 62 metabolites that were 
significantly different (FDR < 0.05) between LCC versus 
RCC, 13 metabolites significantly different between LCC 
versus rectum, and 54 metabolites significantly different 
between RCC versus rectum (Fig.  2B). Similarly, in the 
normal mucosa, 83 metabolites were significantly differ-
ent (FDR < 0.05) between LCC versus RCC, 33 metabo-
lites were significantly different between LCC versus 
rectum, and 88 metabolites were significantly different 
between RCC versus rectum (Figure S7). The metabolites 
that were significantly different in at least one pairwise 
comparison was used to perform hierarchical cluster-
ing analysis, and the distribution of these metabolites 
across three regions (RCC, LCC and rectum) is shown in 
Fig.  2B and S7. We discovered several intriguing meta-
bolic differences between RCC and LCC tumors. Specifi-
cally, 11 phospholipid metabolites (five LysoPCs and six 
LysoPEs) and three bile acids (glycocholic acid, glyco-
deoxycholic acid, and glycoursodeoxycholic acid) were 
significantly upregulated in RCC tumors compared to 
LCC tumors. Comparing tumors from RCC and LCC 
locations, a purine metabolism pathway was markedly 
activated, with seven metabolites downregulated (NAD, 
NADH, NADP+, FAD, ADP, cyclic AMP, and inosine) 
and one metabolite elevated (uric acid) in RCC tumors. 
Additionally, we observed downregulation of six metabo-
lites (glucose-6-phosphate, glucosamine-6-phosphate, 
GDP-glucose, fucose-1-phosphate, UDP, and N-acetyl-
neuraminic acid) involved in the amino acid sugar and 
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Fig. 2  A Hierarchical clustering analysis of metabolite abundances from colorectum tissue samples. Abundances for metabolites significantly differenti-
ating in at least one pairwise comparison between colorectum subsites are shown across seven colorectum subsites in tumors (39 metabolites). Abun-
dances were averaged from each subsite. Metabolites highlighted with blue asterisk (19 metabolites) were commonly altered in both normal and tumor 
tissues. B Hierarchical clustering analysis of metabolite abundances from colorectum tissue samples. Abundances for metabolites significantly differenti-
ating in at least one pairwise comparison between three major regions are shown across the left side colon, right side colon, and rectum in tumors. Abun-
dances were averaged from each subsite. Metabolites highlighted with blue asterisk (25 metabolites) were commonly altered in both normal and tumor 
tissues. C Distribution of metabolite abundances showing concentration gradient exist from cecum to rectum in both tumors and normal mucosa. Linear 
regression analysis was performed between metabolite abundances and seven subsites. Three representative metabolites showing significantly linear 
trend (Plinear<0.05) from cecum to rectum. The concentration gradient is similar in both normal colon and colon tumor (glycoursodeoxycholic acid), con-
centration gradient is different between normal colon and colon tumor (N-acetylneuraminic acid and adenosine diphosphate). Each subsite is presented 
in a unique color. Red-Cecum, green-Ascending, blue-Transverse, cyan- Descending, light violet-Sigmoid, yellow-Rectosigmoid and dark violet-Rectum. 
D Subsite specific unique metabolites markers significantly (p < 0.05) associated with CRC prognosis. Hazard ratio (HR) for each metabolite (log2-trans-
formed abundance) was calculated by Cox proportional hazard regression analysis between log2 abundances of individual metabolites and 5-year overall 
survival in each subsite, adjusting for age, sex, chemotherapy and stage. Error bars represent 95% confidence intervals (CIs). The unique survival metabo-
lites for each subsite are color coded differently. Cecum-blue, Ascending-pink, Transverse-green, Descending-yellow, Sigmoid-purple, Rectosigmoid-grey, 
Rectum-ice blue. GDCA - Glycodeoxycholic acid, GUDCA -Glycoursodeoxycholic acid, 5-HIAA - 5-Hydroxyindole-3-acetic acid, N-acetylneuraminic acid, 
PAA - Phenylacetylglycine, PAGln - Phenylacetylglutamine, NMDA - N-Methyl-D-aspartic acid, E2-3G - Estradiol-3-glucuronide, gamma-Glu-Glu - Gamma-
glutamylglutamate, g-Glu-epsilon-lys - Epsilon-(gamma-Glutamyl)lysine, SAM - S-Adenosyl-methionine, NAAG - N-Acetylaspartylglutamic acid
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nucleotide sugar metabolism pathway, in RCC tumors 
compared to LCC tumors.

Gradual changes in metabolite abundances from the 
cecum to the rectum challenge the simple classification of 
CRC into right-sided and left-sided cancer
We analyzed the distribution of the annotated metabo-
lites (those identified at level 1 and level 2) across all 
seven subsites of the colorectum in both normal and 
tumor tissues. The analysis showed that many of the 
metabolites did not change abruptly and that these 
markers gradually increased or decreased in abundance 
from the cecum to the rectum along the colorectum, 
challenging the conventional classification of CRC into 
right-sided and left-sided cancers. By linearity test, 50 
metabolites were significantly linear from the cecum 
to rectum in normal mucosa tissues with 23 metabo-
lites showing an increasing gradient and 27 metabo-
lites showing a decreasing gradient. We found that 25 
metabolites were significantly linear from the cecum to 
the rectum in tumor tissues with 10 metabolites show-
ing an increasing gradient and 15 metabolites showing 
a decreasing gradient. There were 14 metabolites that 
showed a significant linear trend in both normal and 
tumor tissue (Figure S8 and Table S9). The distribution 
of three representative metabolites showing significantly 
linear trends (Plinear<0.05) from cecum to rectum in each 
case are shown in Fig. 2C. For instance, glycoursodeoxy-
cholic acid displayed a decreasing concentration gradi-
ent from cecum to rectum, with similar trends followed 
in both colon tumor and normal tissues (Fig.  2C). Gly-
coursodeoxycholic acid had Plinear<0.05 for both normal 
mucosa and tumor tissue. Figure 2C shows that adenos-
ine diphosphate (ADP) exhibited a gradual increase 
(Plinear< 0.05) from cecum to rectum in tumor tissue but 
remains relatively stable across subsites in normal tis-
sues. N-acetylneuraminic acid showed exactly the oppo-
site trend, gradually increasing (Plinear<0.05) from cecum 
to rectum in normal tissue but remains relatively similar 
across subsites in tumor tissues (Fig.  2C). These results 
also validated our previous study which showed signifi-
cantly higher levels of glycocholic acid and glycourso-
deoxycholic acid in RCC tumor as compared to LCC 
tumors [12]. Overall, our findings indicate that metabo-
lite concentration gradient exists across the colorectum 
with these gradients contingent upon the disease status.

Metabolites associated with survival were different and 
unique to each subsite
Cox proportional hazard regression analysis was per-
formed to identify the association between log2 abun-
dances of individual metabolites and 5-year overall 
survival in each subsite, adjusting for age, sex, chemo-
therapy, and stage. A two-sided p < 0.05 was considered 

statistically significant. Notably, we observed inter-sub-
site differences in survival markers and distinct metab-
olites were associated with survival in each subsite 
(Fig.  2D). We identified unique metabolite markers sig-
nificantly (p < 0.05) associated with 5-year overall sur-
vival, with 13 metabolites in the cecum, 10 metabolites in 
the ascending, 2 metabolites in the transverse, 2 metabo-
lites in the descending, 6 metabolites in the sigmoid, 28 
metabolites in the rectosigmoid and 14 metabolites in 
the rectum that showed exclusive associations (Fig. 2D). 
Next, we grouped the subsites and identified the asso-
ciation between metabolites and 5-year overall survival 
in RCC, LCC, and the rectum regions. We identified 
unique metabolite markers significantly (p < 0.05) associ-
ated with 5-year overall survival in each of these regions, 
with 6 metabolites in RCC, 15 metabolites in LCC, and 
19 metabolites in the rectum region (Figure S9).

Development of an interactive colorectal cancer 
metabolome platform
To facilitate further exploration of the extensive data 
generated in this study, we designed an interactive, pub-
licly accessible online platform to enable researchers and 
healthcare professionals to probe the CRC metabolic 
landscape across seven subsites (https://colorectal-can-
cer-metabolome.com/yale-university). This user-friendly 
interface permits the investigation of metabolite distribu-
tions, diagnostic and survival heterogeneity, and unique 
metabolite markers of each subsite, with highlights for 
data visualization and statistical analysis. Furthermore, 
the interactive nature of the database allows for user-
driven exploration and hypothesis generation, empower-
ing deeper insights into CRC heterogeneous biology and 
illuminating future research directions in the underlying 
biological mechanisms driving colorectal cancer progres-
sion and response to therapy.

Discussion
Our comprehensive CRC metabolome map provides a 
novel and profound insight into CRC heterogeneity. Prior 
studies have reported that clinicopathological, molecular 
features, and risk factors do not change abruptly along 
the colorectum. Our study examining subsite specific 
metabolic changes offers a new dimension into CRC 
biology and may enable the development of more pre-
cise biomarkers. Moreover, our results emphasize the 
metabolic interactions that may be responsible for the 
subtle but noteworthy biological differences among sub-
sites, which may influence clinical outcomes. This study 
paves the way for more precise and tailored therapeu-
tic approaches that are designed to address the distinct 
metabolic environments of individual tumor microenvi-
ronments. Intertumoral heterogeneity, subsite-specific 
alterations in tumors relative to matched normal mucosa, 

https://colorectal-cancer-metabolome.com/yale-university
https://colorectal-cancer-metabolome.com/yale-university
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and unique subsite-specific survival markers collectively 
challenge the conventional classification of CRC into 
RCC, LCC, and rectal cancers, supporting and comple-
menting previous proposals of the CRC continuum [5, 
6, 13, 14]. Our study shows that right-sided vs. left-sided 
CRC classifications are too broad for understanding CRC 
heterogeneous biology and accurate identification of clin-
ically relevant biomarkers.

Gradual changes in metabolites along the length of the 
colorectum reinforce its continuum nature and under-
mine the notion of abrupt variations between anatomic 
boundaries such as the splenic flexure, sigmoid, and 
rectosigmoid. Metabolic heterogeneity was further vali-
dated with 39 and 70 significantly different metabolites 
between CRC subsites in tumor and normal mucosa tis-
sues, respectively. Metabolic heterogeneity across the 
colorectum could be related to subsite-associated differ-
ences in tumor development and the survival of patients. 
For instance, LysoPCs and LysoPEs showed significant 
heterogeneity between colorectum subsites and were 
significantly upregulated only in tumors from sigmoid, 
rectosigmoid and rectum subsites when compared to 
their matched normal mucosa, but they remain non-
significant in other subsites. Similarly, LysoPC (20:3) was 
significantly associated with poor survival in descending 
tumors only. The identification of metabolites signifi-
cantly altered in the specific subsites of the colorectum 
can help gain insights into how metabolic pathways differ 
and how their regulation changes along the length of the 
colorectum.

Knowledge of the differences in metabolite levels in 
normal tissues across the colorectum is also crucial, as 
the basal metabolism of the normal tissue of origin influ-
ences the metabolism of cancer cells. The biology of 
the normal colon tissue, which also contributes to the 
tumor microenvironment, is temporally and geographi-
cally heterogeneous across the colorectum due to differ-
ences in blood flow, nutrition availability, oxygen levels, 
and microbial and cellular composition [15]. Certain 
metabolites abundant in normal tissue may affect can-
cer development, e.g. short chain fatty acids produced by 
the microbiome are anti-inflammatory and anti-prolif-
erative [16]. The gut microbial changes along the length 
of the colorectum from the cecum to the rectum have 
been shown previously [8, 9] which can influence the 
creation and utilization of different metabolites and can 
also explain the linear trends of metabolites in our study. 
Knowing these mechanisms can aid targeted therapies 
that capitalize on metabolic heterogeneity between CRC 
subsites, potentially improving treatment efficacy while 
safeguarding normal tissue function.

Inter-subsite heterogeneity in survival metabolite markers 
across colorectum
Finally, we explored the clinical relevance of the discov-
ered metabolites by examining their association with 
survival of the CRC patients. Previous studies have 
reported that the survival rate varies between CRC sub-
sites, but the reason for such differences remained largely 
unknown [14]. Inter-subsite differences in survival mark-
ers in our study not only validate the previous studies 
but also add substantial value by revealing distinct tumor 
biology that could govern these differences in each sub-
site. Our study is the first to identify metabolite markers 
associated with survival in each specific subsite which, in 
turn, provides a robust foundation for future studies to 
gain a deeper understanding of biological mechanisms 
governing subsite specific differences in CRC.

Conclusion
This is the first comprehensive CRC metabolome map 
describing diagnostic and survival heterogeneity in can-
cers of different subsites of the colorectum. To facilitate 
further interrogation of the extensive data generated in 
this study, we designed an interactive, publicly accessible 
online platform  (https://colorectal-cancer-metabolome.
com/yale-university) that will allow user-driven explo-
ration and hypothesis generation, empowering deeper 
insights into CRC heterogeneous biology. The right-sided 
vs. left-sided CRC classifications are too broad for under-
standing CRC biology and accurate identification of clini-
cally relevant biomarkers. Metabolite profiles vary for 
tumors in different regions of the colorectum. Our study 
underscores the need to investigate subsite specific dif-
ferences in CRC more in detail. This can ultimately be 
critical for designing better treatments tailored to each 
patient according to their tumor type.
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