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Colorectal cancer is the second leading cause of cancer-related deaths worldwide, and its development
typically involves complex metabolic reprogramming. By mapping the spatial distributions of metabolites
and N-glycans in heterogeneous colorectal cancer tissues, we can elucidate cancer-associated
metabolic and N-glycan changes. Herein, we combine mass spectrometry imaging-based metabolomics
and N-glycomics to characterize the spatially resolved reprogramming of metabolites and N-glycans in
colorectal cancer tissues. The metabolic characteristics of different regions of colorectal cancer were
evaluated through the utilization of orthogonal partial least squares discriminant analysis. In combination
with metabolic pathway enrichment analysis, significant alterations were identified in the fatty acid
metabolism, arginine and proline metabolism of colorectal cancer. Cancer cell regions exhibited
a marked upregulation of saturated fatty acids, monounsaturated fatty acids, polyamines, and histidine.

Additionally, we discovered that the high-mannose N-glycans were predominantly distributed in tumor
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Accepted 10th January 2025 issue regions, whereas complex N-glycans were more commonly found in the normal tissue regions

adjacent to the tumor. Such findings provide new insights into the spatial signatures of metabolites and

DOI: 10.1035/d4ra08100e N-glycans in colorectal cancer, thereby offering a crucial basis for the diagnosis of colorectal cancer and
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Introduction

Colorectal cancer is the second leading cause of cancer deaths
worldwide, claiming approximately 930 000 lives annually."* The
initiation and progression of colorectal cancer are closely asso-
ciated with its complex biological characteristics, often involving
intricate metabolic alterations. Endogenous metabolites,
including fatty acids, amino acids, polyamines and nucleotides,
are essential nutrients required for tumor cell growth, prolifera-
tion and invasion. They also regulate biological processes such as
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potential vulnerabilities that might be targeted for cancer therapy.

cell signaling, energy metabolism, and immune evasion.**
Previous studies have shown that tumor cells undergo significant
metabolic reprogramming, altering their metabolism to meet the
demands of rapid growth and invasion.” Protein glycosylation
is a prevalent post-translational modification in which proteins
covalently attach to sugar molecules, forming glycoproteins,
encompassing N-glycosylation and O-glycosylation."*** Growing
evidence suggests that the reprogramming of N-glycans in tumor
cells can be used to discriminate normal and tumor tissues,
potentially providing stage specificity for different kinds of
tumors.'**® However, it should be noted that metabolites and N-
glycans are closely related in metabolic pathways. For example,
uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) is a key
nucleotide sugar precursor in the process of N-glycosylation,
while asparagine is a small molecule metabolite involved in the
synthesis of UDP-GIcNAc. Thus, metabolic changes in metabo-
lites may indirectly affect the efficiency of N-glycosylation.>**
Characterizing the alterations of metabolites and N-glycans
during tumor initiation and progression will contribute to the
understanding of tumor molecular mechanisms, offering
potential diagnostic and therapeutic targets for tumor
treatments.***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Metabolomics analysis can investigate the differential
expression of metabolites between tumor and normal tissues,
identify tumor-associated metabolic alterations, and highlight
the complex metabolic reprogramming in  tumor
microenvironment.>*® Researchers have successfully carried
out metabolomics analysis on colorectal cancer tissues using
liquid chromatography-mass spectrometry (LC-MS). For
example, Shen et al. employed LC-MS to conduct metabolomics
analysis on human colon tissues, and they found that gluta-
mate, glutathione, creatine, proline and tryptophan were
significantly upregulated in colorectal cancer tissue compared
to normal tissue.? Professor Owen J. Sansom's team utilized LC-
MS to analyze the molecular mechanisms of colorectal cancer
from a metabolomics perspective, revealing the potential of
adenosyl homocysteinase as a novel therapeutic target for
colorectal cancer.’® The Sansom team utilized mouse models
and human colorectal cancer patient samples, employing LC-
MS technology to reveal the key role of the amino acid trans-
porter SLC7A5 in KRAS-mutant colorectal cancer and propose
SLC7A5 as a potential therapeutic target.*® However, this
method requires homogenization of the tissue samples, which
severely disrupts the spatial information of metabolites in
highly heterogeneous cancer tissues, and cannot achieve in situ
analysis of metabolites. Matrix-assisted laser desorption/
ionisation mass spectrometry imaging (MALDI-MSI) is a state-
of-the-art molecular imaging technique used for tissue
profiling, which allows for in situ mapping the spatial and
temporal dynamics of metabolites in biological tissues.?*=*

In this study, we proposed a multi-omics strategy combining
MSI-based metabolomics and N-glycomics to visualize the
spatial distributions of metabolites and N-glycans in different
regions of heterogeneous colorectal cancer tissues. Data-driven
unsupervised probabilistic latent semantic analysis (PLSA)
suggests significant molecular heterogeneity in colorectal
cancer tissues at both metabolite and N-glycan levels. Further-
more, we screened different expressed metabolites in distinct
tissue microregions including tumor tissue, normal mucosa
and muscularis tissues. Combined with metabolic pathway
enrichment analysis, it was found that fatty acid metabolism,
arginine and proline metabolism, and histidine metabolism
were significantly reprogrammed in tumor cells of colorectal
cancer. Then, we explored the different expressions of N-glycans
in distinct microregions of colorectal cancer tissues and found
that high-mannose N-glycans were predominantly distributed
in tumor regions, whereas complex N-glycans were more
abundant in tumor-adjacent normal tissues. These results
broaden our understanding of metabolic reprogramming in
colorectal cancer tumors and provide potential tumor diag-
nostic molecules at the metabolic and N-glycan levels.

Materials and methods
Chemicals and reagents

1,5-naphthalenediamine (1,5-DAN) was purchased from
Shanghai Aladdin Bio-chemical Technology Co., Ltd (Shanghai,
China). HPLC-grade acetonitrile (ACN) and ethanol were
provided by Merck (Muskegon, USA). Purified water was
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afforded by Hangzhou Wahaha Group Co., Ltd (Hangzhou,
China). PNGase F was obtained from New England Biolabs (MA,
USA). The citrate buffer was provided by Servicebio (Wuhan,
China). Tissue-Tek optimal cutting temperature (OCT)
compound was purchased from Sakura Finetek Japan Co., Ltd
(Tokyo, Japan). The indium tin oxide-coated slides were
provided by Bruker (Daltonics, Billerica, MA, USA).

Sample preparation for MALDI-MSI analysis

The research was conducted according to the guidelines of the
Declaration of Helsinki, and the protocol was approved by the
Medical Ethics Committee of Yi Du Central Hospital of Weifang
(no. 2023-100). A total of seven postoperative colorectal cancer
tissues were collected and embedded in OCT and then
sectioned into 14 pum consecutive slices at —20 °C using
a Thermo CryoStar NX50 NOVPD cryostat (Bremen, Germany).
The tissue sections were mounted on the conductive side of
ITO-coated slides for MALDI-MSI analysis.

Sample preparation for N-glycan MALDI-MSI

The colorectal cancer tissue sections were subjected to gradient
elution using 100% ethanol (2 x 3 min), 95% ethanol (1 x 3
min), 70% ethanol (1 x 3 min), and water (1 X 6 min) to remove
interfering molecules and enhance the sensitivity of N-glycan
detection. After hydration, the tissue slides were heated for
25 min in citrate buffer at 100 °C for antigen retrieval. After-
ward, the slides were dried in a vacuum pump for 10 min.
PNGase F (500 000 U mL ™", NEB) was sprayed over the slides
using a Matrix Builder automatic matrix sprayer to release N-
glycans from glycoproteins. 20 uL of PNGase F was first dis-
solved in 1 mL of water, and then the dissolved PNGase F was
sprayed on the tissue sections. The flow rate of the PNGase F
solution was 20 pL min~", the spray pressure was set at 10 psi,
the nozzle speed was 1000 mm min ', the nozzle temperature
was maintained at 37 °C, the distance between the nozzle and
the sample was 4 cm, the nozzle movement spacing was 3 mm,
and 40 spray cycles were applied. Following this, tissue sections
were incubated at 37 °C for overnight in a humidified chamber.

Matrix coating

1,5-DAN in ACN/H,O (80 : 20, v : v) solution at a concentration of
3.5 mg mL " was sprayed onto the tissue section at a flow rate of
100 puL min~". The nitrogen jet pressure and temperature were
set at 0.4 MPa and 50 °C, the temperature and speed settings for
matrix coating were 30 °C and 0.1 mL min ', respectively. A
total of ten spray cycles were carried out over each of the tissue
sections.

MALDI-MSI analysis

MALDI-MSI was conducted with a Rapiflex MALDI tissuetyper
TOF/TOF MS (Bruker Daltonics, Billerica, MA) in both positive-
and negative-ion modes. The spatial resolution was set to 100
um. The ion source voltage was 16 kV, the laser frequency was
5000 Hz with a laser shot frequency of 200 Hz. The laser energy
was set at 75%, the laser spot size was adjusted to 100 um, and
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scan settings were configured in reflectron mode. The spatial
distributions of metabolites were visualized using SCiLS Lab
2018b software (GmbH, Bremen, Germany).

Data analysis

Imaging data files were imported into the SCiLS software to
construct MS images and perform segmentation analysis. In the
tissue segmentation map, we applied the Bisecting k-Means
method, using Correlation Distance as the metric and setting
the Minimal Interval Width to +11.795 mDa. For the PLSA, we
first conducted peak detection on the tumor tissue data without
applying any scaling. Subsequently, we employed PLSA with
random initialization to identify and analyze three major
components. By matching the MS images with H&E staining
images, regions of interest were selected and the MS data for
these regions were obtained. After pre-processing the MS data,
the matrix data were further imported into SIMCA 14.0 soft-
ware, where Pareto scaling and mean-centering were applied to
the data. Supervised data analysis was then conducted using
orthogonal partial least squares discriminant analysis (OPLS-
DA) to visualize the distribution and relationships between
samples. Additionally, R 4.2.3 and MetaboAnalyst 5.0 software
were used for statistical analysis and data processing.

Analyte identification

Different metabolite ions were extracted to carried out high
resolution MS/MS analysis on tissue sections using Q-Exactive
Orbitrap mass spectrometer (Thermo Scientific, Bremen, Ger-
many). Then, the metabolite ions were identified based on
accurate mass value (<5 ppm for Orbitrap-MS, <20 ppm for
MALDI TOF-MS) in Table S1.f The representative MS/MS
spectra were demonstrated in Fig. S5-S9.7 The structures of
N-Glycans were obtained by comparison with the free database
(Glycoshape, https://glycoshape.io/).

Results and discussion

Spatially resolved multi-omics reveals tumor heterogeneity of
colorectal cancer

To explore the histological heterogeneity of colorectal cancer, we
first stained the cancer section from different patients. As shown
in Fig. 1a, in addition to tumor cells, we also discovered normal
mucosa and muscularis tissues on the H&E images. Furthermore,
we investigated the metabolic heterogeneity of colorectal cancer
tissues using MALDI-MSI (Fig. S4t). Fig. 1b demonstrates the
metabolites-driven tissue segmentation maps according to the
metabolite fingerprints of each scanning spot in cancer sections.
Different tissue regions are categorized according to their metab-
olite characteristics and given a specific color. Remarkably meta-
bolic heterogeneity can be inferred from the metabolites-driven
segmentation maps. Then, we conducted unsupervised probabi-
listic latent semantic analysis (PLSA) based on the spatial distri-
bution of tissue metabolites. Fig. 1c shows that the detected
metabolites were segmented into three fundamental components.
Component 1 represents a class of metabolites abundantly
expressed in tumor tissue. Component 2 indicates metabolites
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that exhibit a notable increase in normal intestinal mucosal tissue.
Furthermore, metabolites distributed separately in muscularis are
segmented into component 3. These results illustrate the molec-
ular heterogeneity of colorectal cancer at the metabolite level.

Furthermore, aberrant expression of glycosylation is closely
associated with the onset and progression of numerous
diseases, especially in certain tumors where abnormal N-
glycosylation patterns have been observed.***” Accordingly,
further investigation of N-glycans will aid in elucidating the
relationship between N-glycan components in glycoproteins
and specific diseases. In this study, we employed peptide N-
glycosidase F to cleave the glycoside bond between N-glycan and
asparagine to release N-glycan from glycoproteins. Fig. 1d
presents the N-glycan-driven tissue segmentation maps
according to the N-glycan fingerprints of each pixel point in
cancer sections. In a similar manner, we employed unsuper-
vised probabilistic latent semantic analysis to classify N-glycans
into three fundamental components. Fig. le illustrates the
spatial distribution of each N-glycan group within tumor tissue,
normal mucosa, and muscularis tissue. We discovered that N-
glycan components have different spatial distributions, sug-
gesting heterogeneity in N-glycan levels.

In situ screening of altered metabolites in colorectal cancer
tissue

To pinpoint regionally differentiated metabolites in distinct
colorectal cancer tissue regions, we constructed an orthogonal
partial least squares discriminant analysis (OPLS-DA) model for
MALDI-MSI data of colorectal cancer. Fig. 2a-d show the OPLS-
DA model established based on MALDI-MS profiles of tumor,
intestinal mucosa, and muscularis in positive and negative ion
modes. Obvious clustering and segregation were discovered in
OPLS-DA model, representing a striking metabolic difference
between tumor and intestinal mucosa (Fig. 2b and d), tumor
and muscularis (Fig. 2a and c), muscularis and intestinal
mucosa (Fig. S1t). Differently expressed metabolites between
tumor and adjacent normal tissues can be screened by the S-
Plot of OPLS-DA model, where the top right spots in S-plot
indicate up-regulated metabolites in tumor tissue and the
bottom left spots in S-plot represents down-regulated metabo-
lites in the tumor tissue (Fig. 2e-h). In positive MALDI-MSI ion
mode, we found that polyamines and phosphatidylcholines
(PCs) were the most significantly altered metabolites in tumor
vs. muscularis groups and in tumor vs. intestinal mucosa
groups (Fig. 2e and g). Similarly, fatty acids (FAs), glutamine,
and aspartate were screened as the most significantly altered
metabolites in tumor vs. muscularis groups and in tumor vs.
intestinal mucosa groups in negative MALDI-MSI ion mode
(Fig. 2h and f). Furthermore, we carried out clustering heat map
analysis to characterize the global clustering trend of different
metabolite ions in distinct regions of colorectal cancer tissues.
As shown in Fig. 2i, we discovered that saturated fatty acids and
monounsaturated fatty acids cluster significantly in tumor
tissues under the negative ion mode. Fig. 2j reveals that most
PCs, especially monounsaturated PCs, are highly enriched in
tumor tissue in positive ion mode. The discriminating metabolites

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Spatially resolved multi-omics reveals tumor heterogeneity of colorectal cancer. (a) The hematoxylin and eosin (H&E) stain image for
colorectal cancer tissue section and x10 magnified H&E stain image of different colorectal cancer tissue regions, scale bar = 2 mm for whole
tissue section. (b) Metabolite-driven tissue section segmentation. (c) Metabolite-driven in situ PLSA analysis. (d) N-glycan-driven tissue section

segmentation. (e) N-glycan-driven in situ PLSA analysis.

were then imported into MetaboAnalyst 6.0 (https://
www.metaboanalyst.ca/) to perform metabolic pathway analysis,
and we found that fatty acid metabolism, histidine metabolism,
arginine and proline metabolism, alanine, aspartate, and
glutamate metabolism were remarkably disrupted during
tumorigenesis (Fig. 2k). These results re-emphasize significant
metabolic reprogramming in colorectal cancer tissue.

Imaging the altered polyamine synthesis and metabolism in
colorectal cancer

Polyamines including spermine and spermidine were screened
as tumor-associated metabolites in this study. In terms of
cellular pathways, polyamines are endogenously produced

© 2025 The Author(s). Published by the Royal Society of Chemistry

polycationic small molecules derived from the decarboxylation
of the non-proteinogenic amino acid ornithine by ornithine
decarboxylase (Fig. 3a). Extensive studies indicated that the
disorder of polyamine metabolism is closely related to the
occurrence of different cancers. Spermidine is a putrescine
metabolite catalyzed by spermidine synthase (SRM), spermine
is then generated from spermidine via spermine synthase
(SMS).*** The imaging and results of colorectal cancer tissue
revealed that spermidine is much higher than that in muscu-
laris and intestinal mucosa tissues, with spermine also showing
a noticeable increase in tumor tissue compared to both mus-
cularis and intestinal mucosa tissues (Fig. 3b and c). This result

RSC Adv, 2025, 15, 1838-1845 | 1841
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further reveals that the synthesis and metabolism of poly-
amines are significantly disrupted in colorectal cancer.

Fatty acids metabolism disorders in colorectal cancer

Tumor cells rely on the large amounts of energy and small mole-
cule metabolites released through fatty acid B-oxidation to meet
the demands of their rapid proliferation.***® Fatty acid synthase
catalyzes the de novo synthesis of fatty acids from acetyl-CoA.

1842 | RSC Adv, 2025, 15, 1838-1845

Through the actions of elongates (ELOVL1-7) and desaturases
(A4,5,6,9D), fatty acids of different carbon chain lengths and
degrees of saturation were produced (Fig. 4a). Specifically, we
observed elevated levels of saturated fatty acids (FA-C14:0, FA-
C18:0, FA-C20:0) in tumor tissue, whereas their expression was
downregulated in muscularis and intestinal mucosa tissues
(Fig. 4b-d). Similarly, monounsaturated fatty acids (FA-C16:1, FA-
C18:1) exhibited higher expression in tumor tissue compared to
muscularis and intestinal mucosa tissues (Fig. 4e and f). Poly-
unsaturated fatty acids (PUFAs), which included w-3 and w-6 fatty
acids, were synthesized through a series of enzyme-catalyzed
reactions. Oleic acid (FA-C18:1) was converted into poly-
unsaturated fatty acids such as FA-C20:4, FA-C22:5, and FA-C22:6
through the catalytic actions of elongate (ELOVL), fatty acid desa-
turase (FAD), and stearoyl-CoA desaturase 1 (SCD1). A striking
observation was that FA-C20:4 (w-6 polyunsaturated fatty acid) and
FA-C20:5 (w-3 polyunsaturated fatty acid) were expressed in tumor
tissues, as well as in the muscularis and intestinal mucosa tissues
(Fig. 4h and i). Leucine, as a precursor for the synthesis of acetyl-
CoA, is expressed higher in the muscularis than in the tumor
tissue (Fig. S21). These studies emphasized the expression patterns
of polyunsaturated fatty acids in different regions of colorectal
cancer, which was crucial for exploring their functional differences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between cancerous and normal tissues. However, it should be
noticed that due to the presence of in-source fragmentation, the
visualized fatty acids here include both free fatty acids and in
source fragmentation fatty acids from larger lipids.

Phospholipids are essential components of cell membranes,
and tumor cells typically require various metabolic pathways to
acquire the energy needed to construct new cell membranes.**
Mass spectrometry imaging results reveal the spatial distribu-
tion of different phospholipid (PC) molecules in colorectal
cancer tissues. Mono-unsaturated phospholipids PC-32:1, PC-
34:1, PC-36:1 were highly expressed in tumor regions, while
PC-38:4 showed increased expression at the junction of tumor
and muscularis areas (Fig. S31).

Imaging the altered histidine metabolism in colorectal cancer

Histidine is an essential amino acid in organisms, which can be
decarboxylated by histidine decarboxylase to form histamine.*
Increasing evidence suggests that cancer often undergoes pro-
longed and repeated inflammatory responses before its onset.**
In this study, we found that the level of histidine in cancerous
tissues was higher than that in the muscularis and intestinal
mucosa tissues (Fig. 5a). Correspondingly, the decarboxylation
product of histidine, histamine, was lower in tumor tissues
compared to muscularis and intestinal mucosa tissues, with no
difference between muscularis and intestinal mucosa tissues
(Fig. 5b). These results may suggest that cancerous tissues, after
undergoing prolonged inflammation, deplete large amounts of
inflammatory mediators, including histamine, resulting in
a decrease in histamine levels within the cancerous tissues.

MALDI-MSI of N-glycans in colorectal cancer

Biomacromolecule N-glycans are mainly synthesized by cells
and participate in signal transduction on the cell surface and
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Fig. 5 Imaging the altered histidine metabolism in colorectal cancer.
(a) MALDI-MSI image and expression levels of histidine. (b) MALDI-MSI
image and expression levels of histamine.

interactions between cells.***® Glycogen is degraded into
glucose-6-phosphate (G6P) in the cytoplasm, which is then
converted into N-acetylglucosamine-6-phosphate (Gn6P). Gn6P
is further converted to UDP-GlcNAc, which is used to synthesize
the core oligosaccharide. This core oligosaccharide is trans-
ferred to asparagine residues on nascent polypeptide chains by
oligosaccharyltransferase and undergoes further modifications
in the endoplasmic reticulum and Golgi apparatus, ultimately
forming complex N-glycan structures (Fig. 6a). Asparagine
linked oligosaccharides (N-glycans) have a core pentasaccharide
composed of mannose and glucosamine, which can be classi-
fied into three types: high mannose, hybrid sugars, and complex
sugars (Fig. 6b). Currently, an increasing number of studies
indicated that cancer transformation was often accompanied by
abnormal cellular glycation characteristics during tumor
development. As shown in Fig. 6c-f, the high mannose N-

_GJ -

b
. Y

UDP-GIcNAC  Glycan

High manose ‘Complex Hybria

HocNAc  @Man  Ocal  BFuc  ®siasa

Fig. 6 MALDI-MSI of N-glycans in colorectal cancer. (a) A simplified
flowchart for the synthesis of N-glycans. (b) Classification and struc-
ture of N-glycan. (c—n) MALDI-MSI images of Hex6HexNAc2, Hex7-

HexNAc2, Hex8HexNAc2, Hex9HexNAc2, Hex3HexNAc2dHexl1,
Hex3HexNAc4dHex1, Hex4HexNAc4, Hex4HexNAc4dHexl, Hex5-
HexNAc4dHex1, Hex4HexNAc5dHex1, Hex5HexNAc5dHex1,
Hex6HexNAc5dHex1.
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glycans, such as Hex6HexNAc2 (m/z, 1419.48), Hex7HexNAc2
(m/z, 1581.53), Hex8HexNAc2 (m/z, 1743.58), and Hex9HexNAc2
(m/z, 1905.63) were present in the tumor tissues. N-glycans
Hex4HexNAc4 (m/z, 1501.53, Fig. 6i) with a dual N-acetylglu-
cosamine structure, as well as other complex N-glycans con-
taining fucose and galactose structures such as
Hex3HexNAc4dHex1 (m/z, 1485.53, Fig. 6h) and Hex4Hex-
NAc4adHex1 (m/z, 1647.59, Fig. 6j), had higher content in the
muscularis and intestinal mucosa tissues. Particular interest
was that the dual antenna composite N-glycan Hex5Hex-
NAc4adHex1 (m/z, 1809.64, Fig. 6k) and the triple antenna
composite N-glycan Hex6HexNAc4dHex1 (m/z, 2174.77, Fig. 6n)
mainly existed at the junction of tumors and normal tissues.
These findings further supported the correlation between high-
mannose type N-glycosylation and tumor progression. The
abnormal growth rate of cancer cells may be due to the inability
of N-glycans to form complex or hybrid structures.

Conclusions

To sum up, we proposed a multi-omics approach that integrates
metabolomic and N-glycomics analyses, coupled with MALDI-
MSI imaging, to visualize the spatial distributions of metabo-
lites and N-glycans across distinct regions of colorectal cancer.
Region-specific metabolites and N-glycans in cancer and
normal cells were screened. Further combined with metabolic
pathway enrichment analysis, we revealed that fatty acid
metabolism, arginine and proline metabolism, and histidine
metabolism underwent significant reprogramming. The
expression of polyamines, saturated and monounsaturated fatty
acids, and histidine were markedly elevated in the tumor area.
Conversely, polyunsaturated fatty acids and histamine metab-
olites were more abundant in normal tissue than in the tumor.
Additionally, in situ spatial characterization showed that high
mannose N-glycans were mainly distributed in tumor areas,
whereas complex N-glycans were more abundant in normal
tissue areas. The research provides a molecular basis for the
diagnosis and pathological mechanism of colorectal cancer at
the metabolic level and provides potential targets for its diag-
nosis and treatment intervention.
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