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ARTICLE INFO ABSTRACT

Keywords: Colorectal cancer (CRC) is the third most common cancer in the world with a higher prevalence in the developed
Mass spectrometry imaging countries, mainly caused by environmental and lifestyle factors such as diet, particularly red meat consumption.
timsTOF

The metabolic impact of high red meat consumption on the epithelial part of the colon was investigated using
Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry Imaging (MSI), to specifically analyze the
epithelial substructure. Ten colons from rats fed for 100 days high red or white meat diet were subjected to
untargeted MSI analyses using two spatial resolutions (100 pm and 10 pm) to evaluate metabolite changes in the
epithelial part and to visualize the distribution of metabolites of interest within the epithelium crypts. Our results
suggest a specific effect of red meat diet on the colonic epithelium metabolism, as evidenced by an increase of
purine catabolism products or depletion in glutathione pool, reinforcing the hypothesis of increased oxidative
stress with red meat diet. This study also highlighted cholesterol sulfate as another up-regulated metabolite,
interestingly localized at the top of the crypts. Altogether, this study demonstrates the feasibility and the added

Colonic epithelium
Red meat diet

value of using MSI to decipher the effect of high red meat diet on the colonic epithelium.

1. Introduction

Over the past decade, red and processed meat consumption,
conversely to white meat, has been associated with numerous adverse
effects on health of which cardiovascular diseases [1], diabetes [2] and
CRC [3,4] are the most frequently reported. Red meat, classified as
probable carcinogen by the International Agency for Cancer Research
(IARC), its constituents and neo-formed products generated during
cooking, have been proposed to explain an increase in cancerous lesions
observed in the colon. Therefore, due to its direct proximity with the
colonic lumen and thus dietary compounds, colonic epithelium repre-
sents a relevant substructure to assess the influence of diet on the colonic
tissue. Regarding CRC, a dose response relationship has been established
by a meta-analysis performed by the World Cancer Research Fund that
determined that a 100-g increase in red meat consumed per day was
associated with a 12 % greater risk of developing CRC [5,6]. Various
compounds, e.g. intrinsic to red meat or neo-formed during cooking,
have been proposed as hypotheses to explain this close relationship.

Neo-formed compounds such as heterocyclic aromatic amines or poly-
cyclic aromatic hydrocarbons have been suspected to promote carci-
nogenesis because of their ability to form DNA adducts [7-9]. On the
other hand, heme iron, present in high concentration in red meat, has
been shown to promote luminal lipid peroxidation, promote the for-
mation of preneoplastic lesions as well as reshaping the microbial
community of the colonic environment [10-12]. Red meat and its con-
stituents such as heme iron have a direct impact on the colonic epithe-
lium as they can affect the viability of colonic epithelial cell, promote
hyperproliferation and the formation of preneoplastic lesions [13].
However, little is known about the impact of red meat consumption on
the colonic epithelium metabolome. Although recent studies performed
on rats and pigs reported an impact of high red meat diet on the
metabolome of the entire colon tissue [14,15], no study has specifically
focused on the impact of this type of diet on the colonic epithelium.
Thus, as this tissue is in direct contact with red meat and its constituents,
analyzing specifically colonic epithelium metabolome after red meat
consumption would provide direct insight into the metabolic changes
induced by this consumption and could be a useful tool to decipher the
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Abbreviations

CRC Colorectal cancer

IARC International Agency for Cancer Research
MSI Mass Spectrometry-based Imaging

LC-MS  Liquid Chromatography Mass Spectrometry

GC-MS  Gas Chromatography Mass Spectrometry

MALDI-TOF Matrix-Assisted Laser Desorption/Ionization Time-
Of-Flight

timsTOF Trapped Ion Mobility Time-Of-Flight

DHB 2,5- Dihydroxybenzoic acid

9-AA 9-Amino-acridine

CMC Carboxymethylcellulose

ROI Region of Interest

HMDB  Human Metabolome DataBase

RMS Root Mean Square

PCA Principal Component Analysis

ROC: Receiver Operating Characteristic
AUC Area Under the Curve
ROS Reactive Oxygen species

events leading to the promotion of carcinogenesis.

Due to the high prevalence of CRC, various metabolomics studies
were performed to improve our understanding of the metabolic distur-
bance at the cancerous stage. To improve the mechanistic understanding
of CRC development, many studies investigated tumoral colon or more
precisely tumoral biopsies. For example, L. Nugent et al. performed
metabolomic analyzes of colorectal adenoma by Liquid Chromatog-
raphy Mass Spectrometry (LC-MS) and Gas Chromatography Mass
Spectrometry (GC-MS) and highlighted accumulation of some metabo-
lites as inflammatory markers, depletion of antioxidant related metab-
olites in adenoma biopsies [16]. Other works have focused on the
influence of diet on the metabolic disruption of the gut microbiota. J.
Yang and al. studied the role of high-fat diet in driving CRC and
demonstrated that an elevated amount of lysophosphatidic acid pro-
motes CRC cell proliferation [17]. Usual analytical techniques (LC, GC,
capillary electrophoresis-MS ...) targeted on the colon or fluids (urine,
serum), were largely developed in the case of CRC study [18-20]. Few of
them were dedicated to the epithelium characterization [21], notably in
the case of study of influence of diet, due to the high difficulty to
distinguish the different colon substructures.

Mass spectrometry imaging is a start-of-art technique in the field of
tissue based-research. Hundreds to thousands of molecules can be
visualized on a tissue with this label-free technique. Introduced by
Caprioli et al. [22], Matrix-Assisted Laser Desorption/Ionization
Time-Of-Flight (MALDI-TOF) technology has entered the field of tissue
analysis by spatially imaging the mass-to-charge (m/z) ratio of both
endogenous/exogenous molecules. By providing precise molecular in-
formation, this technology has attracted intense attention to comple-
ment more traditional optical imaging techniques (histology,
microscopy...) in various fields such as pharmaceutical or biomedicine
(cancer-based research, monitoring of drug efficiency, distribution and
metabolization), allowing to investigate the metabolome in-situ and
introduce spatial metabolomics [23-25]. MSI was already used for colon
imaging related to CRC studies and was proved as an efficient technique
for tissue profiling [21,26-28]. However, only few studies were dedi-
cated to the investigation of the metabolome of the epithelial
compartment of colon. In this way, the objective of this study was to
investigate the insight of MALDI-MSI coupled to Trapped Ion Mobility
Time-Of-Flight (timsTOF) Mass Spectrometry for the visualization and
the identification of high red meat consumption markers within the
colon epithelium in a pre-cancerous stage. In this way, a MSI workflow
was optimized to perform high spatial resolution analysis, not only to
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regionalize the effect on the epithelial part but also to allow seeing ef-
fects within the crypt. For this biological study, 10 rats were fed either
raw red or white meat for 100 days. Sample preparation was optimized
to allow high spatial resolution imaging mass spectrometry (10 pm) and
to visualize the localization of metabolic dietary effect within the crypt.
Experiments were performed on the timsTOF fleX instrument which
allows 4D-spatial Omics analysis (localization, intensity, m/z, collision
cross section), visualization and identification of red meat diet markers
within the crypt of the colon epithelium. In this way, this work com-
bined various analytical and biological novelties, namely high spatial
resolution MALDI imaging (10 pm), the ion mobility dimension for
imaging analysis and the study of diet effect on the rat colon epithelial
part with the localization of biomarkers within the crypt.

2. Materials and methods
2.1. Reagents and chemicals

All solvents and LC/MS calibration mixture were purchased from
Fisher Scientific (Thermo Fisher Scientific, Illkirch, France). 2,5- Dihy-
droxybenzoic acid (DHB), 9-Amino-acridine (9-AA), carboxymethylcel-
lulose (CMC) and gelatin from porcine skin were purchased from Sigma-
Aldrich (St. Louis, USA).

2.2. Animal and diets

Four weeks-old male F344 rats (5 rats/group) were purchased from
Charles River and housed in conventional cages. Animal experiment was
authorized by the French Ministry for Higher Education, Research and
Innovation (MESRI) in accordance with the local ethic committee
evaluation (APAFIS#27180-2020091017209910 v2). After random
assignment to cages, rats underwent a 10-days period acclimation and
were fed a standard chow. After acclimatization rats were fed the
experimental diets for 100 days. To initiate carcinogenesis rats were
injected intraperitoneally with azoxymethane (20 mg/kg body weight) 5
days before experimental diet. Rats had unlimited access to tap water
and diet throughout the experiment. Diets were provided daily in the
late afternoon to limit oxidation. The red meat diet contained 40 % (on a
dry weight basis) of 5 % fat beef meat (Picard, France) and white meat
diet contained 40 % (on a dry weight basis) of chicken breast. White
meat diet was adjusted for fat using saturated animal fat. Experimental
diets composition is detailed in Table S1.

2.3. Sample collection

After 100 days of experimental diets, rats were sacrificed by exsan-
guination after isoflurane inhalation. Colons were harvested, washed
with Phosphate Buffered Saline (PBS) solution, opened longitudinally
and prepared as “swiss-rolls” (approximate dimension: diameter = 7 mm;
height = 1 cm).

2.4. Tissue preparation

2.4.1. Tissue embedding

Four percent CMC solution (W/V) and 10 % gelatin solution (W/V)
were prepared by dissolving the appropriate amount of powder in
distilled water. For powder dissolution, solution was gently stirred to
avoid air bubble and heated at 60 °C. Three different embedding tech-
niques were tested in this work. For each Swiss-roll, 3 serial slices were
cut and either embedded in CMC or gelatin prior to freezing or snap-
frozen in isopentane vapors (pre-cooled with liquid nitrogen) to pre-
serve tissue integrity.

2.4.2. Tissue sectioning
12 pm sections were cryo-sectioned using a cryostat Microm HM550
at —20 °C for both the specimen and the chamber. Sections were
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mounted on conductive Indium Tin Oxide (ITO)-coated slides (Bruker,
Bremen, Germany, 50 x 25 mm), vacuum dried for 15 min in a desic-
cator and stored at —80 °C. Before analysis, the slides were vacuum
dried for 30 min in a desiccator before MALDI matrix application.

2.5. MALDI matrix deposition

The colon tissues were coated using a homogeneous automatic
microsprayer HTX TM-sprayer M3 (HTX Imaging, Chapel Hill, NC, US).
In this work, various matrix deposition parameters were tested for DHB
application and optimization results are summarized in Table S2 and
Fig. S2.

2.6. Mass spectrometry instrumentation

MALDI imaging analyses were performed on a timsTOF fleX instru-
ment (Bruker Daltonics, Bremen, Germany) equipped with both laser
desorption ionization source (Smartbeam 3D laser technology, Bruker
Daltonics, Bremen, Germany) and an electrospray ionization (ESI)
source. MALDI mass spectrometry analyses were performed in both
positive and negative ionization modes in the m/z range 100-1000 with
trapped ion mobility switched off. Analyses were performed with a 10-
kHz laser and each pixel was the result of 200 laser shots. Entire swiss-
roll were acquired at 100 pm spatial resolution. For all colon, Region Of
Interest (ROI) were then acquired at 10 pm spatial resolution. Only one
swiss-roll was profiled at 100 pm with the trapped ion mobility switched
on to evaluate the spatial distribution of isomeric/isobaric compounds
of interest.

Before each analysis, external calibration was performed in the
suitable ionization mode by Tuning-Mix infusion via the ESI source in
the m/z range 100-1000. For Ion mobility analyses, spectra were
scanned from 1/KO0 0.63 V.s.cm 2 to 1/KO0 1.70 V.s.cm™2 with a ramp
time at 50 ms and an accumulation time at 20 ms.

2.7. Data processing

2.7.1. Processing

Images were acquired with the timsControl (Bruker, Bremen) and
FlexImaging (version 5.1, Bruker, Bremen) softwares. Images were then
processed with SCiLS Lab Pro, TIMS Data Viewer and DataAnalysis
(version 5.3) softwares (Bruker Daltonics, Bremen, Germany). Pathway
enrichment analysis was performed using MetaboAnalyst 5.0 [29] and
false discovery rate was used to correct for p-value. ROC curve and AUC
calculation were performed using SCiLS Lab Pro.

2.7.2. Metabolite annotation

A preliminary annotation of all the features was performed using
HMDB database with a threshold of & 10 ppm. To increase confidence in
annotations, putatively annotated metabolites were fragmented via «
on-tissue » tandem mass spectrometry MALDI MS/MS experiments. Ions
of interest were isolated using a + 2 Da window and fragmented by
Collision-Induced Dissociation with energy levels between 10 and 40 eV.
Spectra were recalibrated using the single point calibration option and
reprocessed using DataAnalysis (version 5.3) software (Bruker Dal-
tonics, Bremen, Germany). Experimental MS/MS spectra were
compared with MS/MS data from both the HMDB open source database
[30] and the MetFrag in-silico fragmentation tool [31]. Annotation
displayed in this manuscript constitute a level 2 annotation according to
the Metabolomics Standard Initiative guidelines [32].

3. Results
3.1. Sample preparation

3.1.1. Tissue embedding
Tissue preparation is of significant importance to obtain high quality
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image in mass spectrometry imaging, combining high spatial resolution
and analytical sensitivity. Tissues must not be damaged during sam-
pling, conditioning, preservation and during the MALDI matrix deposi-
tion stages. To this aim, all these steps must be optimized to study the
localization of metabolites in small tissue regions, namely the crypts of
rat colons. Collected tissues can either be directly snap-frozen or
embedded in MSI compatible media before freezing. In this work, three
sampling methods were tested, namely snap-freezing, and embedding in
carboxymethylcellulose (4 % w/w) or gelatin (10 % w/w). Theses
embedding matrices are commonly used in MSI experiments to prevent
tissue degradation and to facilitate cutting. During the sampling process,
colons were prepared as swiss-rolls by cutting them longitudinally then
rolling it up in itself. Tissues were then frozen in isopentane (cooled with
liquid nitrogen) according to the three conditions mentioned above.

The impact of sample preparation on analytical sensitivity was
evaluated. For that, the signal intensities, normalized to Root Mean
Square (RMS) for each condition, were compared within the m/z
100-1000 range. For each condition, three consecutive slices were
analyzed with the timsTOF mass spectrometer at the 100 pm spatial
resolution. Only the m/z peaks retrieved in the three conditions were
selected for data processing. The means of the signal intensities medians
were calculated in triplicate (n = 3) by dividing the m/z range. As shown
in Fig. S1 (a), the frozen condition appeared to give higher sensitivity in
the low m/z region whereas CMC condition led to higher intensities in
the m/z 600-1000 range. Results obtained with gelatin embedding
showed globally lower intensities over all the m/z range.

The annotation capacity was also evaluated. For the three conditions,
each m/z values extracted from SciLS software was matched with in-
ternal and public databases (HMDB, Lipid Maps) using a 15 ppm mass
error tolerance. For each embedding, only peaks showing less than 25 %
variability for n = 3 were kept for the test. Results are illustrated in the
Venn diagram presented in Fig. S1 (c). The gelatin embedding yielded
the higher number of matches with 752 hits against 719 for the snap-
frozen condition and 729 for the CMC embedding media, after vari-
ability filtration. This result may be due to the higher variability of the
snap-frozen condition with 23 % of peak intensities showing more than
25 % of variability (Coefficient of Variation, CV > 25 %, n = 3) against
CV =13 % and CV = 16 % for CMC and gelatin conditions respectively.
Considering the mass range, snap-frozen condition yielded more hits in
the m/z range of 200-500. Spatial resolution obtained after MSI analyses
did not allow to discriminate the three conditions (no delocalization
detected). Therefore, the snap-frozen condition was chosen as the best
compromise to limit tissue preparation steps, to avoid signals origi-
nating from the embedding matrix or sample preparation and to maxi-
mize annotation capacity in the low m/z range.

3.1.2. DHB matrix deposition method

In the positive ionization mode, DHB matrix was chosen thanks to its
range of molecular weights application (metabolites, lipids). Matrix
deposition process is of great importance to obtain high quality image
showing the biological spatiality of metabolites of interest. This step
must allow efficient molecule extraction for high desorption/ionization
process while reducing metabolite delocalization. Various deposition
parameters, presented in Table S2, were tested (matrix concentration,
solvent, flow rate, number of passes) for the positive ionization mode.
Two over the 4 matrix deposition methods (namely A and C, Table S2)
were described in the literature for the analysis of biological tissues
including colon [33,34]. In particular, method C has already been used
to visualize the distribution of drug in the intestine, along the
crypt-villus axis at 5 pm spatial resolution by MALDI-MSI [33]. Fig. S2
shows DHB crystallization using the four deposition methods. Method B
(Flow rate = 0.1 mL min™~'; Number of passes = 14; Track spacing = 3 mm;
Nozzle temperature = 60 °C; Nozzle velocity = 1200 mm; N2 pressure = 10
psi) clearly shows the lowest granulometry. This method was selected
for this study to reach optimal spatial resolution within the villus-crypt.
For negative ionization mode, the deposition procedure with 9-AA used



J. Ferey et al.

in the lab proved to be compatible with high resolution imaging analysis
as it yielded low granulometry and no spatial delocalization of
metabolites.

3.2. Imaging mass spectrometry method

3.2.1. Repeatability

Repeatability of MSI on the timsTOF instrument was evaluated. Low
analytical variability is required to obtain high confidence annotation
for biological interpretation. In this context, 9 serial swiss-roll slices
were analyzed over 3 days (n = 3 per day). Variability was assessed by
estimating the number of ions exhibiting CV > 25 %. For each replicate,
only ions detected in all the replicates (inter and intra-day) were pro-
cessed. Results are summarized in Table 1. The intra-day study (n = 3)
showed quite low variability (below 21 %) for MSI analysis whereas
inter-day variability was higher with 37 % ions intensities showing CV
> 25 %. This variability may be attributed to either sample preparation
variability (matrix deposition) or analytical variability over days. It
should also be noted that the inter-day is calculated using 9 replicates
whereas intra-day variability uses only 3. Given this observation, the
analyses were then performed on the same day to limit this higher inter-
day variability. Moreover, the scan rate of the MSI ToF MS analysis
(around 15 pixels.s ! in our analytical conditions) allowed the analyses
to be carried out on the same day. The matrix deposition was performed
simultaneously for all the sections and the tissue analysis was carried out
randomly between the two diet conditions.

3.2.2. Spatial resolution influence

This work focused on the set up of an MSI analytical method to study
the impact of red meat consumption on the colonic epithelium metab-
olome. Therefore, the objective of this method development was not
only to regionalize the effect on the epithelial part but also to see effects
within the crypts. The first step was to confirm the potential of the
analytical method to regionalize the epithelial part of the colon. A 100
pm spatial resolution analysis was therefore performed over the entire
swiss-roll sample. The image was imported into SCiLS Lab software and
was subjected to unsupervised segmentation (hierarchical clustering).
As shown in Fig. 1 (a), 100 pm spatial resolution is sufficient to allow
segmenting the tissue substructures and thus to distinguish the epithelial
part. In a second step, to visualize metabolite distribution within the
crypts, various spatial resolutions (namely 10 pm, 20 pm and 50 pm)
were tested to find the best compromise between metabolites visuali-
zation and analytical sensitivity. A spatial resolution above 10 pm did
not allow to precisely spatially resolve the crypt of the epithelium. As
shown in Fig. 1 (b, ¢), 10 pm spatial resolution analysis allowed to
visualize the crypts highlighting a molecular gradient. This study was
therefore performed at two different spatial resolutions. First, a tissue
profiling of the entire swiss-roll was carried out at 100 pm spatial res-
olution to highlight discriminative metabolites between the two groups
within the epithelium compartment. Then, the distribution within the
crypt of metabolites of interest was visualized using a 10 pm spatial
resolution analyses on a small part of the swiss-roll.

Table 1
Intra-day (n = 3) and inter-day (n = 3) variabilities of swiss-roll MALDI MSI
analysis.

Intra-day variability Inter-day
variability
Day 1 (n Day 2 (n Day 3 (n D1+D2+D3 (n
=3) =3) =3) =9)
Number of peaks 1869 1869 1869 1869
Number of peaks with 18 % 15 % 21 % 37 %

intensities CV > 25 %
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3.3. Biological results

This work explored the differential metabolic patterns between co-
lons from rats fed two different diets (either red meat/beef or white
meat/chicken). After MSI acquisition, data were imported into SCiLS
software and were normalized to RMS. Colons were segmented using
hierarchical clustering algorithm to regroup pixels in clusters defining
biochemical zones and submitted to multivariate analysis (Principal
Component Analysis). Fig. 2 shows a segmented swiss-roll and the
associated PCA analysis in the positive ionization mode highlighting two
principal biological zones: epithelial (blue) and muscular (yellow). The
red compartment is a non-tissue zone generated during the rolling up of
the swiss-roll. The hierarchical segmentation was applied to each swiss-
roll sample to select the epithelial zones which were subjected to un-
supervised PCA analysis using the Min-Max scaling. The PCA scores
plots for both ionization mode presented in Fig. S3 show a discrimina-
tion of the two groups (green: chicken diet, red: beef diet) suggesting
molecular differences in the epithelium between the two diets.

To visualize diet effects on the regionalized epithelial part, Receiver
Operating Characteristic (ROC) test was then applied on the features
detected in the epithelial tissue to highlight the discriminating metab-
olites between the two diets. Ions with Area Under the Curve (AUC)
values higher than 0.7 (or lower than 0.3) were selected as discrimi-
native. In a second step, to evaluate the impact of the diet within the
epithelial crypt, the epithelium tissue was subjected to another seg-
mentation by hierarchical clustering followed by a ROC test comparing
features detected at the top or the bottom of the crypt. Fig. S4 shows a
different spectral area located at the top of the crypt (blue zone). This
result suggested that some metabolites are specifically localized at the
top of the crypt. Fig. 3 (a) and (b) shows AUC values for discriminant
metabolites localized in the epithelial part and at the top of the crypts,
respectively. As presented in Fig. 3, 22 metabolites were found
discriminant, respectively 19 in the negative ionization mode and 3 in
the positive mode. These metabolites were first assigned using the open
source HMDB database [30], using a tolerance of + 10 ppm. Next,
structural elucidation was confirmed via « on-tissue » tandem mass
spectrometry MALDI MS/MS experiments.

The online MetFrag tool [31] was used to generate in-silico frag-
mentation profiles of the possible candidates. Other MS/MS spectra
were compared to data available on the online HMDB database. Anno-
tated metabolites are summarized in Table 2. Mass spectra acquired in
MSI revealed low mass error measurements (below 8 ppm) which is
highly acceptable for this instrument technology concerning imaging
analyses.

The m/z 465.3065 ion was particularly interesting due to its higher
AUC value at the top of the crypt (0.71 at the top versus 0.66 in whole
epithelium) from rats fed red meat. The distribution of this ion for both
100 pm and 10 pm studies with the associated ROC curve are displayed
in Fig. 4. This ion was annotated by generation of the molecular formula
(mass accuracy, isotopic pattern), m/z comparison with the HMDB
spectral library, MS/MS experiments and CCS value measurement with
ion mobility experiments. First, the molecular formula of the ion of in-
terest was determined using mass accuracy from both the monoisotopic
peak and the isotopic profile. The monoisotopic peak detected at m/z
465.3065 displayed 7 candidate formulas below 10 ppm mass error.
Combining this high-resolution measurement with the study of the iso-
topic pattern (Fig. S5) the molecular formula CoyH4604S [M — H]” was
selected (mo 4.8, m/z error 2.3 ppm). According to the open source
HMDB database, cholesterol sulfate was proposed. Assignment was
reinforced with an ion mobility mass spectrometry imaging analysis. An
entire swiss roll was analyzed at 100 pm spatial resolution with the
mobility cell activated. For the m/z 465.3065, two ions were detected at
1/K0 = 1.055 and 1/KO0 = 1.165, corresponding to CCS values of 218 A2
and 240 A? respectively. As shown in Fig. S6, the m/z 465.3065 ion
(with CCS 240 A?) is located at the top of the crypt. This CCS mea-
surement reinforced the assignment of cholesterol sulfate with an error
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Fig. 1. (a) Segmented swiss-roll at 100 pm spatial resolution, highlight of the epithelial tissue, (b) MSI image of the epithelium at 10 pm spatial resolution in the
positive ionization mode using DHB matrix, (c) MSI image of the epithelium at 10 pm spatial resolution in the negative ionization mode using 9-AA matrix.

b)

Component 2

Fig. 2. (a) Segmented swiss-roll at 100 pm spatial resolution, (b) associated Principal Component Analysis.

Glucosamine 6P Glucosamine 6P

a) Depletion in beef diet Excess in beef diet . b) Depletion in beef diet
PC(342) T — ! PC(342) ——E—— :
Acetylcholine ! I ! Acetylcholine I |
3-methyl-histidine — : 3-methyl-histidine : S :
NADH | 1 NADH Lt | !
Oxidized glutathione : I : oxidized glutathione — :
GDP-mannose ] 1 GDP-mannose 1 I 1
UDP Liduronate — : UDP Liduronate — :
% ATP | I 1 ATP ] 1
g Uridine triphopshate : I : Uridine triphopshate — :
g_ Cholesterol sulfate 1 .| 1 Cholesterol sulfate I .
£ ADP I ! ADP I
8 inositol 1,4,5 triphosphate : | ] : inositol 1,4,5 triphosphate I—
Uridine 5-diphosphate I ! Uridine 5-diphosphate L
Guanosine monophosphate — : Guanosine monophosphate —
Glutathione I I Glutathione I
AMP — i AMP |
I 1 I
I I
1 1
1 1
i s —]

Inosine _ Inosine I
Xanthine ] Xanthine |
Adenine ! Adenine
0.2 03 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Area Under the Curve (AUC) Area Under the Curve (AUC)

Fig. 3. Area Under the Curve (AUC) values of discriminant metabolites between red and white meat diets for (a) the epithelium part and for (b) the top of the crypts.
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Table 2
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Discriminant annotated metabolites associated with their Area Under the Curve (AUC) values and mass accuracies.

Experimental m/z AUC (beef versus chicken) Annotation Raw formula Adduct Mass accuracy ppm
Crypts Top of the crypts
134.0476 0.28 0.21 Adenine CsHsNs [M — HI 2.8
151.0248 0.72 0.65 Xanthine CsH4N402 [M—-H]" 8.9
267.072 0.76 0.66 Inosine C10H12N40s5 [M—-H]" 5.6
280.022 0.23 0.18 Glucosamine 6P CgH;4NOgP [M + Na—2H] ~ 5.8
328.0424 0.27 0.28 AMP C10H14N507P [M-H20-H] - 8.7
344.0348 0.3 0.22 Glutathione C10H17N306S [M + K-2H] ~ 6.9
362.0537 0.29 0.25 Guanosine monophosphate C10H14N508P [M—-H]" 8.2
402.9923 0.29 0.27 Uridine 5-diphosphate CoH14N2012P2 [M—-H]" 6.5
418.9566 0.34 0.29 inositol 1,4,5 triphosphate CeH15015P3 [M—-H]" 3.6
426.0226 0.25 0.24 ADP C10H15N5010P2 [M—-H]" 1.1
465.3065 0.66 0.71 Cholesterol sulfate Co7H4604S [M—-H]" 4.5
482.964 0.32 0.3 Uridine triphopshate CoH15N20:5P3 [M - H] " 5.7
505.99 0.31 0.29 ATP C10H16N5013P3 [M—-H]" 3
579.0227 0.3 0.24 UDP L iduronate C15H2oN20, 8P [M —H] " 7.4
604.0709 0.3 0.33 GDP-mannose C16H25N5016Po [M—-H]" 1.7
611.1495 0.35 0.27 Oxidized glutathione CooH32Ng012S2 [M—-H]" 7.9
664.1221 0.27 0.27 NADH C21H29N7014P2 [M—-H]" 6.9
170.0933 0.3 0.32 3-methyl-histidine C7H11N304 [M+H] " 5.3
146.1175 0.63 0.7 Acetylcholine C7H;16NO2 [M+H] * 0.4
796.5286 0.28 0.25 PC(34:2) C42HgoNOgP [M+K] * 4.1
(b) (c) AUC =0.706 , 465.3065 m/z + 35ppm

mmm Cholesterol sulfate

True positive rate (sensitivity)
o
o

o 03 05 07 09
False positive rate (1-specificity)

Fig. 4. Visualization of cholesterol sulfate (a) over the swiss-roll at 100 pm spatial resolution, (b) within the epithelium at 10 pm spatial resolution associated with
(c) the Receiver Operating characteristic (ROC) curve of red versus white meat diet.

of 3.5 % (LipidCCS Zhu Lab [35]). Assignment was also confirmed by a
MS/MS spectrum acquisition, highlighting the diagnostic fragment ion
[SO4H,-H]™ at m/z 96.952.

4. Discussion

MSI has already been applied to study the influence of diet on the
metabolome/lipidome of a tissue [36-38] including a study concerning
the influence of a high fat diet on mouse intestine [39]. Furthermore,
various MSI works were carried out on intestine tissue to evaluate the
molecular content of tumoral regions [21,26,27]. However, to the best
of our knowledge, there is no work in the literature concerning the study
of the impact of high red meat consumption on the metabolome of
crypt-villus tissue.

By using MSI we were able to spatially resolve all substructures of the
colonic environment in order to concentrate on a specific tissue as the
epithelium. A 100 pm spatial resolution analysis enabled to segment the
tissue and to distinguish the epithelial part. The comparison of the
epithelia between the two diet groups highlighted some discriminative
metabolites with higher analytical sensitivity than at a 10 pm spatial
resolution. These analyses, performed on the timsTOF instrument
offered fast MS imaging capacities (at 15 pixel.s"}, meaning around 7
min for 6000 swiss-roll pixels), allowing analyses to be carried out on a
single day and avoiding additional instrumental variability. Moreover,
sample preparation optimizations allowed to perform high spatial res-
olution TOF-MS imaging and to visualize the distribution of the
discriminative metabolites within the crypts. Few studies showed

similar resolution on the epithelial part using TOF-MS instruments [33,
40,41]. Besides, the use of ion mobility dimension enabled the separa-
tion of cholesterol sulfate isomer/isobar and CCS measurement and
helped to increase the reliability of the annotation.

In this work, we explored the differential metabolic patterns of colon
samples from rats fed red or white meat. Our results showed metabolic
pathways remodeling in the colon of rats fed red meat with discrimi-
native metabolites found to be up and downregulated. A pathway
enrichment analysis, shown in Fig. 5, revealed that, among impacted
pathways in the colonic epithelium, purine catabolism was one of the
most disturbed by the high red meat diet.

This leads to an increase of final products of the purine catabolism
pathway such as inosine, xanthine and hypoxanthine and a decrease of
purine related levels such as IMP and AMP as shown in Fig. 6. This result
could be explained by the high amount of iron (in particular heme-iron)
contained in red meat conversely to white meat diet. Indeed, numerous
studies have shown that iron was an activator of purine catabolism and
in particular of xanthine oxidase [42-44]. Such activation of xanthine
oxidase activity leads to an increase of hydrogen peroxide and oxygen
superoxide which may induce oxidative stress [43]. These data suggest
that, in addition to the extensively described heme-induced lipid per-
oxidation [45-47], heme iron could also impact the metabolism of the
colonic epithelium leading to the generation of Reactive Oxygen Species
(ROS) and thus contributing to the formation of a pro-oxidative envi-
ronment. This hypothesis is also supported by the lower levels of
glutathione (both oxidized and reduced) detected in the epithelium of
the colon of rats fed with high red meat diet, suggesting higher
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Fig. 5. Visualization of top 25 significant pathways.

consumption of glutathione for the removal of ROS and lipid peroxi-
dation products, such as 4-hydroxynonenal.

In addition of deciphering the impact of red meat consumption
specifically on the colonic epithelium, the developed method allowed us
to identify effects within the colonic crypts. In particular we were able to
highlight specific localization of cholesterol sulfate at the border of the
crypts and an excess of this compound in rats fed high red meat diet.
Interestingly, cholesterol sulfate has been shown as an essential com-
pound for the binding of the matrix metalloproteinase-7 (MMP-7) [48,
49]. Yamamoto and colleagues demonstrated that by cleaving
extra-cellular protein and cell-surface protein MMP-7 facilitates the in-
vasion and the aggregation of cancer cells in the colon [48]. Therefore, a
question can be raised concerning the role of cholesterol sulfate in the
tumoral progression.

Together, these results highlight the potential of MSI to spatially
resolve the dietary-induced metabolic changes in the colonic environ-
ment. As it is in direct contact with the colonic lumen and the diet
constituents, the colonic epithelium constitutes a vulnerable matrix to
deleterious effect induced by the diet.

5. Conclusion

To our knowledge, this study is the first work using MSI to evaluate
the influence of diet on colon epithelium metabolome, showing specific

distribution of metabolites within the crypt-villus. The timsTOF tech-
nology offered various advantages such as speed of analysis, high spatial
resolution as well as ion mobility dimensions. This last technology
enabled to distinguish two isobaric metabolites, one of which is of major
interest in our study. It was found upregulated in the epithelium of rat
fed red meat diet and spatially localized at the top of the crypt. More-
over, this methodological development allowed to reveal some dis-
rupted metabolic pathways, in particular purine and glutathione
metabolism pathways, shown to be impacted by high red meat diet. In
conclusion, this work could provide additional spatial information to set
the stage for a better understanding of the effect of dietary intake on the
colonic metabolome.
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