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Dietary Energy Intake and Presence of Aberrant Crypt Foci
Are Associated with Phospholipid, Purine, and Taurine
Metabolite Abundances in C57BL/6N Mouse Colon
Haley A. Chatelaine, Cynthia A. Ramazani, Kyle Spencer, Susan Olivo-Marston,
Michael T. Bailey, Joseph McElroy, Emmanuel Hatzakis, Ewy A. Mathé,*
and Rachel E. Kopec*

Scope: Colon metabolomes associated with high-fat (H) versus
energy-restricted (E) diets in early colorectal cancer (CRC) models have never
been directly compared. The objectives of this study are to elucidate
metabolites associated with diet, aberrant crypt foci (ACF), and diet:ACF
interaction, using a lifetime murine model.
Methods and results: Three-week-old mice consumed control (C), E, or H
initiation diets for 18 weeks. ACF formation is initiated weeks 16–21 with
azoxymethane injections, followed by progression diet crossover (to C, E, or
H) through week 60. Colon extracts are analyzed using
ultra-high-performance liquid chromatography-high resolution mass
spectrometry (UHPLC-HRMS). Metabolites associated with diet, ACF, or
diet:ACF are determined using regression models (FDR-adjusted p-value
<0.05). No metabolites are significantly associated with initiation diets, but
concentrations of acylcarnitines and phospholipids are associated with C, E,
and H progression diets. Purines, taurine, and phospholipids are associated
with ACF presence. No significant associations between metabolites and
diet:ACF interaction are observed.
Conclusions: These results suggest that recent, rather than early-life, diet is
more closely associated with the colon metabolome, particularly lipid
metabolism. Results from this study also provide candidate biomarkers of
early CRC development and provide support for the importance of early diet
on influencing pre-CRC risk.
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1. Introduction

Colorectal cancer (CRC) has the sec-
ond highest mortality rate among can-
cers worldwide.[1] However, localized col-
orectal tumors, if identified early in de-
velopment, have one of the highest sur-
vival rates of all cancer types.[2] Al-
though a variety of screening proce-
dures for CRC exist, they are not imple-
mented uniformly due to low sensitivity
or to high invasiveness/cost.[3] Identify-
ing early markers reflective of underly-
ing biological changes that drive CRC is
necessary to decrease burden. Aberrant
crypt foci (ACF) are the earliest potential
precursor for CRCdevelopment and arise
due to changes in colon epithelial cell
division and proliferation.[4] Metabolites
that signify and/or facilitate the changes
associated with ACF formation may shed
light on their origins and serve as early
biomarkers of future CRC development.
Because the majority of CRC cases

arise sporadically,[5] modifiable risk fac-
tors like diet have been implicated in up
to 70% of CRC risk.[6] Epidemiological
studies reveal a high positive correlation
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between a high-fat (H) diet and risk of CRC development.[7–9]

These findings have been corroborated in murine studies
in which H diets led to increased tumor weight,[10] ACF
formation,[11] and polyp size,[12] as compared to controls fed nor-
mocaloric diets. In contrast, murine models of calorie restriction
suggest that fewer and smaller tumors or polyps develop in those
receiving energy-restricted (E) diets, regardless of the method of
cancer initiation.[13–15] Observational studies in Nordic countries
(n= 256,073) and theNetherlandsCohort study (n= 120,852) also
reported trends toward lower incidence of CRC among cohorts
who experienced famine duringWorld War II as compared to co-
horts who did not, providing further evidence that calorie restric-
tion may be associated with decreased CRC risk in humans.[16,17]

Metabolomics techniques, generally liquid chromatography-
high resolution mass spectrometry (LC-HRMS) or nuclear mag-
netic resonance spectroscopy (NMR), can aid in identifying can-
didate diet biomarkers that concomitantly associate with early
CRC development. These putative biomarkers can be further in-
vestigated in targeted experiments to validate associations with
CRCdevelopment, as well as identify potential pathways thatmay
reflect early opportunities for therapeutic intervention.
While the influence of high-fat (H)[18] and energy-restricted

(E)[19] diets on the colon metabolome have been investigated in-
dependently, they have not been directly compared within the
same experiment. Thus, the objective of this study was to com-
pare colon metabolites following the consumption of H, E, or
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control (C) diets, as well as their association with ACF forma-
tion. Samples from a previously published study by Xu et al.[20]

were leveraged. In the original study, the initiation diet was
shown to influence the number of ACF detected in each murine
colon, while the progression diet had a less pronounced influ-
ence on ACF.[20] Surprisingly, E progression diet was associated
with increased numbers of ACF, contrary to expectations based
on previous studies noted above.[16,17] Based upon previous fe-
cal results,[21] we hypothesized that later life (i.e., progression)
diet would be more reflective of the current colon metabolome
relative to earlier life (i.e., initiation) diets. We anticipated that
metabolite classes previously identified in H versus C diets (e.g.,
decreased bile acids and increased unsaturated fatty acids),[18]

and E versus C diets (e.g., increased vitamin E metabolites and
decreased amino acids[19]) would be associated with diet, and
hypothesized more dramatic fold changes in comparing H ver-
sus E. We also hypothesized that we would observe metabolites
unique to ACF presence/absence, and a diet:ACF interaction sig-
nificantly associated with metabolite concentrations. We tested
these hypotheses using regression models of metabolomics pro-
files for the following three questions: 1) are any metabolites as-
sociated with initiation or progression diet? 2) Are any metabo-
lites associated with ACF presence? 3) Are any metabolites asso-
ciated with an interaction between diet (initiation or progression)
and ACF presence?

2. Experimental Section

2.1. Mouse Intervention and Colon Sample Collection

Mouse husbandry and dietary intervention were previously
published.[20] This study was a secondary analysis of murine
tissues collected from a previous protocol approved by the In-
stitutional Animal Care and Use Committee (IACUC) at The
Ohio StateUniversity (protocol #2011A00000074). Briefly, female
C57BL/6Nmice (Charles River, Wilmington, MA, USA) were fed
a control (C), high fat (H), or energy restricted (E) diet from 3 to
21 weeks of age, hereafter referred to as the “initiation diet.” Di-
ets were semi-purified (Research Diets, Inc., New Brunswick, NJ,
USA) where C contained 10% kcal from fat (D12450B), H con-
tained 45% kcal from fat (D12451), and E had 30% fewer kcals
provided than C (D03020702) (full composition in Table S1, Sup-
porting Information). Azoxymethane (AOM, Santa Cruz Biotech-
nology, Inc. Dallas, TX, USA) was administered as an intraperi-
toneal dose (10 mg kg−1) weekly fromweeks 16 to 21 of age. Mice
were then either maintained or reassigned diets from weeks 22
to 60 of age (hereafter referred to as the “progression diet”) for
a 3 × 3 design (CC n = 33, CH n = 35, CE n = 34, HC n = 24,
HH n = 24, HE n = 24, EC n = 30, EH n = 24, EE n = 38). Mice
were sacrificed at 60 weeks, and the proximal, medial, and distal
colon were removed (Figure S1, Supporting Information). Sam-
ples were stored at −80 °C.

2.2. Monophasic Sample Extraction

Colon samples (2–10mg) were thawed in cold water and weighed
(XS105 DualRange, Mettler Toledo, Columbus, OH, USA) (2–
10 mg). Ice-cold solvent, 2:5:2 CDCl3/CD3OH/H2O (v/v/v), was
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added (850 μL) with zirconia beads (0.05 mm, BioSpec Products,
Bartlesville, OK, USA). Deuterated solvents were used to enable
LC-MS and NMR analysis. Samples were ground (Minibeater-16,
BioSpec Products, Bartlesville, OK, USA) for 3min, cooled on ice
for 5 min, repeated for three cycles. Ground samples were cen-
trifuged for 2 min at 12 000 × g at 4 °C (Microfuge 22R, Beck-
man Coulter, Brea, CA, USA), the supernatant (750 μL) was cen-
trifuged a second time to remove particulate. Extracts were stored
at −80 °C.

2.3. HILIC UHPLC-MS Analysis

Extracts were thawed and centrifuged for 5 min at 12 000 × g and
4 °C and analyzed using a method adapted from Gowda et al.[22]

Extracts were injected (10 μL) into an Agilent 1290 UHPLC with
an Agilent Poroshell 120HILIC-Z column (2.1× 100mm, 1.9 μm
particle size) at 35 °C. Solvent A = 95:5 water/acetonitrile (v/v)
with 0.2% aq. acetic acid and 5 mM ammonium acetate, and sol-
vent B = 95:5 acetonitrile/water (v/v) with 0.2% aq. acetic acid
(positive mode only) and 5 mM ammonium acetate. A flow rate
of 0.3 mL min−1 was used with a gradient beginning with 99%
solvent B held for 1 min, decreased to 40% B over 9 min, and
returned to 99% B over 6 min.
The UHPLC was interfaced with an Agilent 6545 quadrupole

time-of-flight mass spectrometer (QToF-MS) with a Dual Agilent
Jet Stream electrospray ionization (ESI) probe operated in posi-
tive and negative modes. Source parameters: drying gas temper-
ature = 300 °C, drying gas flow = 10 L min−1, sheath gas temper-
ature = 350 °C, sheath gas flow = 12 L min−1, nebulizer pressure
= 25 psig, voltage capillary = 3000 V, fragmentor = 100 V, skim-
mer = 45 V, optical lens = 750 V. The instrument was operated in
full scan mode over 50–1700 m/z, collecting 8119 transients per
spectrum (1 spectrum s−1). Process blanks were analyzed every
15th injection. Pooled QCs were analyzed every 10th injection.
One representative sample from each diet group was also ana-
lyzed using iterative MS/MS fragmentation for metabolite iden-
tification.

2.4. NMR Analysis

Insufficient signal intensity relative to impurities also extracted
in process blanks, due to low sample weight, precluded differen-
tiation of 1H-NMR spectra from process blanks. Only UHPLC-
MS data were used for further analysis (data collection details in
supplement).

2.5. UHPLC-MS Metabolomics Data Pre-Processing

2.5.1. Data Deconvolution and Feature Extraction

Raw UHPLC-MS data from the pooled QC samples and pro-
cess blanks were deconvoluted, aligned, and grouped using Ag-
ilent Profinder (B.08 SP3, Agilent, Santa Clara, CA, USA) recur-
sive batch feature extraction, with a retention time window from
1.5 to 13.5 min, noise cutoff of 3000 ion counts, retention time
tolerance of 0.2min, andmass tolerance of 20 ppm. The resulting

metabolites were manually inspected to remove compounds that
were present in process blanks, correct errors in integration, and
eliminate incorrectly extracted non-peaks. The resulting metabo-
lite list was then used for a targeted feature extraction of the sam-
ples and re-extraction of the pooled QCs. Further manual inspec-
tion of peak quality, following the same guidelines, yielded 491
and 415 total metabolites in positive and negative modes, respec-
tively.

2.5.2. Data Preparation for Linear Regression Analyses

The data preparation workflow was given in Figure S2, Support-
ing Information and described in the supplementary methods.
Metabolites with a coefficient of variation >30% in the pooled
QC samples were removed, yielding 365 and 414 metabolites in
positive and negative modes, respectively. Of these metabolites,
122 duplicate peaks, which were erroneously extracted during
the metabolite grouping, were removed (Supplementary meth-
ods, Figure S3, Supporting Information). Peaks with a standard
deviation lower than the 5th percentile in each diet pair analyzed
were removed. Ultimately, 624 metabolites remained as input in
the linear regression models.
Unsupervised clustering of the samples was performed to eval-

uate the efficacy of batch correction and the possible influence of
experimental factors such as batch number and sample weight
(Figure S4–S6, Supporting Information).

2.5.3. Aberrant Crypt Foci (ACF) Characterization

ACF count data for each colonic region was previously
reported.[20] Due to an uneven distribution of ACF counts (Fig-
ure S7, Supporting Information), ACF were summed within an
animal, across all colon regions, and were characterized in binary
form: 0 ACF as “absent” (n = 137), at least 1 ACF as “present” (n
= 129).

2.5.4. Regression Modeling

The proportion of ACF presence/absence was compared across
diet groups using a logistic regression model, constructed using
the glm() function (family set to binomial) of the ISLR package
in R version 1.2,[23] that controlled for colon region and mouse
cohort from the original study:

ACF Presence ∼ Diet Group + Cohort + Colon Region (1)

Pairwise linear mixed-effects regression models (18 diet pairs)
were performed to evaluate the effects of diet, ACF, and diet:ACF
on metabolite levels. The initiation or the progression diet was
held constant within each diet pair compared (Equation (2), Table
S2, Supporting Information). Three measurements were made
per mouse (proximal, medial, and distal sections), so mouse ID
numbers were used as random effects. The mixed-effect models
were constructed using the R nlme package version 3.1-152.[24]

Metabolite Intensity ∼ Diet Group + ACF Presence

+ Tissue Weight + 1 |Mouse ID (2)
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Metabolites with an FDR-adjusted p-value ≤0.05 were consid-
ered for diet and ACF associations.
A linear mixed-effect model on the same 18 diet pairs (Equa-

tion (3)) was used to determine an interaction between diet
groups and ACF presence.

Metabolite ∼ Diet Group + ACF + Diet Group : ACF

+ Tissue Weight + 1 |Mouse ID (3)

2.6. Identification of Metabolite Groups

Metabolites were selected for identification if they a) had a false
discovery rate (FDR) adjusted p-value ≤0.05 and b) were in the
top 20 highest absolute value of linear model estimate in at
least one diet comparison for diet, or top 20 highest and low-
est values for ACF in Equation (2). Identification methodology
was described in Supplemental Methods, and confidence levels
were assigned following established standards.[25] Despite com-
putational removal of duplicate peaks, somemetabolites retained
for identification were redundant, leaving 98 significant metabo-
lites for identification in the diet comparison and 31 metabolites
in the ACF comparison. Unidentified but significant metabo-
lites were listed in Table S3, Supporting Information for diet
comparisons and Table S4, Supporting Information for ACF
comparisons.

2.7. Pathway Analysis

Identified metabolites with HMDB[26] or LIPIDMAPS[27] iden-
tifiers were input into the web interface of the Relational
Metabolomic Pathway Database (RaMP),[28] using a generic back-
ground. Enriched pathways with FDR-adjusted p-values less than
0.2 were used to determine pathways of interest for hypothesis
generation. Additional pathways that were not reported by RaMP
analyses were hypothesized based on literature precedence for
identified metabolites.

2.8. Data Availability

Data are available at Figshare.com in the private DOIs listed in
Table 1.

3. Results

HILIC UHPLC-MS metabolite profiles were compared between
mice consumingH, E, or C diets in the initiation and/or progres-
sion phase of ACF presence. Regression modeling of metabo-
lites associated with diet or ACF (Equation (2)) yielded signif-
icantly different metabolites due to progression diet and pres-
ence/absence of ACF.

3.1. Metabolites Associated with Diet

To answer the first question (metabolite associations with diet),
nine regression models with different initiation diets were com-
pared, holding the progression diet constant (CC vs EC, CC vs

Table 1. Private DOI links to study data.

Data description DOI

HILIC positive mode QC and
blank raw data

https://figshare.com/s/6da67608118757ce8df4

HILIC positive mode sample
raw data

https://figshare.com/s/e7d0e37c7aac40c041b8

HILIC negative mode all raw
data (QC, blanks,
samples)

https://figshare.com/s/b9f23ba2b80a03937a8a

HILIC positive and negative
grouped metabolite
abundances

https://figshare.com/s/48913ea625223ecae306

HILIC positive and negative
transformed and filtered
metabolite abundances

https://figshare.com/s/3662f41987724c479333

Sample meta-data https://figshare.com/s/5a66d6367a4874f160cc

HC, HC vs EC; CE vs EE, CE vs HE, HE vs EE; and CH vs EH,
CH vs HH, HH vs EH). In eight models, no significant metabo-
lites were found. The EE versus CE comparison was run with-
out ACF as a covariate due to a previous convergence error. Even
without this covariate, no significantly different metabolites were
observed (Figure S8, Supporting Information).
The remaining nine regression models focused on progres-

sion diet comparison, holding initiation diet fixed (CC vs CE,
CC vs CH, CH vs CE; EC vs EE, EC vs EH, EH vs EE; and
HC vs HE, HC vs HH, HH vs HE). Significantly different
metabolites for each are given in Table 2, and largely belong
to acylcarnitine and phospholipid classes (Figures 1 and 2).
Metabolite identities are provided in Table 2. Phosphatidyl-
choline catabolism and phospholipid biosynthesis pathways
were enriched for metabolites of interest in diet comparisons
(Table 3).
The proportion of ACF presence/absence was also considered

between all diet pairs (data not shown). Only one diet pair, CC ver-
sus EH, had a significant difference in proportion of ACF pres-
ence, independent of study cohort or colon region (Equation (1)).
Because this pair was not considered in our interpretation of diet
results, all presented diet pairs reflect no differences in propor-
tion of ACF presence.

3.2. Metabolites Associated with ACF

A total of 31 metabolites met p-value and fold-change cutoffs
and were retained for identification for associations with ACF
in the linear model (Figure 3, Table 4) to answer the sec-
ond question. Mice that developed ACF had increased con-
centrations of multiple lyso-phosphatidylcholines (LPC), phos-
phatidylethanolamines (PE), phosphatidylcholines (PC), and one
species, each, of a lyso-phosphatidylethanolamine (LPE), ether
phosphatidylcholine (PC-O), and phosphatidylinositol (PI). In
contrast, one cyclophosphatidic acid (CPA) and one ether phos-
phatidylethanolamine (PE-O) were reduced in mice with ACF.
The intensity of purines and the amino acid taurine were also
reduced in mice with ACF, relative to animals without ACF, as
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Table 2. Identities of metabolites that met fold-change and p-value cutoffs in diet comparisons (FDR-adjusted p-value ≤0.05 and top 20 absolute value
estimate for diet term in Equation (2) in at least one diet pair, see Figure 1).

m/za) RT [min] Precursor ion Ionization mode Class ID ID level

400.3445 3.29 [M+H]+ Pos Acylcarnitine CAR(16:0) 1

428.3757 3.23 [M+H]+ Pos Acylcarnitine CAR(18:0) 1

426.3602 3.24 [M+H]+ Pos Acylcarnitine CAR(18:1) 1

424.3447 3.26 [M+H]+ Pos Acylcarnitine CAR(18:2) 1

204.1223 4.82 [M+H]+ Pos Acylcarnitine acetylcarnitine 2

398.3286 3.30 [M+H]+ Pos Acylcarnitine CAR(16:1) 2

442.3548 3.70 [M+H]+ Pos Acylcarnitine CAR(18:1;O) 3

498.2891 3.21 [M+Cl]– Neg Acylcarnitine CAR(20:4)-hydroxy 3

460.2831 3.93 [M+C2H3O2]
– Neg Acylcarnitine CAR(14:1;O2) 3

456.4063 3.17 [M+H]+ Pos Acylcarnitine CAR(20:0) 3

448.3450 3.21 [M+H]+ Pos Acylcarnitine CAR(20:4) 3

124.0073 5.41 [M-H]– Neg Amino acid taurine 1

265.1132 4.71 [M]+ Pos B vitamin thiamin 1

415.2234 2.56 [M-H]– Neg Cyclophosphatidic acid CPA(18:2) 2

419.2549 2.31 [M-H]– Neg Cyclophosphatidic acid CPA(18:0) 2

439.2251 2.43 [M-H-H2O]
– Neg Lysophosphatidic acid LPA(20:4) 2

524.3751 3.73 [M+H]+ Pos Lysophosphatidylcholine LPC(18:0) 1

522.3587 3.65 [M+H]+ Pos Lysophosphatidylcholine LPC(18:1) 1

452.3161 3.85 [M+H]+ Pos Lysophosphatidylcholine LPE(16:1) 2

494.3277 3.71 [M+H]+ Pos Lysophosphatidylcholine LPC(16:1) 2

520.3439 3.67 [M+H]+ Pos Lysophosphatidylcholine LPC(18:2) 2

565.4041 3.97 [M+NH4]
+ Pos Lysophosphatidylcholine LPC(20:2) 3

623.5056 3.57 [M+NH4]
+ Pos Lysophosphatidylcholine LPC(24:1) 3

1045.7201 3.70 [2M-H]+ Pos Lysophosphatidylcholine in-source homodimer, LPC(18:1) 3

1099.6885 3.79 [2M-H]– Neg Ether lysophosphatidylcholine in-source homodimer, LPC(O-18:2) 3

480.3463 3.64 [M+H]+ Pos Lysophosphatidylethanolamine LPE(18:1) 1

436.2833 3.95 [M-H]– Neg Lysophosphatidylethanolamine
plasmologen

LPE(P-16:0) 2

480.3091 4.03 [M-H]– Neg Lysophosphatidylethanolamine LPE(18:0) 2

478.2962 3.90 [M+H]+ Pos Lysophosphatidylethanolamine LPE(18:2) 2

531.2794 3.36 [M-H]– Neg Lysophosphatidylglycerol LPG(20:4) 3

703.5431 3.23 [M-H]– Neg Phosphatidic acid PA(36:0) 3

1520.1696 2.73 [2M+H]+ Pos Phosphatidylcholine PC(16:0/18:1) 1

731.6070 2.93 [M+NH4]
+ Pos Ether phosphatidylcholine PC(O-32:3) 2

700.5300 3.04 [M+H]+ Pos Phosphatidylcholine PC(30:3) 3

1503.0934 3.10 [M+M-2H]– Neg Phosphatidylcholine in-source heterodimer, PC(16:0/18:1) +
PC(O-16:0/18:1)

3

1527.1021 3.08 [M+M-2H]– Neg Phosphatidylcholine in-source heterodimer, PC(16:0/20:4) +
PC(O-16:0/18:0)

3

674.5143 3.08 [M+H-H2O]
+ Pos Phosphatidylethanolamine PE(16:0/16:0) 1

716.5222 3.25 [M-H]– Neg Phosphatidylethanolamine PE(16:0/18:1) 1

688.4968 3.28 [M-H]– Neg Phosphatidylethanolamine PE(16:0/16:1) 2

832.6208 3.02 [M-H]– Neg Phosphatidylethanolamine PE(43:6) 3

804.5887 3.04 [M-H]– Neg Phosphatidylethanolamine PE(41:6) or PE(O-42:6) 3

778.5740 3.07 [M-H]– Neg Phosphatidylethanolamine PE(39:5) or PE(O-40:5) 3

780.5853 3.10 [M-H]– Neg Phosphatidylethanolamine PE(39:4) or PE(O-40:4) 3

756.5887 3.18 [M-H]– Neg Phosphatidylethanolamine PE(37:2) or PE(O-38:2) 3

706.4839 3.24 [M-H]– Neg Phosphatidylethanolamine PE(34:6) 3

714.5096 3.25 [M-H]– Neg Phosphatidylethanolamine PE(34:2) 3

(Continued)
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Table 2. (Continued).

m/za) RT [min] Precursor ion Ionization mode Class ID ID level

1505.1090 3.10 [2M-2H]– Neg Ether phosphatidylethanolamine in-source homodimer, PE(O-38:4) 3

747.5176 2.26 [M-H]– Neg Phosphatidylglycerol PG(16:0/18:1) 2

884.5366 3.54 [M-H]– Neg Phosphatidylinositol PI(20:4/18:1) 2

857.5185 3.58 [M+Cl]– Neg Ether phosphatidylinositol PI(O-34:1) 3

931.6140 3.94 [M-H]– Neg Ether phosphatidylinositol PI(O-42:2) 3

786.5281 3.85 [M-H]– Neg Phosphatidylserine PS(36:2) 3

745.6245 3.45 [M+H]+ Pos Sphingomyelin SM(37:1;O2) 3

731.6119 3.46 [M+H]+ Pos Sphingomyelin SM(36:1;O2) 3

733.6184 3.46 [M+H]+ Pos Sphingomyelin SM(36:0;O2) 3

717.5945 3.47 [M+H]+ Pos Sphingomyelin SM(35:1;O2) 3

a)
Unknown metabolites (level 4 ID) in Table S3, Supporting Information.

Figure 1. Heatmap of identified metabolites (FDR-adjusted p value <0.05; absolute value of estimate coefficient in top 20 in at least one comparison)
in progression diet comparisons. Orange cell colors indicate metabolites that were significantly increased in the first progression diet group listed in the
comparison, and blue cell colors indicate metabolites that were significantly increased in the second progression diet group listed. Metabolite classes
are indicated by color in the left margin. C, control diet (n = 87); E, energy-restricted diet (n = 96); H, high-fat diet (n = 83). The first letter indicates
initiation diet, the second indicates progression diet.

confirmed with level 1 confidence. Pathway analysis in RaMP[28]

revealed enrichment of pathways related to purine metabolism
(Table 3).
No metabolites met p-value and fold-change cutoffs for the

third question regarding a diet:ACF presence interaction in any
of the 18 diet pair comparisons.

4. Discussion

4.1. Metabolites Associated with Diet

Diet-specific metabolome associations were only significant
when the progression diet (reflecting recent dietary intake), not
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Figure 2. Volcano plots showing differences in log2 fold-changes and p-values of metabolite classes in pairwise comparisons of the diet term in the
linear model given in Equation (2), computed between mice that consumed different progression diets. A) Control (C) versus energy-restricted (E) (CC,
n = 33 vs CE, n = 34; EC, n = 30 vs EE, n = 38; HC, n = 24, HE, n = 24). B) Energy restricted (E) versus high-fat (H) (EE, n = 38 vs EH, n = 24; HE, n
= 24 vs HH, n = 24; CE, n = 34 vs CH, n = 35), C) control (C) versus high-fat (H) (CC, n = 33 vs CH, n = 35; HC, n = 24 vs HH, n = 24; EC, n = 30 vs
EH, n = 24). Significant metabolites met cutoffs of an FDR-adjusted p-value ≤0.05 and an absolute value of log2-fold change ≥0.25. Metabolites with
positive values were increased in the first diet listed relative to the second diet. Metabolites with negative values were decreased in the first diet listed,
relative to the second diet.

the initiation diet, was different between groups. This finding is
consistent with data suggesting human fecal metabolomic pro-
files better reflect more recent dietary consumption, compared
to reported longer-term dietary intakes.[21]

Long-chain acylcarnitine species were consistently increased
in progression H or C diet, compared with E diet. How-
ever, only some species of acylcarnitines were increased in
progression H, compared to C diets. Similarly, H diets in
rats were associated with increased serum concentrations of
many long-chain acylcarnitine species, relative to controls.[29]

Medium and long-chain acylcarnitines were also significantly

increased in the small, but not large, intestine, of piglets con-
suming the Western (i.e., high fat) versus Prudent diets.[30]

A cross-sectional study of the Women’s Health Initiative (n
= 2199) also noted that women who followed a Western
diet had increased serum concentrations of medium and
long-chain acylcarnitines, as compared with those following a
Prudent diet pattern, even after controlling for known con-
founders (i.e., basal metabolic rate, energy intake).[31] Increased
acylcarnitine concentrations in high-fat diets likely reflects in-
creased flux through 𝛽-oxidation, where synthesis from cytosolic
free fatty acids and carnitine serves as the rate limiting step.[32]
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Figure 3. Volcano plots showing differences in log2 fold-changes and p-values of metabolite classes in comparisons between samples with ACF present
(n= 137) versus absent (n= 129), using the ACF term of the model given in Equation (2). Significant metabolites met cutoffs of an FDR-adjusted p-value
≤0.05 and an absolute value of log2-fold change ≥0.335 of the ACF term. Metabolite classes with positive values are increased in samples with ACF, and
those with negative values are increased in samples without ACF.

Higher concentrations of acylcarnitines have been associated
with various chronic diseases for which disorders of fatty acid
oxidation are involved.[33]

Colon concentrations of PCs and PEs were higher, while sat-
urated LPCs and LPEs were lower following E progression diet
versus H or C progression diets. PEs were also increased in pro-
gression C versus progression H diets. Increases in PC and PE
suggest less cleavage of fatty acids via phospholipase A2 (PLA2)
to produce LPC and LPE, respectively, as suggested by the en-
richment of PC catabolism in pathway analyses. PLA2 is acti-
vated to produce eicosanoids during inflammation and is upreg-
ulated in the colonic mucosa of patients with ulcerative colitis,
Crohn’s disease,[34] and colorectal adenocarcinomas.[35] PC com-
prises ≈90% of the phospholipids of the colonic mucosa barrier,
which protects the tissue against pathogenic microbial attack,
which can incite/exacerbate these conditions.[36] Thus, higher PC
concentrations are anticipated in tissue that remains intact. Ad-
ditionally, all but one randomized, placebo-controlled trial pro-
viding slow-release PC to ulcerative colitis patients demonstrated
dramatically increased rates of remission and improved clinical
and endoscopic outcomes.[37] PE can serve as a precursor for
PC through the phosphatidylethanolamine N-methyltransferase
pathway.[38] PE induces cellular autophagy, which is upregulated
under caloric restriction, and believed to be a primary target for
reducing chronic disease risk.[39] Indeed, a normocaloric diet re-

sulted in lower concentrations of colon epithelium PEs in rats,
relative to high fat diet.[40] Collectively, the evidence suggests that
increased PC and PE concentrations, and lower saturated LPC
and LPE concentrations, may reflect healthier colon cells and be
associated with lower calorie diets.
Most mono- and polyunsaturated LPCs and LPEs were present

in lower concentrations in H progression diet group, relative to
C or E. This is consistent with results in mouse serum[41] and
liver[42] but in contrast to those in pig colons.[43] The discrep-
ancies between LPC/LPE fatty acyl chain saturation in previous
reports may be due to tissue-specific differences, and represents
and understudied area in diet associations with fatty acyl tail
saturation.

4.2. Metabolites Associated with ACF

Increased concentrations of LPCs, LPEs, and phos-
phatidylethanolamines (PEs) were observed in animals that
developed ACF, as compared to those without ACF. Increased
levels of LPCs and LPEs have also been reported in women with
stage 1 right-sided CRC, relative to adjacent normal tissue.[44]

LPCs may participate with diacylglycerols to sustain protein
kinase C (PKC) signaling,[45] which promotes cell proliferation
and carcinogenesis[46] and may contribute to ACF formation.
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Table 4. Identities of metabolites that met fold-change and p-value cutoffs in ACF comparisons (FDR-adjusted p-value ≤0.05 and top 20 positive and
negative estimate value for ACF term in Equation (2), see Figure 3).

m/za) RT Precursor ion Mode Class ID ID
level

Increased in ACF presence

604.3498 3.76 [M+C2H3O2]
– Neg Lysophosphatidylcholine LPC(20:3) 2

538.3510 3.79 [M-H+H2O]
– Neg Lysophosphatidylcholine LPC(16:1) 3

468.3121 3.85 [M+H]+ Pos Lysophosphatidylethanolamine LPE(17:0) 2

768.5431 2.25 [M+Cl]– Neg Phosphatidylcholine PC(16:0/16:0) 1

718.5771 2.71 [M+H]+ Pos Phosphatidylcholine PE(16:0/18:1) 1

706.5437 2.84 [M+H]+ Pos Phosphatidylcholine PC(14:0/16:0) 2

720.5437 2.81 [M+H]+ Pos Ether phosphatidylcholine PC(O-32:0) 3

692.5505 2.80 [M+H]+ Pos Ether phosphatidylcholine PC(O-30:3) 3

688.4994 3.28 [M-H]– Neg Phosphatidylethanolamine PE(16:0/16:1) 2

674.5156 3.08 [M+H]+ Pos Phosphatidylethanolamine
plasmologen

PE(P-16:0/16:1) 3

807.5007 3.66 [M-H]– Neg Phosphatidylinositol PI(16:0/16:1) 2

Increased in ACF absence

124.0073 5.41 [M-H]– Neg Amino acid Taurine 1

419.2559 2.31 [M-H]– Neg Cyclophosphatidic acid CPA(18:0) 2

466.3261 4.07 [M-H]– Neg Ether phosphatidylethanolamine PE(O-18:0) 2

282.0843 4.45 [M-H]– Neg Purine guanosine 1

167.0211 5.18 [M-H]– Neg Purine uric acid 1

137.0462 3.60 [M+H]+ Pos Purine hypoxanthine 1

267.0734 3.72 [M-H]– Neg Purine inosine 1

a)
Unknown metabolites (level 4 ID) in Table S4, Supporting Information.

Increased concentrations of PEs in mice that developed ACF are
also consistent with studies of humanCRC tissue, in which phos-
phoethanolamine (the headgroup of PEs) was increased relative
to healthy adjacent tissue[47] or healthy adjacent mucosa.[48,49]

This likely reflects increased cell proliferation in early CRC.
Purines were also decreased in mice that developed AOM-

induced ACF, relative to mice that did not develop ACF. Like-
wise, rats receiving AOM alone had decreased concentrations of
hypoxanthine relative to those receiving AOM + resveratrol (to
prevent ACF formation), or a vehicle control.[50] In contrast, in-
creased levels of purines have been reported inmost human stud-
ies of CRC tissue, relative to normal adjacent tissue.[51–54] Limited
purine availability may reflect more rapid cellular turnover and
could contribute to increased DNAmismatch repair, resulting in
imbalanced nucleotide pools in ACF-carrying mice. Indeed, viral
or cellular activators of aberrant cell proliferation applied to ker-
atinocytes in vitro also resulted in decreased concentrations of
nucleotides, despite increased cell proliferation.[55] The infected
cells also exhibited increased loss of heterozygosity at fragile sites
over time, a common effect of chromosomal instability found
in ≈70% of all sporadic CRC.[56] Exogenous application of nu-
cleotides spared the cells from DNA damage induced by repli-
cation stress. The authors hypothesized that early cancer devel-
opment involves increased cell proliferation, signaled by onco-
gene expression, in the absence of a sufficient nucleotide pool,
leading to genomic instability.[55] This hypothesis is consistent
with the observations reported herein of decreased purines in the
mice that developed ACF. Expression of these genes andmetabo-

lites over the course of cancer development requires further
study, as decreased purines may be associated with early cancer
development.
Taurine was decreased in mice that developed ACF, compared

to mice that did not develop ACF. In contrast, exogenous tau-
rine decreased ACF formation in a dose-dependent manner[57]

and decreased tumor formation in mice.[58] Taurine concentra-
tions are also consistently higher in CRC tissue relative to normal
colon tissue.[53,59–62] These discrepancies suggest different roles
for taurine as colorectal carcinogenesis progresses.

4.3. Lack of ACF:Diet Interaction

No significant diet:ACF interactions were observed. While some
metabolite classes met cutoffs for both diet and ACF compar-
isons, the lack of interaction likely reflects the lack of difference
in ACF presence across diet groups (p-values = 0.1–0.7).
One major strength of this study was the ability to directly

compare the metabolomic profiles of colons in mice fed H, E,
or C diets in the same sample population. Additionally, the tran-
sition from initiation to progression diets after azoxymethane
treatment represents diet changes commonly observed in hu-
mans throughout their lifespan. The use of ACF as a marker
of early CRC development enables hypothesis generation about
metabolite-mediated pathways associated with early phases of
CRC progression. However, the lack of overt tumor formation, a
limitation previously reported for this strain of animals, restricts
translation of these results to CRC. The substantial number
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of metabolites identified in this untargeted study allowed for
proposal of many potential pathways in early CRC. However, the
small masses of colon tissue available, and the low intensity of
metabolite signals which overlapped with those of impurities
arising from the extraction process, limited the ability to detect
significant metabolites by 1H-NMR. Additionally, the signal
available for MS/MS fragmentation of some metabolites for
identification, which limits some of this interpretation. Limited
signal also likely limited the ability to detect metabolites previ-
ously identified as different in previous H versus C and E versus
C studies.[18,19] Additionally, the monophasic extraction captured
lipid species not commonly captured by HILIC-LC-MS. The lack
of a vehicle control also makes it difficult to ascribe differences
in metabolite formation to ACF development, rather than AOM
administration. Finally, study of these metabolites in more easily
accessible biospecimens—such as plasma, urine, or stool—is an
important next step in identifying putative biomarkers of ACF
presence.

5. Conclusions

Consumption of progression H, E, or C diets (but not initiation
diets) were significantly associated with acylcarnitine and phos-
pholipid metabolite abundances in mouse colon extracts. Phos-
pholipids, purines, and taurine were also associated with ACF-
present versus absent mice after AOM administration. No in-
teraction of diet:ACF formation was observed. Results suggest
differences in metabolite abundances that may be influenced by
disease stage. Further study of the relative levels and pathways of
these metabolites over the course of CRC is warranted.
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