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Abstract
Introduction  A methyl donor depleted (MDD) diet dramatically suppresses intestinal tumor development in Apc-mutant 
mice, but the mechanism of this prevention is not entirely clear.
Objectives  We sought to gain insight into the mechanisms of cancer suppression by the MDD diet and to identify biomark-
ers of cancer risk reduction.
Methods  A plasma metabolomic analysis was performed on ApcΔ14/+ mice maintained on either a methyl donor sufficient 
(MDS) diet or the protective MDD diet. A group of MDS animals was also pair-fed with the MDD mice to normalize caloric 
intake, and another group was shifted from an MDD to MDS diet to determine the durability of the metabolic changes.
Results  In addition to the anticipated changes in folate one-carbon metabolites, plasma metabolites related to fatty acid 
metabolism were generally decreased by the MDD diet, including carnitine, acylcarnitines, and fatty acids. Some fatty acid 
selectivity was observed; the levels of cancer-promoting arachidonic acid and 2-hydroxyglutarate were decreased by the 
MDD diet, whereas eicosapentaenoic acid (EPA) levels were increased. Machine-learning elastic net analysis revealed a 
positive association between the fatty acid-related compounds azelate and 7-hydroxycholesterol and tumor development, 
and a negative correlation with succinate and β-sitosterol.
Conclusion  Methyl donor restriction causes dramatic changes in systemic fatty acid metabolism. Regulating fatty acid 
metabolism through methyl donor restriction favorably effects fatty acid profiles to achieve cancer protection.

Keywords  Dietary methyl donors · Colon cancer · Plasma biomarkers · Carnitine · Fatty acid metabolism

1  Introduction

Folate consumption and one-carbon metabolism (OCM) are 
essential for numerous biosynthetic processes, including 
nucleotide and amino acid synthesis. OCM can also impact 

cellular epigenetics by providing methyl donors for DNA 
and histone methylation (Bistulfi et al., 2010; Hanley & 
Rosenberg, 2015; Bao et al., 2016; Miyo et al., 2017; Nogu-
chi et al., 2018). Epidemiological studies aimed at deter-
mining the relationship between dietary folate intake and 
colorectal cancer (CRC) have generated conflicting results 
(Chae & Yun, 2007; Cole et al., 2007). Evidence from obser-
vational studies pointed to an inverse relationship between 
dietary folate intake and CRC risk (reviewed in Mahmoud & 
Ali, 2019). However, a large polyp prevention study revealed 
an adenoma-promoting effect of folate supplementation in 
patients with a history of these lesions: individuals admin-
istered folate (1 mg/d) showed a > 40% increased risk of 
colon adenoma development compared to placebo (Cole 
et al., 2007). Based on this study, it has been suggested that 
while folate can help maintain a healthy colonic epithelium, 
it may promote the growth and progression of established 
pre-cancerous lesions in the colon. These findings are of 
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particular importance given the wide-spread fortification of 
grain products (such as breads and cereals) with folate that 
was originally instituted to reduce the occurrence of birth 
defects associated with folate deficiency (Centers for Dis-
ease & Prevention, 2004).

Preclinical studies in mouse CRC models have supported 
the tumor-promotional effects of high dietary folate (Van 
Guelpen et al., 2006; Gylling et al., 2014; Alves da Silva 
et al., 2019). Song and colleagues showed that increased 
dietary folate intake promoted colon tumor development 
in ApcMin/+ mice after neoplastic crypts had formed (Song 
et al., 2000). These mice undergo loss of heterozygosity in 
the tumor suppressor gene, Apc and spontaneously develop 
multiple intestinal neoplasia (Moser et  al., 1995). This 
genetic model recapitulates the events associated with colon 
tumor development in patients with familial adenomatous 
polyposis. The Apc gene is also mutated in most sporadic 
human colorectal cancers (Fearon, 2011). In addition, low-
ering folate was found to have a protective effect; a study 
by Lawrance and Rozen reported that low folate status sup-
pressed tumor formation in ApcMin/+ mice (Lawrance et al., 
2009). Our laboratory previously reported that combined 
dietary restriction of the methyl donors folate, methionine, 
choline, and vitamin B12, produced a dramatic reduction 
in the number and size of intestinal tumors in two Apc-
driven mouse models of colorectal cancer (Kadaveru et al., 
2012; Hanley et al., 2016). Our findings are consistent with 
the promotional effects of OCM at later stages of cancer 
progression (Kim, 2004, 2006; Van Guelpen et al., 2006; 
Alves da Silva et al., 2019). We also reported that the cancer 
prevention associated with methyl donor deficient (MDD) 
diet persists even beyond dietary repletion of methyl donors 
(Hanley et al., 2016, 2020), indicating a stable, long-lasting 
cancer-protective activity.

We are interested in understanding which metabolic 
changes caused by the MDD diet are responsible for reduc-
ing CRC risk. In our recent metabolomics analysis of the 
colonic mucosa, we found that tumor protection in ApcΔ14/+ 
mice by the MDD diet was associated with a reduction in 
carnitine and acylcarnitines in colon tissue (Hanley et al., 
2020). Carnitine is utilized by cells to transport fatty acids 
into the mitochondria for oxidation and energy production. 
It is produced by a number of different tissues, most notably 
the liver and kidney. Carnitine is also utilized for fat uptake 
by the small intestine (Leichter et al., 1987). We therefore 
wished to determine whether the MDD diet reduced sys-
temic carnitine synthesis and fatty acid uptake. Overall, we 
found reductions in circulating carnitine, acylcarnitines and 
fatty acids by the MDD diet. Interestingly, plasma metabo-
lites related to fatty acid metabolism were found to correlate 
most closely with tumor incidence, suggesting that this met-
abolic change underlies cancer protection. We discuss how 
the plasma changes might relate to cancer risk in the colon 

and how the metabolites identified might serve as potential 
biomarkers for CRC risk.

2 � Methods

2.1 � Diet administration and sample collection

Four-week-old ApcΔ14/+ mice, harboring a mutation within 
the Apc tumor suppressor gene, were randomized into 4 
experimental groups. One group received the MDS diet 
(Harlan-Teklad) containing an adequate amount of folate, 
choline, methionine and vitamin B12 for a total of 18 weeks. 
The MDD group received the experimental MDD diet defi-
cient for folate, choline, methionine and vitamin B12 (Har-
lan-Teklad). Pair-fed (PF) mice were pair-fed the MDS diet 
equivalent to the amount that was consumed in the MDD 
group. A pilot study shows that the MDD mice consumed 
less food than the MDS mice weekly. Due to the roles of 
caloric restriction in modulating cancer risk outcomes, we 
included a fourth group, the Pair-Fed (PF) group to control 
for the possible roles caloric restriction may play in tumor 
multiplicity in the Apc-mutant mice. The weight of food 
consumed by the MDD group was used to determine how 
much food to provide to the MDS Pair-Fed group.

To understand the effects of temporary methyl donor defi-
ciency, a ‘repletion group’ (MDDR) received the MDD diet 
for 11 weeks and were then returned to the MDS control 
diet for an additional 7 weeks. Body weight was monitored 
weekly during the diet administration. Both male and female 
mice were used in this study and all mice were housed at 
a constant temperature at 22 °C and allowed free access 
to drinking water. Mice were euthanized at 22 weeks and 
evaluated for tumor development (Giardina et al., 2015). 
At the time of euthanasia, blood was withdrawn from the 
heart using a pre-heparinized 18G needle into EDTA-coated 
tubes. The blood was centrifuged at 5000×g for 10 min at 
4°. Plasma was separated and stored at − 80° until analysis. 
For colon metabolomic studies, normal-appearing segments 
of whole tissue were snap-frozen and stored at − 80 °C until 
downstream analysis.

2.2 � Metabolomics profiling

The metabolite profiling of the colon tissue samples have 
been previously described (Hanley et  al., 2020). Four 
male (57%) and three female (43%) mice per group were 
selected for this plasma metabolomics analysis. Mouse 
plasma was collected after euthanasia and stored at 
− 80 °C until needed. Untargeted mass spectroscopy-based 
metabolomic profiling of ApcΔ14/+ mice plasma (n = 7 per 
group) was performed by Metabolon, Inc. (Durham, NC) 
as previously described (Hanley et al., 2020). The samples 
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were selected based on size and body weight. Metabo-
lomics analysis was conducted using three independent 
methods: a  UPLC method for basic species using the 
Waters Acquity system (Waters, Millford), a UPLC/MS 
method optimized for acidic species and a GC/MS method 
for analyzing derivatized samples. Samples were thawed 
on ice before the extraction process. Extraction was exe-
cuted using the automated MicroLab STAR® (Hamilton 
Robotics). Proteins were removed by precipitation with 
methanol under vigorous shaking for 2 min (Glen Mills 
GenoGrinder 2000) followed by centrifugation for 5 min 
at 700×g. The extraction process ensured the removal of 
proteins, small molecules bound to protein or trapped 
in protein matrix precipitates. The recovery extract was 
divided into four fractions: one fraction was reconstituted 
in 6.5 mM ammonium bicarbonate (pH 8) and was subject 
to analysis by UPLC-MS/MS (OrbiElite, Thermo Scien-
tific) with positive ion mode electrospray ionization. A 
second fraction was reconstituted in 0.1% formic acid and 
was subject to analysis by UPLC-MS/MS (Thermo Sci-
entific) with negative ion mode electrospray ionization. 
Both fractions were stored overnight under nitrogen and 
under dried vacuum overnight. A third fraction was subject 
to treatment with BSTFA and 1% trimethylchlorosilane 
in cyclohexane/dichloromethane/acetonitrile (5:4:1) and 
5% triethylamine. Each sample was dried under vacuum 
overnight before analyzing with GC/MS (Dual Stage 
Quadrapole system, Thermo Scientific). A fourth fraction 
was stored at − 80 °C for rerun purposes if necessary. A 
detailed protocol of the UPLC, UPLC/MS and GC/MS 
methods is previously outlined (Hanley et al., 2020) and 
described elsewhere (Guo et al., 2015).

2.2.1 � Quality control, compound identification and data 
curation

Technical replicates of pooled plasma sample aliquots 
(described above) served as a quality control (QC) to deter-
mine process variability, calculated by the median relative 
standard deviation (RSD) for all endogenous metabolites 
(non-instrument standards) present in each sample.

Identification of known chemical entities was based on 
comparison to chemical standard entries of an in-house 
metabolomic library that included retention time, mass-to-
charge ratio (m/z), preferred adducts, and in-source frag-
ments as well as the associated MS/MS spectra for all the 
molecules in the library. Known metabolites were curated 
by comparing the individual spectra to standard refer-
ence libraries using the Quantify Individual Components 
in a Sample termed QUICS, a chemo-centric method that 
reduces the number of false discoveries. (Evans et al., 2009; 
Dehaven et al., 2010).

2.3 � Bioinformatics

Visualization of plasma metabolomics data was conducted 
in R (version 3.6.1, R Core Team). A log transformation 
was applied to account for heteroscedasticity and correct 
for skewed data distribution (Jauhiainen et al., 2014). Auto-
scaling, normalization of data and pathway analysis were 
performed using the online metabolomics analysis tool, 
Metaboanalyst 4.0 that includes an updated KEGG pathway 
database (http://​www.​genome.​jp/​kegg/) (van den Berg et al., 
2006; Jauhiainen et al., 2014; Chong et al., 2019).

2.4 � Statistical analysis

For the plasma metabolomics analysis, statistical sig-
nificance was assessed by one-way analysis of variance 
(ANOVA). As indicated in the Supplementary Data, statis-
tical significance was assessed for the ANOVA results using 
a cutoff of 0.0083 after applying the Bonferroni correction to 
adjust for multiple comparisons (six hypotheses were tested 
with α = 0.05).

Data that are not normally distributed were analyzed 
using non-parametric Kruskal–Wallis test.

All groups marked with “a” have a statistically significant 
difference compared to groups marked with “b” or “c” or 
“d”.

A principal component analysis (PCA) was used to visu-
alize groups based on differences in metabolites scaled 
intensity. Statistical analyses were performed using Graph-
Pad Prism 8 software (GraphPad Software, Inc., La Jolla, 
CA, USA).

Elastic net regularized regression (Kirpich et al., 2018) 
was used to select important metabolites that are most 
closely associated with colon tumor burden. The diet group 
assignment was not considered in this portion of the analy-
sis. This method was selected for its ability to handle data 
where the number of samples is smaller than the number 
of predictors (metabolites). The elastic net regularization 
method is a combination of Lasso (least absolute shrink-
age and selection operator) and ridge regression, and can 
be used for variable selection in the presence of multicol-
linearity problems (Zou, 2005). The mixing and regulariza-
tion parameters for the elastic net (often denoted as alpha 
and lambda, respectively) were selected using leave-one-
out cross-validation (CV) with the cv.glmnet function in the 
R package glmnet (Friedman et al., 2010). We assumed a 
Poisson distribution with a log link in order to model the 
tumor count as a function of standardized metabolite lev-
els and the optimal alpha and lambda values were selected 
to minimize the average out-of sample deviance across the 
cross-validation folds. In using the elastic net model, the 
goal is to identify metabolites that are good predictors of 

http://www.genome.jp/kegg/
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colon tumor counts, which might potentially be linked with 
tumor development.

3 � Results

3.1 � The tumor‑preventing MDD diet alters plasma 
levels of one‑carbon metabolites

Plasma samples derived from a previous study (Hanley et al., 
2020) determining the effect of a reduced methyl donor diet 
on cancer risk were analyzed. This study is shown sche-
matically in Fig. 1a. As previously described, the MDD 
diet was associated with a reduction in intestinal tumor 
multiplicity relative to MDS. MDS-PF was also associated 
with a reduction in tumor multiplicity compared to MDS, 
though the effect was smaller than MDD. MDD-associated 
reductions persisted for at least 7 weeks beyond repletion 
of methyl donors (MDDR). This earlier study shows that 
dietary manipulation of methyl donor nutrients  impacts 
colon cancer risk in the ApcΔ14/+ mouse model.   To fur-
ther study the metabolic changes associated with methyl 
donor depletion, we used the Metabolon metabolomics 
platform to quantify changes in metabolite concentrations 
in ApcΔ14/+ mouse plasma. Plasma OCM metabolites were 

altered as anticipated, with decreased levels of choline, the 
choline derivatives betaine and dimethylglycine, and cystine 
(a methionine derivative) (Fig. 1b–e; Supplemental Fig. 1a, 
b). This was accompanied by an increase in the plasma levels 
of homocysteine and S-adenosylhomocysteine (SAH) in the 
MDD fed mice (Fig. 1d, e). Principal component analysis of 
the metabolomics data showed that the MDD mice formed a 
distinct cluster, consistent with the more pronounced dietary 
difference of this group (Fig. 2a). The overlap between the 
MDDR group and the MDS control groups shows the revers-
ibility of the methyl donor depletion. 

3.2 � The MDD diet decreases plasma carnitine, 
acylcarnitines and fatty acids

In our previous analysis, the MDD diet induced a dramatic 
drop in colon carnitine levels. Analysis of the plasma sam-
ples likewise showed a reduction in the level of circulating 
carnitine in the MDD group (Fig. 2b). This reduction was 
also observed in all acylcarnitine species detected (Fig. 2c). 
The dramatic reduction in carnitine was reversible by methyl 
donor repletion. Pair feeding (MDS PF) was associated with 
a small and non-significant reduction on plasma carnitine 
level, suggesting that methyl donor deficiency is the primary 
cause of this effect (Fig. 2c). This data indicates that there 

a cb
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Methyl donor sufficient

Methyl donor depleted

4            8          12            16        20        22  weeks

MDS-pair fed
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Diet Groups

Tumor count 
Plasma metabolomics
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MDDR
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a
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Fig. 1   Study design and changes in the levels of metabolites involved 
in one-carbon metabolism. a Four-week-old ApcD14 mice, harboring 
a mutation within the Apc tumor suppressor gene, were randomized 
into 4 experimental groups. Group I received the methyl donor suf-
ficient (MDS) diet containing an adequate amount of folate, choline, 
methionine and vitamin B12. Group II received the experimental 
methyl donor deficient (MDD) diet. Group III mice were pair-fed 
(MDS-PF) the MDS diet in equivalent amount as Group II. The 
weight of food consumed by the MDD group was used to deter-
mine how much food to provide to the MDS Pair-Fed group. Group 
IV mice were maintained on the MDD diet for 14  weeks, before 

repletion of dietary methyl donors (MDDR). b Levels of betaine (− 
5.46-fold, p < 0.001), c choline (− 3.7-fold, p < 0.001) were reduced 
under conditions of dietary methyl restriction. d MDD diet causes 
a significant increase in the levels of homocysteine (14.3-fold, 
p < 0.002) and e S-adenosylhomocysteine (88.7-fold, p < 0.001). 
Statistically significant differences (p < 0.05) between groups are 
indicated by letters placed above each group. “MDS” = MDS ad libi-
tum, “MDD” = Methyl donor deficient, “PF” = MDS pair-fed, and 
“MDDR” = MDD:MDS-Repletion group. All groups marked with “a” 
have a statistically significant difference compared to groups marked 
with “b”
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is a systemic drop in carnitine synthesis, consistent with 
changes in liver and kidney carnitine synthesis.

Impaired carnitine synthesis limits fatty acid import into 
the mitochondria for β-oxidation. In addition, carnitine is 
used to import fatty acids into the endoplasmic reticulum 
of enterocytes for chylomicron assembly and fat absorption 
(Washington et al., 2003). Consistent with a reduced fat 
absorption in MDD mice, Fig. 3a shows reduced levels of 
the major plasma fatty acid species palmitate, palmitoleate 
and myristoleate. A range of other fatty acids including 
linoleate and linolenate, myristate, pentadecanoate, cis-vac-
cenate and eicosenoate were significantly reduced (Fig. 3b). 
Although most fatty acids show a large reduction, others are 
less effected; for example stearate and stearidonate are not 
significantly affected (Fig. 3b). Overall, these data indicate 
that the MDD diet limits fatty acid absorption, and that most 
but not all plasma fatty acid levels are reduced.

Given the effects of the MDD diet on fat absorption 
and fatty acid metabolism, we examined the levels of fatty 
acids and fatty acid metabolites associated with colon can-
cer development. Arachidonic acid and its prostaglandin 
metabolites are well-established promoters of colon cancer 

(Wang & Dubois, 2006). Consistent with the overall drop 
in plasma fatty acids, circulating arachidonic acid was sig-
nificantly lower in MDD mice (Fig. 4a). We also found that 
the MDD diet reduced the expression of Cox2 and mPges1 
in normal and cancer tissue (which are required for prosta-
glandin synthesis; Supplemental Fig. 2a–c). Interestingly, 
EPA, an alternative fatty acid substrate for Cox2 that sup-
presses prostaglandin synthesis (Calviello et al., 2004) was 
increased in MDD-fed mice. Another fatty acid-derived 
metabolite implicated in colon cancer is 2-hydroxyglutar-
ate, an oncometabolite that can induce epigenetic and met-
abolic reprogramming of cancer cells (Han et al., 2018). 
2-hydroxyglutarate can be derived through the metabolism 
of hydroxybutyrate. 2-hydroxyglutarate levels were reduced 
by the MDD diet (Fig. 4c). These data point to possible 
factors contributing to cancer risk reduction in MDD mice. 

3.3 � Effects of MDD on TCA intermediates

Given the utilization of acylcarnitines for fatty acid uptake 
by the mitochondria, we determined whether the MDD diet 
affected components of the TCA pathway in the plasma and 

a

b

c
MDD                 MDDR               MDS                     PF

Fig. 2   Distinct plasma metabolome and altered levels of metabolites 
associated with fatty acid oxidation. a PCA plot shows a distinct 
metabolic profile associated with dietary MDD. A partial overlap of 
the MDDR samples with both MDS ad  libitum and MDS PF con-
trol groups indicates metabolic changes that persist at least 7 weeks 
beyond active methyl donor repletion. b The MDD diet causes a 
significant reduction in the level of plasma carnitine (− 3.61-fold, 
p < 0.05) suggesting inhibition of FAO. All groups marked with “a” 

have a statistically significant difference compared to groups marked 
with “b”. c Heatmap depicting the relative concentration of plasma 
metabolites associated with fatty acid β-oxidation (FAO) using nor-
malized intensities of sixteen (16) significant metabolites (p < 0.05). 
The heatmap was constructed by applying Euclidean distance and 
Ward’s methods to measure the absolute distance between the points 
in space and metabolite clustering, respectively. These results were 
obtained from seven animals in each of the four diet groups
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Fig. 3   Modulation of plasma long-chain fatty acids (LCFAs). a The 
MDD diet caused a reduction in the levels of palmitate (− 2.0-fold, 
p < 0.003), palmitoleate (− 3.6-fold, p < 0.03), myristoleate (− 2.0-
fold, p < 0.05). b A panel of LCFAs including linoleate, linolenate, 

myristate, cis-vaccinate and eicosanoate was reduced under condi-
tions of dietary methyl donor restriction. All groups marked with “a” 
have a statistically significant difference compared to groups marked 
with “b”
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Fig. 4   Changes in the levels of polyunsaturated fatty acids (PUFA) 
and oncometabolite 2-hydroxyglutarate (2-HG). a Methyl donor 
depletion causes a reduction in the levels of arachidonic acid (− 2.30, 
p < 0.04), a potential tumor-promoting metabolite. b Eicosapentaeno-
ate (EPA) level was increased (1.33-fold) in MDD group and (2.0-
fold, p < 0.013) in MDDR group indicating that the increased EPA 

level was sustained for at least seven weeks beyond dietary methyl 
donor repletion. c 2-hydroxyglutarate (2-HG), an oncometabolite 
was significantly reduced after methyl donor restriction (− 1.4-fold, 
p < 0.002. All groups marked with “a” have a statistically significant 
difference compared to groups marked with “b”
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colon (Fig. 5). As shown in Fig. 5a, a reduction in the level 
of several TCA components was observed in the plasma. 
These reductions were more pronounced for intermediates 
found early in the cycle (citrate and ⍺-ketoglutarate), rela-
tive to metabolites later in the cycle (succinate, malate, and 
fumarate). This finding suggests that a reduction in fatty 
acid availability may reduce TCA activity to some degree. 
Interestingly, TCA pathway components were less effected 
in colon tissue, suggesting that this tissue relies on a differ-
ent energy source to run the Krebs cycle, potentially luminal 
short chain fatty acids (Scheppach, 1994).

3.4 � Metabolites associated with tumor 
development

Given that we have tumor incidence numbers and plasma 
metabolite data for each of the 28 animals across the four 
different diet groups, we determined which plasma metabo-
lites were most closely associated with tumor development. 
To the extent that the predictors selected by the elastic net 

method can be considered to be the most important vari-
ables in predicting the outcome, the metabolites selected 
by the method can be viewed as those with the strongest 
association with tumor development. We used the R pack-
age glmnet with leave-one-out cross validation to implement 
the method (Friedman et al., 2010). The optimal values of 
lambda and alpha, parameters that minimized the average 
deviance across the cross validation folds were 11.28 and 
0.05 respectively. The metabolites selected by the method 
are those with the closest association with tumor develop-
ment. The metabolites with the highest positive and negative 
associations are shown in Table 1 (all associated metabo-
lites with non-zero coefficients from the elastic net regres-
sion are shown in Supplemental Table 1). Azelate and 7 
α-hydroxycholesterol were both positively associated with 
tumor development. The two metabolites most associated 
with lower tumor incidence are β-sitosterol and succinate. 
β-sitosterol is a plant/diet derived phytosterol that reduces 
cholesterol up-take (Ikeda & Sugano, 1983). Although suc-
cinate is best known for its role in the TCA cycle (Connors 
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Fig. 5   Methyl donor restriction alters metabolites involved in Kreb’s 
cycle. a A panel of metabolites involved in the tricarboxylic acid 
cycle was affected by the MDD diet. Levels of citrate (− 3.0-fold, 
p < 0.0001), ⍺-ketoglutarate (− 4.11-fold, p < 0.0001), succinate 
(− 1.3, p < 0.001), and malate (− 1.3-fold, p < 0.04) were reduced 
by methyl donor restriction. b In contrast, colon levels of succinate, 

citrate, fumarate and malate were not altered by MDD. c Schemat-
ics highlighting the affected metabolites that maintain the citric acid 
cycle flux. All groups marked with “a” have a statistically significant 
difference compared to groups marked with “b” and “c”. Similarly, all 
groups marked with “b” are significantly different relative to groups 
marked with “a” and “c”
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et al., 2018), it has a number of other activities (Zhao et al., 
2017; Connors et al., 2018). Whether these associations are 
mechanistically linked to tumor development is not clear, but 
some possibilities are addressed in the Discussion.

4 � Discussion

High levels of dietary methyl donors may establish a nutri-
ent-rich condition that is unintentionally tumor-promoting, 
particularly for high-risk individuals prone to advanced 
adenoma development (Ryan & Weir, 2001). Conversely, 
limiting dietary methyl donors may be beneficial to high-
risk patients. To determine the extent to which limitations 
in dietary methyl donors can suppress colon cancer, we 
designed the experimental MDD diet with stringent reduc-
tions in methyl donors. This MDD diet is strongly protec-
tive in mouse colon cancer models (Kadaveru et al., 2012; 
Hanley et al., 2016, 2020). Although this diet is unrealistic 
for humans, we have used it to study the metabolic changes 
linked to tumor suppression. Previous work showed a sur-
prisingly strong reduction in colon carnitine levels, suggest-
ing that fatty acid metabolism plays a role in tumor suppres-
sion. To better understand how this diet reduces cancer risk, 
we determined the effect of the MDD diet on the plasma 
metabolome, reasoning that this information could clarify 
mechanisms of action and provide plasma biomarkers for 
translational studies.

As found in the colon (Hanley et al., 2020), large reduc-
tions in carnitine and acyl-carnitines were observed in the 
plasma. This finding indicates that there is a systemic reduc-
tion in carnitine synthesis, likely by the liver and kidney. 
Carnitine synthesis (from lysine) requires SAM, so the effect 
of the MDD diet on its synthesis is likely a direct result 
of reduced methionine levels. Our previous study revealed 
that the MDD diet also reduced colonic methionine levels 
(Hanley et al., 2020). In both the plasma and colon, carnitine 
synthesis and the related effects on fatty acid metabolism 
are among the most dramatically impacted pathways, sug-
gesting that this pathway is particularly sensitive to dietary 

methyl donor uptake. Other metabolic pathways, such as 
nucleotide synthesis, may take precedence in the context of 
limited methyl donor availability.

Carnitine attachment to fatty acids facilitates their trans-
port into the mitochondria for oxidation. Reduced carnitine 
levels may therefore decrease activity of the Krebs cycle 
(and mitochondrial ATP synthesis). Whether this reduc-
tion is responsible for suppressing colon tumor formation 
is not clear, as we do not observe a reduction in Krebs cycle 
intermediates in the colon. However, more work needs to 
be done in this area, as measuring the steady state levels 
of Krebs cycle intermediates may not be a good indicator 
of pathway flux. In addition to its role in mitochondrial 
fatty acid uptake, fatty acid uptake in the intestine is also 
facilitated by carnitine (Leichter et al., 1987; Washington 
et al., 2003). Enterocytes in the small intestine make acyl-
carnitines from absorbed fatty acids for transport into the 
ER and the assembly of chylomicrons (Abo-Hashema et al., 
1999). Reduced fatty acid absorption appears to be a major 
effect of the MDD diet. Interestingly, some fatty acids are 
affected more than others, suggesting a hierarchy of uptake 
and metabolism. To assess the potential impact of these fatty 
acid changes on colon tumor incidence, we looked at fatty 
acids and fatty acid metabolites with known effects on can-
cer promotion. We found that arachidonic acid, the precursor 
of the potent tumor promoter PGE2, was reduced, whereas 
the tumor-suppressing fatty acid EPA was increased. Inter-
estingly, EPA levels were also elevated in MDDR mice, 
suggesting that this effect persists following dietary methyl 
donor repletion. Finally, 2-HG, an oncometabolite that can 
be derived from hydroxybutyrate (Liesenfeld et al., 2016), 
was also reduced. Overall, the MDD diet appears to alter the 
spectrum of fatty acids in a manner favorable to colon cancer 
suppression, although the metabolic pathways underlying 
these changes are not yet clear.

To gain further insight into the relationship between 
diet and cancer risk, we employed elastic net regression to 
identify plasma metabolites most closely associated with 
tumor incidence. Identification of related metabolites can 
suggest potential mechanisms of cancer protection for 
further study and indicate potential biomarkers for trans-
lational studies. Azelate and 7 α-hydroxycholesterol were 
the top hits positively associated with tumor development. 
The positive association of azelate with cancer risk may 
be related to a higher level of fatty acid uptake. Azelate is 
formed by the peroxidation and cleavage of oleate (Roc-
chiccioli et al., 1986). The detection of azelate as a can-
cer risk marker over other fatty acids may be due to the 
fact that azelate is slowly metabolized, which may make 
it an effective marker of high fatty acid uptake (being a 
dicarboxylic acid, azelate is not efficiently oxidized by the 
mitochondria and relies largely on peroxisome metabo-
lism) (Suzuki et al., 1989). Likewise, the tracking of 7 

Table 1   Top four plasma metabolites identified as significant predic-
tors of tumor count using elastic net and their corresponding coeffi-
cient values

*Metabolomics standards initiative (MSI) level is based on MSI 
guidelines for naming non-novel metabolites (Sumner et  al., 2007). 
Selected metabolites in this dataset are classified as “Tier 1”

Metabolite Coefficient MSI level*

Azelate 0.0878 1
7 α-hydroxycholesterol 0.0865 1
β-sitosterol  − 0.0864 1
Succinate  − 0.0959 1
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α-hydroxycholesterol with tumor incidence is consistent 
with fatty acid up-take contributing to cancer risk; primary 
bile acids derived from 7 α-hydroxycholesterol would pro-
mote lipid up-take from the diet. Previous work showed 
that the MDD diet decreases the level of secondary bile 
acids in the colonic mucosa, including tumor-promoting 
deoxycholate (Bernstein et al., 2011). The reduction in pri-
mary bile acid production may therefore decrease cancer 
risk by in part by reducing secondary bile acid production 
in the colon.

The two metabolites most closely associated with lower 
tumor incidence are β-sitosterol and succinate. β-sitosterol 
is a plant/diet-derived phytosterol that reduces cholesterol 
uptake and circulating LDL levels by competing with 
cholesterol for space within lipoprotein micelles (Fernan-
dez & Vega-Lopez, 2005). The association between high 
β-sitosterol and lower cancer risk is in general agreement 
with the potential role of bile acids in cancer promotion dis-
cussed above. The relationship between succinate and lower 
cancer risk presents a more complex case. Although suc-
cinate is best known for its role in the TCA cycle, it has a 
number of other activities that could impact tumorigenesis 
(Dalla Pozza et al., 2020). Given that so many reactions uti-
lize and produce succinate, additional work will be required 
to establish its role in mitigating cancer risk in this model.

This study and previous work point to carnitine synthesis 
and fatty acid uptake as playing a central role in determining 
colon cancer risk (Hanley et al., 2020). Although the diet 
used in these studies is not suitable for humans, identifying 
consequent metabolic changes as important determinants of 
cancer risk will facilitate the development of more targeted 
dietary alterations. The plasma biomarkers identified here 
could also be developed to stratify cancer risk in humans 
that might be addressed by dietary alterations.
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