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Abstract

Background: Folate is an essential B-vitamin that mediates one-carbon metabolism reactions, including
nucleotide synthesis and others related to carcinogenesis. Both low- and high-folate status influences
carcinogenesis.

Methods: We used a mathematical model of folate-mediated one-carbon metabolism to predict the effect of
arange of intracellular epithelial folate concentrations (0.25-15.0 umol/L) on methylation rate and purine and
thymidylate synthesis. We also examined the interaction of these folate concentrations with polymorphisms in
two enzymes [methylene tetrahydrofolate reductase (MTHFR) and thymidylate synthase (TS)] in relation to
the biochemical products.

Results: TS enzyme reaction rate increased markedly in response to the modeled higher intracellular folate
concentrations. Changes in methylation rate were modest, whereas purine synthesis was only minimally
related to increases in folate concentrations with an apparent threshold effect at 5.0 to 6.0 umol/L. The
relationship between folate concentrations and thymidylate synthesis was modified by genetic variation in TS
but less so by variation in MTHFR. These gene—folate interactions modestly influenced purine synthesis in a
nonlinear manner but only affected methylation rate under conditions of very high MTHFR activity.

Conclusion: Thymidylate synthesis is very sensitive to changes in epithelial intracellular folate and
increased nearly fivefold under conditions of high intracellular folate. Individuals with genetic variations
causing reduced TS activity may present even greater susceptibility to excessive folate.

Impact: Our observation that thymidylate synthesis increases dramatically under conditions of very
elevated intracellular folate provides biological support to observations that excessive folic acid intake
increases risk of both precursor lesions (i.e., colorectal adenomas) and cancer. Cancer Epidemiol Biomarkers Prev;

1912

20(9); 1912-7. ©2011 AACR.

Introduction

Folate is a water-soluble B-complex vitamin that is
essential for human health (1). The primary function of
folate is as a carrier of single-carbon units used in many
important biochemical reactions, including those related
to amino acid metabolism, nucleotide synthesis, and
numerous methyl-transferase reactions, including DNA
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methylation (2). These biochemical pathways of folate-
mediated one-carbon metabolism (FOCM) are complex,
involving numerous enzymes, substrates, cofactors, and
various degrees of oxidized or reduced folate (1, 3).
Furthermore, the proteins controlling this pathway are
encoded by genes in which polymorphic variants affect-
ing enzyme activity and health outcomes have been
identified (4, 5).

Understanding the metabolic functions of FOCM and
their relationship to cancer risk is a topic of considerable
importance. Folate deficiency has been associated with
increased risk for cancer of the colon, breast, and pan-
creas (3, 6, 7). Conversely, high folic acid supplementa-
tion has been associated with increased risk of colorectal
adenomas (8) and increased risk of breast cancer (9).
Investigations of the health effects of high to excessive
folic acid may be particularly important, given the high
exposure of the U.S. population to folic acid through the
common practice of high-dose dietary supplement use. In
addition, many consumers eat other highly fortified pro-
ducts, such as cereals, nutrition bars, and fortified bev-
erages (10). Together, these food and supplement
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practices may place some consumers at risk of exceeding
the tolerable upper limit intake of 1,000 pg folic acid per
day, as specified by the Food & Nutrition Board of the
Institute of Medicine (1). However, empirically testing
low- and high-folate intake in human populations is not
altogether satisfactory, either in terms of understanding
the health risks or comprehending the biology. Further-
more, because there are some concerns about high-dose
folic acid (8, 10-12), it is not ethical to carry out dose-
response studies that may result in harm. One approach
to understanding the potential effects of folic acid on
metabolism is by mathematical modeling of folate bio-
chemistry (13, 14). Our model allows us to simulate the
effects of nutritional variation (e.g., in folate intake) on
biomarkers related to carcinogenesis (e.g., methylation),
the effects of known genetic mutations in FOCM
enzymes, and gene—nutrient interactions (13, 14). In this
article, our objective was to understand the effects of low-
and high-folate concentrations, such as that which might
be present in either a folate deficiency or folate excess and
the subsequent relationship to numerous important pro-
cesses of FOCM, such as methionine synthesis, purine
synthesis, and thymidylate synthesis. We used a model of
epithelial FOCM, consistent with the notion that some
organs, such as the colon, may be the most susceptible to
folate deficiency or excess.

Methods and Results

Overview of the model

Detailed methods describing our model of FOCM
are published (13). Briefly, the model simulates the
multiple, interconnected biochemical reactions of folate
metabolism. The model was built by using known bio-
chemistry and standard reaction kinetics; differential
equations were used to describe each enzymatic reaction
in the context of variable substrate availability. In addi-
tion, the model incorporated data on known regulatory
mechanisms (e.g., substrate inhibition or long-range
inhibition; ref. 15). Long-range interactions between
the interconnected folate and methionine cycles,
which regulate the properties of 1-carbon metabolism,
were also included (14, 15). The model uses published
data from various mammalian species and their tissues
with respect to folate—enzyme kinetics and regulatory
mechanisms.

For this article, our FOCM model was used to predict:
(i) the effect of a broad range of intracellular folate
concentrations simulating variation in folate status on
mechanisms relevant to carcinogenesis (e.g., methylation
rate, purine synthesis, and thymidylate synthesis); and
(ii) interaction of functional polymorphisms in key
FOCM enzymes (MTHFR and TS), with varying folate
concentrations in relation to methylation rate and pur-
ine/thymidylate synthesis. These enzymes were chosen
for their known regulatory function (MTHFR) and critical
role in nucleotide synthesis (TS). A number of observa-
tional and intervention studies, some of which included

folate supplementation, have reported total folate con-
centrations in human colonic cells ranging from 0.2 to 6.9
umol/L, with an average around 1.0 umol/L (16-21). One
of these intervention studies reported 5-Me-THF concen-
trations (rather than total folate) of 1 to 2 umol/L (21). On
the basis of these findings, we modeled a physiologic
range of folate concentrations that might be expected in
the colonic epithelial cell.

An intracellular concentration of 1.0 umol/L was cho-
sen as the reference or standard value, wherein the
methylation rate and purine/thymidylate synthesis were
assumed to function at 100%. All other modeled values
are relative to this reference concentration and enzyme
activity.

Figure 1 models the rates of purine synthesis, thymi-
dylate synthesis, and methylation rate across a range of
intracellular folate values, relative to 1.0 umol/L and the
ensuing effect on purine synthesis, thymidylate synth-
esis, and methylation capacity. The top panel illustrates
the enzymatic rates as predicted by the model, whereas
the bottom panel is the normalized rate relative to 1.0
umol/L folate. The increase in thymidylate synthesis
from 0.25 to 15.0 pmol/L is nearly 4-fold (top panel).
Enzyme activity rate in relation to purine synthesis is
only modest, with an apparent threshold effect around
4.0 to 6.0 umol/L, followed by a slight decline at what
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Figure 1. Purine and thymidylate synthesis and methylation rate.
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could be considered excessive intracellular concentra-
tions (i.e., 15.0 umol/L). Enzyme activity and subsequent
increases in thymidylate synthesis change markedly in
response to higher folate concentrations as evidenced by
the steep slope in the bottom panel. The influence of
increasing intracellular folate concentrations in epithelial
cells on methylation capacity is characterized by a modest
linear increase.

To further understand how variation in the intracel-
lular folate concentrations may interact with genetic
characteristics, we simultaneously modeled the range
of folate concentrations (0.25 to 16.0 umol/L), reflecting
deficiency to excessive concentrations, jointly with varia-
tion in TS and MTHEFR activity in relation to thymidylate
synthesis, purine synthesis, and methylation rate (Figs. 2—
4). MTHEFR and TS were chosen because they have estab-
lished common polymorphisms known to significantly
affect gene expression or enzyme function. We have
previously reported the influence of these variants inde-
pendently on biomarker endpoints (22).

Figure 2 shows an interaction between TS activity and
increasing folate concentrations in relation to thymidylate
synthesis (top panel). This evidence suggests that indivi-

Q\‘“ =

SRR =
SR =

Figure 2. Thymidylate synthesis by folate concentrations, TS and MTHFR
activity.

duals with genotypes affecting TS activity, gene expres-
sion, or mRNA stability may experience vastly different
sensitivity in response to elevated folate concentrations.
The greatest thymidylate synthesis occurs when both
folate concentrations are high and thymidylate synthase
activity is elevated. In the bottom panel of Figure 2, modest
nonlinearity exists in the response for MTHFR, also sug-
gesting an interaction, but one in which thymidylate
synthesis is not nearly as high as in the top panel. In
Figure 3, across different activity levels of TS or MTHFR,
purine synthesis plateaus after folate concentrations reach
approximately 5.0 to 7.0 pmol/L, although there may be
some nonlinearity depending on the underlying enzyme
activity. Figure 4 reflects the methylation rate, which
shows a modest increase in methylation rate as folate
increases. The effect of the enzyme activity is most pro-
nounced under conditions of high-folate activity and
high-TS or MTHEFR activity in relation to methylation rate.

Discussion

This mathematical model of FOCM illustrates the effect
of a range of epithelial intracellular folate concentrations

Figure 3. Purine synthesis by folate concentrations, TS and MTHFR
activity.
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Figure 4. Methylation by folate concentrations, TS and MTHFR activity.

on 3 principal cancer-related biomarker outcomes: purine
synthesis, thymidylate synthesis, and methylation rate.
These results may be important because some American
consumers are exposed to high intakes of folic acid
through consumption of highly-fortified functional foods
or dietary supplements. Some reports suggest that few
exceed the Institute of Medicine’s tolerable upper intake
level of 1,000 pg folic acid per day (23-25) and that any
excess intake does not seem to be attributable to con-
sumption of enriched grains and cereals (23, 24). How-
ever, a recent NHANES report indicated that 2.6 million
Americans aged 51 to 70 years exceed the tolerable upper
intake level of 1,000 pg/d of folic acid (23). Thus, it seems
that some, but not all, Americans consume excess folic
acid and therefore understanding the biology of the
extremes of intake is important. For example, a few
observational studies and one randomized controlled
trial have suggested that excessive folic acid intake,
primarily from dietary supplements, may be detrimental
to health (8, 9), but the biological mechanisms are not yet
identified or well-understood. Thus, our goal was to
understand the extent to which a range of high or low
intracellular folate concentrations might influence bio-
markers that relate to carcinogenesis.

Mathematical modeling is an important tool in the
study of human systems biology. Modeling allows for
the study of complex, nonlinear systems that are difficult
to study in a purely experimental manner. Results from
this approach can be used to formulate new hypotheses to
test, where possible, in vivo. The principal finding from
our mathematical modeling is that thymidylate synthesis
is sensitive to changes in intracellular folate concentra-
tions. Our model predicts that at normal physiologic
folate concentrations (i.e., 1.0 pumol/L) thymidylate
synthase activity is 30.0 umol/h, whereas at supraphy-
siologic concentrations (i.e., 15.0 pmol/L) thymidylate
synthase activity is increased to 118 pmol/h, correspond-
ing to a nearly 4-fold increased synthesis of thymidylate.
These simulations suggest that thymidylate synthesis
activity may be driven in large part by intracellular folate
concentrations. This is an important observation because
some of the hypothesized adverse effects of high folate
intake, particularly from synthetic sources, may increase
intracellular folate to these supraphysiologic concentra-
tions. However, we recognize that intracellular concen-
trations are influenced by transporters and other
mechanisms that are not able to be modeled here. None-
theless, these findings lend support to the observations
that excessive folate intake may increase risk of colorectal
adenoma as well as certain cancers, quite possibly due in
part to increased thymidylate synthesis. Another consid-
eration is that thymidylate synthase is the primary target
for 5-fluorouracil, a chemotherapeutic drug used widely
in cancer treatment, particularly colorectal cancer. The
increased expression of thymidylate synthase has been
associated with reduced survival and other adverse out-
comes in colorectal cancer (26, 27).

Of interest is also the suggested interaction between
both TS or MTHER activity and increasing folate concen-
trations in affecting thymidylate synthesis. Our model
predicts that genetic susceptibility, particularly the pro-
moter polymorphisms in the TS gene, could have a major
influence on the intracellular response to increasing
folate: individuals with higher TS activity to begin with
would be much more responsive to an increase in folate,
as evidenced by the observed steep slope in thymidylate
synthesis.

Our model predicts that purine synthesis will plateau
with increasing concentrations of intracellular folate. On
the basis of our genetic epidemiologic data, we have
previously suggested that purine synthesis may be one
of the key pathways supporting carcinogenesis (28);
however, our model suggests that this would apply
largely to the range from 1.0 to 5.0 umol/L.

Finally, as we showed previously (15), methylation rate
was relatively robust against changes in folate. What was
most interesting was the robustness at the lower folate
concentrations. Our model has previously shown that
this stability is due to several regulatory mechanisms in
the FOCM (14), which may be an indication of selective
adaptation because methylation is central to many meta-
bolic conversions and crucial for survival. This aspect of
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the model is not in complete agreement with other pub-
lished data. In 2002, Friso and colleagues examined
MTHFR genotype, plasma folate, and DNA methylation
in 292 Italian study subjects. Those with low plasma folate
and the MTHFR T/T genotype had significantly lower
DNA methylation, suggesting a strong interaction of the
genotype with folate status in relation to methylation (29).
Some difference between our model results and those of
Friso and colleagues might be because of the model’s use
of intracellular folate versus plasma folate, and the model
predicts methylation rate not absolute status. Further in
vivo research should be conducted to understand the
relationship between MTHFR genotype, intracellular
folate, and the methylation rate. Whereas some model
output may not be completely intuitive or expected, the
results still provide important questions for future
research.

This study has several strengths. This mathematical
model of FOCM has previously been shown to provide
insights into folate metabolism, nutrient-gene interac-
tions, and gene-gene interactions (22). The model has
been tested extensively by using kinetic data from experi-
mental studies and has done well for understanding
other aspects of the folate pathway (13-15). One of the
key strengths of the model is that it substitutes for
unethical exposure of humans to either deficient or overly
excessive intakes of folic acid for lengthy periods.
Although depletion-repletion studies in humans have
been extremely useful for establishing human folate
requirements (1, 30), these metabolic studies do not test
enzyme activity or synthesis of critical downstream mole-
cules. Our simulations as presented in this article suggest
that thymidylate synthesis, and to a lesser extent purine
synthesis, are the most sensitive to changes in folate
concentrations. Because thymidylate production is a cri-
tical step in DNA synthesis, this may help explain why
high-dose folic acid supplements may lead to increased
risk of colorectal adenomas, which require a steady flux
of nucleotides for DNA synthesis and proliferation. There
are also limitations. First, the range of intracellular folate
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