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Abstract

Folate status and the status of the methionine cycle are typically assessed by measuring folate and
metabolites in the plasma. It is assumed that plasma metabolite levels are proportional to their
levels in tissues, but there is little information to support this assumption. We developed a
mathematical model, based on known kinetics of the methionine cycle in the liver and tissues and
transport kinetics of metabolites into and out of the plasma. The model accurately reproduces
measured metabolite values pre and post folate fortification. The model allows us to study, /in
sifico, the relationships between metabolite values in tissues and plasma, and how these vary with
methionine and B vitamin input, and with mutations in the genes for enzymes in the methionine
cycle. We explore the relationship between folate status and metabolite values in the plasma, the
relationships between metabolite values and methylation capacity, the response to a methionine
load, and the half-life of folate in plasma and tissues. The model shows that a high acute intake of
folate remains largely restricted to the plasma and is rapidly excreted. We use the model to study
the effects of Down syndrome and oxidative stress on metabolite values in plasma and tissues.

1 Introduction

The methionine cycle plays a critical role in cell metabolism and defects in methionine
metabolism are associated with a variety of diseases ranging from cardiovascular disease to
psychiatric disorders, DNA methylation status and cancer [1-5]. One of the metabolites in
the methionine cycle, S-adenosylmethionine (SAM), is the universal methyl donor and is the
substrate for a host of methyltransferases among which are the DNA methyltransferases and
histone methyltransferases that regulate gene silencing and epigenetic inheritance. The level
of SAM varies with methionine input and folate status, and, together with its product S-
adenosylhomocysteine (SAH), is used as an indicator of methylation capacity [6, 7].
Another metabolite in the methionine cycle is homocysteine, and elevated levels of
homocysteine are generally accepted as a major biomarker for cardiovascular disease [8, 9].
In addition, via the cystathionine-B-synthase (CBS) reaction, the methionine cycle provides
the first step in the synthesis of reduced glutathione (GSH), a key antioxidant.

Aberrant function of the methionine cycle can arise from mutations in the genes that code
for enzymes in the cycle and from deficiencies in vitamin cofactors for the enzymes.
Vitamin B, is an essential cofactor for methionine synthase (MS), which accepts methyl
groups from 5-methyltetrahydrofolate and remethylates homocysteine to form methionine,
and vitamin Bg is a cofactor for CBS, which transmethylates homocysteine and removes it

3Corresponding author: hfn@duke.edu.
Conflict of Interest. The authors declare they have no conflict of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duncan et al.

2 Methods

Page 2

from the methionine cycle in the synthesis of cystathionine, the first step in the synthesis of
GSH.

The status of the methionine cycle is typically assessed by measuring the levels of its
metabolites and its vitamin co-factors in the plasma. Plasma homocysteine, methionine,
SAM, the SAM/SAH ratio, folate, and vitamins Bg and B4, are widely used as indicators of
folate sufficiency, methylation capacity, and risk for heart disease and cancer. Although
plasma metabolites are well established as biomarkers of disease, an understanding of the
mechanism of disease requires knowing metabolite levels in the tissues where the
methionine cycle operates. Thus it would be useful to know how the plasma levels of
metabolites reflect their corresponding status within tissues. Unfortunately, it is difficult to
obtain simultaneous plasma and tissue measurements for many metabolites over time, in
different genetic backgrounds, and under various nutrient and micronutrient inputs.

Because much is known about the kinetics of the methionine cycle and the transport kinetics
of metabolites into and out of the tissue and plasma compartments, it is possible to develop a
mathematical model that allows us to examine, /n silico, the expected association between
tissue and plasma metabolite levels under many different genetic and environmental
conditions. Here we report on the development of such a model that is based on previous
models of the methionine cycle in the liver and in peripheral tissues into which we have
incorporated a plasma compartment and in which we can account for dietary input of
methionine and folate, their metabolism inside cells, the transport of metabolites between
compartments and their elimination in the urine. We show that this model correctly
reproduces a variety of experimental and clinical data, and we use the model to show that
under certain conditions plasma levels of metabolites can be poor indicators of their
corresponding levels in the tissues.

We developed a mathematical model for intracellular methionine cycle kinetics, input of
substrates into the plasma, transport of metabolites between cells and the plasma, and
removal of metabolites by catabolism and excretion. The model has three compartments:
plasma, liver and peripheral tissues. The metabolic reaction diagrams and transport
directions are shown in Figure 1. The kinetics of the liver and tissue methionine cycle are
derived from [10] and [11], respectively. The model consists of 16 differential equations that
express the rates of change of the metabolites in Figure 1. Each of the differential equations
is a mass balance equation; the time rate of change of the particular metabolite equals the
sum of the rates at which it is being made minus the rates it is being consumed in
biochemical reactions, plus or minus the net transport rates from or to other compartments.
The differential equations, rate equations, transporter kinetics and justifications are
explained in detail in “Supporting Materials” together with all parameter values and steady-
state values. The model was implemented in MATLAB (Mathworks, Natick, MA).

3 Results and Discussion

3.1 Meaning of the compartments

The model we have developed consists of three compartments: the liver, peripheral tissues,
and plasma (Figure 1). Input of methionine and folate are into the plasma compartment and
from there to the liver and peripheral tissues. The peripheral tissue compartment represents
all metabolizing tissues in the body, including the kidney. The excretory role of the kidney is
represented by direct output from the plasma compartment. We recognize that no two tissues
are likely to have identical metabolite levels or transport rates, so our tissue compartment
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represents an average effect, which in many cases may correspond to that found in red blood
cells.

3.2 The steady-state

The steady-state values of metabolite concentrations computed by the model for the liver,
plasma and tissues are shown in Table 1. The input and output rates and the net inter-
compartment flux rates are in Table 2. These model steady-state concentrations and flux
rates are within the normal or control ranges reported in the experimental and clinical
literature (see Supporting Materials). In the model we can alter the input rates of methionine
and folate, we can model the effects of under- and over-expression of the transporters and
the enzymes in the methionine cycle, and we can account for the effects of changes in
availability of vitamins Bg and B15 insofar as they affect the activities of the CBS and MS
reactions, respectively, by altering the Vs« of those reactions.

For each of these changes, alone or in combination, we can compute the effects on tissue
and plasma concentrations of metabolites and inter-compartment fluxes at steady-state. In
addition, we can compute how concentrations and fluxes will change dynamically over time
with varying inputs. In the sections that follow we use the model to simulate various
experimental and clinical findings.

3.3 Folate: pre- and post-fortification

NHANES data from 1988-1994 indicated that the average folate intake was 200 pg/day.
After the implementation of folate fortification in the US by the FDA in 1998, the average
folate intake increased to 300 pg/day [12]. Our model assumes that the daily intake of folate
is at pre-fortification levels (200 pg/day) and we simulated post-fortification levels of 300
pg/day regime by increasing folate input in our model by 50 percent. Our results are shown
in Table 3, together with NHANES pre- and post-fortification data [13]. The model predicts
folate and homocysteine levels within the ranges of the NHANES data for tissue folate as
well as plasma Hcy levels with the exception of plasma folate levels post-fortification,
where NHANES found a higher level than our model suggests. Plasma folate levels are very
sensitive to recent folate intake [14], and are thus quite variable, and this may account for
the discrepancy. Our model shows that to obtain the NHANES post-fortification plasma
folate concentration shown in Table 3 would require an intake of 400 pg/day, which is only
100 pg/day above our assumption and could be achieved by taking a 1/4 of a typical daily
multivitamin pill.

We simulated the steady-state effects of a broad range of variation in folate input. The dose-
response curves for various metabolites in relation to plasma folate are shown in Figure 2.
The range of values spans the pre- and post-fortified levels of plasma folate (gray lines in
Figure 2). The highest levels of plasma folate shown in Figure 2 were obtained by
simulating the recommended dietary folate intake of 400 pg/day. The level of plasma
homocysteine is inversely proportional to plasma folate level (Figure 2A), and corresponds
well to the relationship found by [15]. Our model suggests that tissue and liver
homocysteine levels vary much less with variation in folate. The concentrations of SAM, the
universal methyl group donor, show a different pattern (Figure 2B). The liver content of
SAM is quite sensitive to folate diminution whereas the levels of tissue and plasma SAM
change much less with declining folate status.

We examined the effect of variation of folate status on the relationship between the SAM/
SAH ratio and the rate of the DNMT reaction (Figure 3A). Our model uses the kinetics of
DNMT-1, the maintenance methyltransferase, which is the principal methyltransferase
active in children and adults [16]. The SAM/SAH ratio is believed to be an indicator of
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methylation capacity [7, 17]: an increase in SAM enhances methyl-transfer reactions, and a
decrease in SAH enhances methylation because SAH is a general inhibitor of
methyltransferases. In our model we assume that the flux through the DNMT reaction is
proportional to the DNA methylations capacity. Figure 3A shows that methylation rate is
proportional to the plasma SAM/SAH ratio and that the liver shows a stronger positive
relation than the peripheral tissues. Yi et al. [18] found a positive relationship between
plasma SAH and DNA hypomethylation. Our simulation data likewise show a severe
decline in flux through DNMT with increasing plasma SAH level (Figure 3B). Yi et al. [18]
also found a positive relationship between plasma homocysteine and plasma SAH, and a
negative relationship between plasma homocysteine and plasma methionine in healthy
women with small variation in plasma homocysteine (5-17 uM). We likewise found a
positive relationship of plasma homocysteine with plasma SAH and a negative relationship
with plasma methionine (Figure 4).

3.4 Folate half-life and excess folate dosing

In order to verify that in our model net folate elimination and decay kinetics corresponded to
observed values, we measured the half-life of folate by setting folate input to zero and
following the folate concentrations in the three compartments over time. The decay profiles
are shown in Figure 5. The half-life was 98.5 days, which corresponds well with the
approximately 100 days estimates of net folate half-life reported in several studies [19-21].
Because the decay and removal rates of folate are slow relative to the inter-compartment
folate transport and exchange rates, all compartments remain in mutual equilibrium and the
half-life of folate in each compartment is identical (Figure 5).

Folates bind to and inhibit many enzymes in the folate cycle, a phenomenon known as
substrate inhibition [22]. This is a homeostatic mechanism that may be an adaptation to
periods of insufficient folate input because, as folate levels decline, enzyme activity
increases and this maintains the reaction rates in the folate and methionine cycles [22-24].
There has been concern expressed about the possible deleterious effects of excessive folate
intake because increasing folate levels could increase enzyme inhibition and thus have an
effect equivalent to a folate deficiency [25-27]. Experimental data, however, suggest that
high folate intake has only a modest effect on tissue and plasma folate levels, possibly due to
saturable uptake and retention processes [28]. We simulated excessive folate intake in our
model and monitored tissue levels and urinary excretion.

When we increased folate input by 2-fold we saw a rapid rise of plasma folate and a rapid
increase in folate excretion during the first 10 hours, followed by a much slower rise in
plasma folate level and urinary excretion rate (Figure 6). A persistently high level of plasma
folate due to a chronic two-fold input leads to a slow but continuous elevation of plasma and
intracellular folate, which reach their new steady state at twice the normal level (100%
increase) after about 650 days.

We next simulated the fate of a large infusion of excess folate by increasing folate input
100-fold for a period of 2 hours and following metabolite profiles for the next 60 hours
(Figure 7). The folate remained largely in the plasma before being removed by urinary
excretion, and there was a slight but persistent rise in liver and tissue folate (6% and 5%
respectively). Overall, the results of our simulations indicate that a brief excessive dietary
folate input remains largely restricted to the plasma and is rapidly eliminated. It causes only
a small rise in tissue folate; this elevated tissue folate declines very slowly and takes some
800 days to return to normal.
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3.5 Vitamin B, deficiency

Vitamin By, is a necessary co-factor for methionine synthase, the enzyme that remethylates
homocysteine to methionine using a methyl group from 5-methyltetrahydrofolate. We
modeled the effect of a vitamin B4, deficiency by reducing the Vax Of the methionine
synthase reactions in tissue and liver by 20%. Table 4 shows the results of this simulation in
the context of pre- and post- fortification folate input levels. Our model accurately
reproduced plasma homocysteine levels from the NHANES study analyzed by Selhub et al.
[29]. Lowered levels of vitamin Bq, were associated with elevated plasma homocysteine,
and this effect was completely reversed by the higher post-fortification level of folate intake.
In our model a B1, deficiency also causes an accumulation of folate as 5-
methyltetrahydrofolate, in accord with the ‘methyl-trap’ hypothesis [24, 30]. One concern
with folate fortification is that it can mask a B1, deficiency. We therefore modeled the effect
of variation in By, status with variation in folate intake (Figure 8). These response surfaces
illustrate that the relationships are nonlinear and the relative effects of variation in folate and
B1, depend on the amount of variation and on where exactly on the surface an individual is
located.

3.6 Methionine load

Methionine loading is used as a test for deficiency in transmethylation of homocysteine,
which could be due to functional mutations in the gene for CBS, or a reduced vitamin Bg
status. We simulated methionine loading by introducing a 2-hour methionine pulse at 6
times the normal input rate. The methionine pulse appears in the plasma as a peak that
resolves in 10-15 hours. Homocysteine in the plasma rises gradually to just above 30 uM, (4
times above basal level) and declined to near basal level 24-30 hours after initiation of the
methionine pulse (Figure 9), as found experimentally in [31, 32]. We then reduced CBS
activity to 50% of normal and found that a methionine load raised the peak plasma
homocysteine level to just over 50 uM. Although this looks like an increased response, it is
actually only 2.5 times the higher basal level of homocysteine that is characteristic of a CBS
deficiency. Silberberg and Dudman [33] noted that homocysteine levels after a methionine
load are not always measured relative to the correct basal level of homocysteine, suggesting
that reports of elevated homocysteine following a methionine load may not always be
reliable. In the mathematical model presented here the percent increase relative to baseline is
similar whether or not there is a CBS deficiency. Guttormsen et al. [34] measured the half-
life of intravenously-injected homocysteine and found values ranging from 2.8 to 5.2 hours.
When we raised the initial value of plasma homocysteine two-fold, we calculated a half-life
of 5.2 hours as the concentration returned to steady-state, indicating that the homocysteine
redistribution kinetics in our model closely resemble those found experimentally.

3.7 Down syndrome and oxidative stress

Down syndrome is a complex set of developmental abnormalities that result from trisomy of
chromosome 21 [35]. The gene for CBS is on chromosome 21, so some of the symptoms of
Down syndrome could be due to overexpression of CBS [36, 37]. Increased CBS activity
will lower the steady-state levels of homocysteine and SAM, which can be interpreted,
respectively, as a beneficial and a deleterious effect. In addition, persons with Down
syndrome often experience excess oxidative stress [6, 38], which affects the activities of
several enzymes in the methionine cycle [10]. We simulated a triple dose of CBS by
increasing the Vmax Of the enzyme to 150%. We found that homocysteine and was depressed
by 38% of normal (Table 5), which closely corresponds to that found in persons with Down
syndrome [37]. Additionally, SAM decreased which corresponds with the trend found in
persons with Down syndrome. The gene for superoxide dismutase is also on chromosome
21, and persons with Down syndrome often suffer from a mild degree of oxidative stress.
When we simulated the addition of oxidative stress, we found that homocysteine rose
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slightly and SAM levels were reduced even more. The decrease in SAM levels corresponds
with experimental data [37, 39]. In addition, Infantino et. al. [39] found that the levels of
methionine were significantly reduced in cultured lymphoblast cells in down patients. Our
model likewise shows a modest decrease in methionine in patients with CBS trisomy which
is greatly enhanced by oxidative stress.

4 Concluding remarks

We have developed a mathematical model of methionine metabolism and folate and the
transport of metabolites between the plasma, liver and peripheral tissues for the purpose of
investigating, /n silico, the degree to which metabolite levels that are typically measured in
the plasma reflect the levels of their counterparts in the tissues. With this model we can
study the effects of variation in methionine and folate input, as well as variation in the
activities of enzymes in the methionine cycle, where variation can be due to mutation,
expression level, or availability of vitamin co-factors.

Collection of a blood sample is relatively non-invasive and is a preferred method for
assessing health status by measuring the levels of metabolites and drawing inferences from
the observed values. The interpretation of the significance of blood values is calibrated by
deviations from the typical range and reasonable physiological expectations of functionality.
Linkage of a particular range of values with health or disease is derived from statistical
association studies. Our model allows us to infer liver and tissue values of metabolites and
thus helps us to understand the cellular metabolic mechanisms that cause the changes in
plasma levels.

We used the model to study the effect of folate fortification on tissue and plasma
homocysteine levels and show a good correspondence to the empirical findings of the
NHANES studies. We used the model to calculate the half-life of folate, and found it to be
98 days, which corresponds well with experimental estimates. High doses of folate remained
largely in the plasma compartment and were rapidly eliminated via the urine. Although
plasma folate rose to high levels, only a small fraction of the plasma folate entered tissues;
however, once taken up the elevated tissue levels persisted for a long time.

We studied the effects of variation in folate intake on the tissue and plasma concentrations
of homocysteine, methionine, SAM, and the SAM/SAH ratio (Figures 2-4). With the
exception of methionine, the plasma values do not accurately reflect tissue values. Liver
SAM levels increase more severely than plasma SAM levels at high folate status, and this
likewise increases liver SAM/SAH ratio more than is reflected in the plasma. Interestingly,
plasma homocysteine levels increased strongly with decreasing folate status, whereas tissue
homocysteine levels were much less affected (Figure 2), suggesting that plasma
homocysteine is a hypersensitive indicator of tissue homocysteine levels at lowered folate
status.

In our model, methylation capacity is represented by the flux carried by the DNMT reaction.
This flux is affected by the concentration of its substrate, SAM, its inhibitor SAH, and by
folate status. In accord with experimental findings, our model showed a positive relationship
between the SAM/SAH ratio in the plasma and flux through DNMT, and a negative
relationship between plasma SAH levels and flux through DNMT.

We also used the model to simulate the effect of the higher level of CBS activity that occurs
in Down syndrome. By itself, the increased CBS activity lowers plasma SAM and plasma
homocysteine, as expected. However, some Down patients have an elevated plasma
homocysteine, and also suffer from excessive oxidative stress. Oxidative stress affects the
activity of several enzymes in the methionine cycle, and previous model results have shown
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that increased oxidative stress increased hepatic levels of homocysteine [10]. With the
present model we were able to show that plasma homocysteine levels also increase with
oxidative stress, and that liver and plasma SAM levels decrease.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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The compartment model. Plasma metabolites are affected by dietary input, urinary output,
metabolism, and transport into and out of metabolizing tissues.
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Figure 2.

Relationships between steady-state plasma folate levels and various metabolite levels due to
variation in folate input. A, homocysteine; B, methionine; C, SAM; D, SAM/SAH ratio.
Solid lines represent plasma, long dashes are liver, short dashes are tissue. Vertical gray
lines indicate plasma folate levels calculated with the model from pre- and post- fortification
folate intake levels.
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Figure 3.

Rate of the DNMT in relation to plasma metabolite levels. The DNMT reaction represents
methylation capacity. A, relationship between SAM/SAH ratio and methylation capacity in
liver and peripheral tissue as both vary with folate status. The SAM/SAH ratio at normal
folate status is computed by the model as 3.4, which is within the range found
experimentally [38]. B, Relationship between plasma SAH level and tissue DNMT rate as
both vary with folate input. Plasma SAH at normal folate status is computed by the model to
be 24.50 nM, which is within the range found experimentally [38].
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Relationship between plasma homocysteine, SAH and methionine due to variation in folate

status. Plasma homocysteine at normal folate status is12.40 yM.
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Figure5. Decay of folate in the three compartments
after stopping folate input, showing identical half-lives (98.5 days) in each compartment.
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Figure6.

Simulation of a chronic 2-fold rate of folate input. At steady state plasma folate levels off at

25.3 nM (normal =12.40 nM), liver folate at 18.1 yM (normal
at 0.83 yM (normal = 0.416 uM).
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Simulation of an acute folate load. An infusion of 100-fold normal folate input for 2 hours,
starting at 10 hours, causes a large rise in plasma folate and a small but persistent elevation

of intracellular folate.

Mol Nutr Food Res. Author manuscript; available in PMC 2014 April 01.



1duosnuey JoyIny vd-HIN

duasnuely Joyiny vVd-HIN

duasnuely Joyiny vd-HIN

Duncan et al.

e (% of norma\)

plasma Homocystein

Page 17

200

= 160

80

Liver SAM (% of norm:

Figure 8.

Simulation of effect of simultaneous variation in folate intake and vitamin B, status on
plasma homocysteine and liver SAM. Values represent % of normal. For folate normal is the
pre-fortification intake. Variation in vitamin B1, was modeled by varying the Vs Of

methionine synthase in liver and tissue. White dots indicate pre-fortification values of folate
intake and normal vitamin B status.
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Simulation of methionine load. Methionine input was raised 6-fold for a 2-hour period,

starting at 5 hours.
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Table 1

Concentration of metabolites at steady-state (pre-fortification).

Metabolite [Plasma] [Liver] [Tissue]
folate 12.40nM  9.06 uM 0.416 uM
Met 33.80uM  88.10uM  54.80 yM
SAM 91.42nM  84.80 uM  29.40 uM
SAH 2450nM  1410pM  5.02 pM
Hey 878uM  328uM  1.04uM
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Effect of folate-fortification on folate and homocysteine levels.

Metabolite

n

NHANESL2 ~ model

plasma folate *
prefortification (1988-1994)
postfortification (1999-2000)
postfortification (2001-2002)

tissue folate ™

prefortification (1988-1994)
postfortification (1999-2000)
postfortification (2001-2002)

plasma Hecy -
prefortification (1988-1994)
postfortification (1999-2000)
postfortification (2001-2002)

9990
3223
3931

9987
3249
3977

4193
3246
3976

12.1+0.3
30.2 £0.7
27.8+0.5

391+0.5
618+0.11
611+0.9

8.7+0.01
7.0+0.01
7.3+0.01

12.4
18.8

416
622

8.7
6.5

*
nmol/L

*:

*
pmol/L

'ZNHANES analysis from [13].

2 .
values are geometric means + SE.
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Table 4

Plasma homocysteine levels (umol/L) in response to variation in folate and vitamin By levels.

Folatelevel®  Low By, (80%)"""  High B1, (100%)

Low
Model 12.52 8.78
NHANES ** 11.9-155 7.6-109
High
Model 8.85 6.48
NHANES ** 9.9-118 71-92

*
Low and high levels of folate in the model correspond to mean pre- and post-fortification input levels.

*Kk
Range of least-squares geometric means of plasma Hcy calculated from pre- and post-fortification NHANES data from [29].

Aok

The effect of a B12 deficiency was modeled by reducing the Vmax of the methionine synthase reactions in liver and tissue to 80%.
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