
628 Mol. Nutr. Food Res. 2013, 57, 628–636DOI 10.1002/mnfr.201200125

RESEARCH ARTICLE

The relationship between intracellular and plasma levels

of folate and metabolites in the methionine cycle:

A model

Tanya M. Duncan1, Michael. C. Reed2 and H. Frederik Nijhout1

1 Department of Biology, Duke University, Durham, NC, USA
2 Department of Mathematics, Duke University, Durham, NC, USA

Scope: Folate status and the status of the methionine cycle are typically assessed by mea-
suring 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.
Methods and results: We developed a mathematical model, based on known kinetics of the
methionine cycle in the liver and tissues, and the transport kinetics of metabolites into and
out of the plasma. We use the model to 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. We
also use the model to study the effects of Down syndrome and oxidative stress on metabolite
values in plasma and tissues. The model accurately reproduces measured metabolite values
pre- and post-folate fortification. The model shows that a high acute intake of folate remains
largely restricted to the plasma and is rapidly excreted; only a prolonged exposure to increased
folate elevates tissue folate significantly.
Conclusion: The model accurately reproduces experimental and clinical findings and can
serve as a platform to study, in silico, 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.
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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 can-
cer [1–5]. One of the metabolites in the methionine cy-
cle, 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
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methyltransferases that regulate gene silencing and epige-
netic inheritance. The level of SAM varies with methion-
ine 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 me-
thionine cycle is homocysteine, and elevated levels of ho-
mocysteine are generally accepted as a major biomarker for
cardiovascular disease [8,9]. In addition, via the cystathionine-
�-synthase (CBS) reaction, the methionine cycle provides the
first step in the synthesis of reduced glutathione, a key an-
tioxidant.

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. Vita-
min B12 is an essential cofactor for methionine synthase (MS),
which accepts methyl groups from 5-methyltetrahydrofolate
and remethylates homocysteine to form methionine. Vitamin
B6 is a cofactor for CBS, which transmethylates homocysteine
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and removes it from the methionine cycle in the synthesis of
cystathionine, the first step in the synthesis of glutathione.

The status of the methionine cycle is typically assessed
by measuring the levels of its metabolites and its vitamin
cofactors in the plasma. Plasma homocysteine, methionine,
SAM, the SAM/SAH ratio, folate, and vitamins B6 and B12 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 dis-
ease, an understanding of the mechanism of disease requires
knowing metabolite levels in the tissues where the methion-
ine 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 simul-
taneous plasma and tissue measurements for many metabo-
lites over time, in different genetic backgrounds, and under
various nutrient and micronutrient inputs.

Because much is known about the kinetics of the methio-
nine 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, in
silico, the expected association between tissue and plasma
metabolite levels under many different genetic and environ-
mental conditions. Here, we report on the development of
such a model that is based on previous models of the methio-
nine 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.

2 Methods

We developed a mathematical model for intracellular me-
thionine cycle kinetics, input of substrates into the plasma,
transport of metabolites between cells and the plasma, and re-
moval of metabolites by catabolism and excretion. The model
has three compartments: plasma, liver, and peripheral tis-
sues. The metabolic reaction diagrams and transport direc-
tions are shown in Fig. 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 Fig. 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 dif-
ferential equations, rate equations, transporter kinetics, and
justifications are explained in detail in “Supporting Informa-
tion” together with all parameter values and steady-state val-
ues. The model was implemented in MATLAB (Mathworks,
Natick, MA, USA).

3 Results and discussion

3.1 Meaning of the compartments

The model we have developed consists of three compart-
ments: the liver, peripheral tissues, and plasma (Fig. 1). Input
of methionine and folate is transferred to the plasma com-
partment and from there to the liver and peripheral tissues.
The peripheral tissue compartment represents all metaboliz-
ing tissues in the body, including the kidney. The excretory

Figure 1. 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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Table 1. Concentration of metabolites at steady state (prefortifi-
cation)

Metabolite [Plasma] [Liver] [Tissue]

Folate 12.40 nM 9.06 �M 0.416 �M
Met 33.80 �M 88.10 �M 54.80 �M
SAM 91.42 nM 84.80 �M 29.40 �M
SAH 24.50 nM 14.10 �M 5.02 �M
Hcy 8.78 �M 3.28 �M 1.04 �M

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 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 com-
puted by the model for the liver, plasma, and tissues are
shown in Table 1. The input and output rates and the net in-
tercompartment 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 lit-
erature (see Supporting Information). 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 ac-
count for the effects of changes in availability of vitamins B6

and B12 insofar as they affect the activities of the CBS and MS
reactions, respectively, by altering the Vmax 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 intercompartment 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 postfortification

NHANES data from 1988 to 1994 indicated that the average
folate intake was 200 �g/day. After the implementation of

Table 3. Effect of folate fortification on folate and homocysteine
levels

Metabolite n NHANESa),b) Model

Plasma folatec)

Prefortification (1988–1994) 9990 12.1 ± 0.3 12.4
Postfortification (1999–2000) 3223 30.2 ± 0.7 18.8
Postfortification (2001–2002) 3931 27.8 ± 0.5
Tissue folatec)

Prefortification (1988–1994) 9987 391 ± 0.5 416
Postfortification (1999–2000) 3249 618 ± 0.11 622
Postfortification (2001–2002) 3977 611 ± 0.9
Plasma Hcyd)

Prefortification (1988–1994) 4193 8.7 ± 0.01 8.7
Postfortification (1999–2000) 3246 7.0 ± 0.01 6.5
Postfortification (2001–2002) 3976 7.3 ± 0.01

a) NHANES analysis from [13].
b) Values are geometric means ± SE.
c) nmol/L.
d) �mol/L.

folate fortification in the United States by the FDA in 1998,
the average folate intake increased to 300 �g/day [12]. Our
model assumes that the daily intake of folate is at prefortifi-
cation levels (200 �g/day) and we simulated postfortification
levels of 300 �g/day regime by increasing folate input in our
model by 50%. Our results are shown in Table 3, together
with NHANES pre- and postfortification 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 postfortifica-
tion, where NHANES found a higher level than our model
suggests. Plasma folate levels are very sensitive to recent fo-
late intake [14], and are thus quite variable, and this may
account for the discrepancy. Our model shows that to obtain
the NHANES postfortification plasma folate concentration
shown in Table 3 would require an intake of 400 �g/day,
which is only 100 �g/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 var-
ious metabolites in relation to plasma folate are shown in
Fig. 2. The range of values spans the pre- and post-fortified
levels of plasma folate (gray lines in Fig. 2). The highest
levels of plasma folate shown in Fig. 2 were obtained by

Table 2. Metabolite input, removal, and compartment transport rates (�M/h)a)

Metabolite Dietary Flux plasma Flux plasma Net excretion Liver Tissue
intake to liver to tissue rate catabolism catabolism

Folate 0.0024 0.0015 0.0008 0.0001 0.0015 0.0008
Methionine 106 65.75 38.56 1.69 . .
Hcy . 3.77 −3.91 0.14 . .
SAM . −0.05 −0.77 0.82 . .
SAH . −0.008 −0.026 0.034 . .

a) Net intercompartment flux rates. A negative symbol indicates transport toward the plasma.
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Figure 2. Relationships between steady-state plasma folate lev-
els 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 calcu-
lated with the model from pre- and postfortification folate intake
levels.

simulating the recommended dietary folate intake of
400 �g/day. The level of plasma homocysteine is inversely
proportional to plasma folate level (Fig. 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 (Fig. 2C). 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 DNA-methyltransferase (DNMT) reaction (Fig. 3A). Our
model uses the kinetics of DNMT-1, the maintenance methyl-
transferase, which is the principal methyltransferase active in

Figure 3. Rate of the DNMT reaction in relation to plasma
metabolite levels. The DNMT reaction represents methylation
capacity. (A) Relationship between SAM/SAH ratio and methy-
lation capacity in liver and peripheral tissue as both vary with
folate status. The plasma 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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Figure 4. Relationship between plasma homocysteine, SAH, and
methionine due to variation in folate status. Plasma homocys-
teine at normal folate status is 12.40 �M.

children and adults [16]. The SAM/SAH ratio is believed to
be an indicator of methylation capacity [7, 17]: an increase
in SAM enhances methyl-transfer reactions, and a decrease
in SAH enhances methylation because SAH is a general in-
hibitor 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 methyla-
tion rate is proportional to the plasma SAM/SAH ratio and
that the liver shows a stronger positive relation than the pe-
ripheral tissues. Yi et al. [18] found a positive relationship
between plasma SAH and DNA hypomethylation. Our sim-
ulation data likewise show a severe decline in flux through
DNMT with increasing plasma SAH level (Fig. 3B). Yi et al.
[18] also found a positive relationship between plasma ho-
mocysteine and plasma SAH, and a negative relationship
between plasma homocysteine and plasma methionine in
healthy women with small variation in plasma homocys-
teine (5–17 �M). We likewise found a positive relationship
of plasma homocysteine with plasma SAH and a negative
relationship with plasma methionine (Fig. 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 follow-
ing the folate concentrations in the three compartments over
time. The decay profiles are shown in Fig. 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 stud-
ies [19–21]. Because the decay and removal rates of folate are
slow relative to the intercompartment folate transport and
exchange rates, all compartments remain in mutual equi-
librium and the half-life of folate in each compartment is
identical (Fig. 5).

Figure 5. Decay of folate in the three compartments after stop-
ping folate input, showing identical half-lives (98.5 days) in each
compartment.

Folates bind to and inhibit many enzymes in the folate cy-
cle, 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 re-
action 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 lev-
els 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 sat-
urable 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 twofold we saw a rapid
rise of plasma folate and a rapid increase in folate excretion
during the first 10 h, followed by a much slower rise in plasma
folate level and urinary excretion rate (Fig. 6). A persistently
high level of plasma folate due to a chronic twofold 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 h
and following metabolite profiles for the next 60 h (Fig. 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
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Figure 6. Simulation of a chronic twofold rate of folate input. At
steady-state plasma folate levels off at 25.3 nM (normal = 12.40
nM), liver folate at 18.1 �M (normal = 9.06 �M), and tissue folate
at 0.83 �M (normal = 0.416 �M).

Figure 7. Simulation of an acute folate load. An infusion of 100-
fold normal folate input for 2 h, starting at 10 h, causes a large
rise in plasma folate and a small but persistent elevation of intra-
cellular folate.

folate; this elevated tissue folate declines very slowly and takes
some 800 days to return to normal.

3.5 Vitamin B12 deficiency

Vitamin B12 is a necessary cofactor for MS, the enzyme that
remethylates homocysteine to methionine using a methyl
group from 5-methyltetrahydrofolate. We modeled the effect
of a vitamin B12 deficiency by reducing the Vmax of the MS
reactions in tissue and liver by 20%. Table 4 shows the results
of this simulation in the context of pre- and postfortification
folate input levels. Our model accurately reproduced plasma
homocysteine levels from the NHANES study analyzed by
Selhub et al. [29]. Lowered levels of vitamin B12 were associ-

Table 4. Plasma homocysteine levels (�mol/L) in response to
variation in folate and vitamin B12 levels

Low B12 High B12

Folate levela) (80%)c) (100%)

Low
Model 12.52 8.78
NHANESb) 11.9−15.5 7.6–10.9

High
Model 8.85 6.48
NHANESb) 9.9–11.8 7.1–9.2

a) Low and high levels of folate in the model correspond to mean
pre- and postfortification input levels.
b) Range of least-squares geometric means of plasma Hcy calcu-
lated from pre- and postfortification NHANES data from [29].
c) The effect of a B12 deficiency was modeled by reducing the
Vmax of the methionine synthase reactions in liver and tissue to
80%.

ated with elevated plasma homocysteine, and this effect was
completely reversed by the higher postfortification level of
folate intake. In our model, a B12 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 B12 deficiency. We
therefore modeled the effect of variation in B12 status with
variation in folate intake (Fig. 8). These response surfaces
illustrate that the relationships are nonlinear and the relative
effects of variation in folate and B12 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 trans-
methylation of homocysteine, which could be due to func-
tional mutations in the gene for CBS, or a reduced vitamin
B6 status. We simulated methionine loading by introducing
a 2-h methionine pulse at six times the normal input rate.
The methionine pulse appears in the plasma as a peak that
resolves in 10–15 h. Homocysteine in the plasma rises grad-
ually to just above 30 �M, (four times above basal level) and
declined to near basal level 24–30 h after initiation of the me-
thionine pulse (Fig. 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 �M. 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 re-
ports of elevated homocysteine following a methionine load
may not always be reliable. In the mathematical model pre-
sented here the percent increase relative to baseline is sim-
ilar whether or not there is a CBS deficiency. Guttormsen
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Figure 8. Simulation of effect of simultaneous variation in folate intake and vitamin B12 status on plasma homocysteine and liver SAM.
Values represent percent of normal. For folate normal is the prefortification intake. Variation in vitamin B12 was modeled by varying the
Vmax of methionine synthase in liver and tissue. White dots indicate prefortification values of folate intake and normal vitamin B12 status.

Figure 9. Simulation of methionine load. Methionine input was
raised sixfold for a 2-h period, starting at 5 h.

et al. [34] measured the half-life of intravenously injected ho-
mocysteine and found values ranging from 2.8 to 5.2 h. When
we raised the initial value of plasma homocysteine twofold,
we calculated a half-life of 5.2 h as the concentration returned
to steady state, indicating that the homocysteine redistri-
bution kinetics in our model closely resemble those found
experimentally.

3.7 Down syndrome and oxidative stress

Down syndrome is a complex set of developmental abnor-
malities that result from trisomy of chromosome 21 [35]. The
gene for CBS is on chromosome 21, so some of the symp-
toms of Down syndrome could be due to over-expression 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 addi-
tion, 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 was depressed by 38% of nor-
mal (Table 5), which closely corresponds to that found in
persons with Down syndrome [37]. Additionally, SAM de-
creased 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 ho-
mocysteine rose slightly and SAM levels were reduced even
more. The decrease in SAM levels corresponds with experi-
mental data [37, 39]. In addition, Infantino et al. [39] found
that the levels of methionine were significantly reduced in

Table 5. Effect of increasing oxidative stress on homocysteine
and SAM concentrations in CBS trisomy

Metabolite Normal Down

Dataa) Model Dataa) Model Model
+ 2 H2O2

Plasma Hcyc) 6.7 6.48 4.2 4.1 5.49
Plasma SAMb) 98 102.2 65.4 94.2 78.5
Liver Hcyc) 3.29 2.15 1.73
Liver SAMc) 97.1 91.68 61.24

a) Experimental data from [37].
b) nmol/L.
c) �mol/L.
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cultured lymphoblast cells in Down patients. Our model like-
wise 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 be-
tween the plasma, liver, and peripheral tissues for the purpose
of investigating, in silico, the degree to which metabolite lev-
els 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 in-
put, 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 cofactors.

Collection of a blood sample is relatively noninvasive and
is a preferred method for assessing health status by measur-
ing 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 function-
ality. 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 metabo-
lites 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 ex-
perimental 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, methio-
nine, SAM, and the SAM/SAH ratio (Figs. 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 like-
wise increases the liver SAM/SAH ratio more than is reflected
in the plasma. Interestingly, plasma homocysteine levels in-
creased strongly with decreasing folate status, whereas tissue
homocysteine levels were much less affected (Fig. 2), suggest-
ing 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 activ-
ity of several enzymes in the methionine cycle, and previous
model results have shown that increased oxidative stress in-
creased 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.
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Model Details 

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. In order to display the differential equations coherently, we 

have chosen notation for the variables and reaction rates that is both more uniform and sparse 

than some notation commonly in use. For example, the concentration of methionine in the liver 

is denoted lMet instead of the usual [liverMet]. Our notation is described in Part A, below. In 

Part B, we give the differential equations, which are written in terms of reaction, transport and 

removal rates, and contain terms to account for the relative sizes of the three compartments. In 

Part C, the kinetic formulas and constants for these reaction and transport rates are given with 

justifications.  Part D describes metabolite input and removal from the system.  

 

Part A: Notation. 

A.1 Names and Acronyms  

The names of the enzymes indicated by acronyms in Figure 1 are given in Table S1.   

 

Table S1: Enzyme names and acronyms 

======================================= 

MAT-I  methionine adenosyl transferase I 

MAT-II  methionine adenosyl transferase II 

MAT-III  methionine adenosyl transferase III 

GNMT  glycine N-methyltransferase 

DNMT  DNA-methyltransferase 

SAHH   S-adenosylhomocysteine hydrolase 

CBS   cystathionine β-synthase 

MS   methionine synthase 

BHMT  betaine-homocysteine methyltransferase 

======================================== 

 

We use three letter acronyms or abbreviations for the metabolites (Table S2).  In the equations, 

these acronyms have a prefix of l, t, p, or u to indicate the compartment, liver, tissue, plasma or 

urine, respectively. 

 

Table S2: Names and acronyms of metabolites 

===================================== 

Met   methionine 

SAM   S-adenosylmethionine 

SAH   S-adenosylhomocysteine 

Hcy   homocysteine 

Fol   folate 

===================================== 
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A.2 Constants 

Table S3: Names and values of constants (concentrations in µM, time in hours), and size 

ratios of the three compartments. 
============================================================== 

ssH2O2  0.01  steady state intracellular hydrogen peroxide 

H2O2  0.01  intracellular hydrogen peroxide (varies in some experiments) 

Folin  0.0024  hourly input of folate (varies in some experiments) 

Metin  106     hourly input of methionine (varies in some experiments) 

 

klp  0.625  liver to plasma size ratio  

kpl  1.6  plasma to liver size ratio 

ktp  7.5  tissue to plasma size ratio 

kpt  0.133  plasma to tissue size ratio 

================================================================= 

A.3 Steady State Values 

Table S4: Steady-state values of metabolite concentrations in the liver, plasma and tissues. 

================================================= 

Compartment Metabolite Model    Data Reference 

Plasma 
  Hcy (µM)

 
8.78 8.7 ± 0.1

 
[1] 

 

  SAM (nM)
 

91.40 35-118
 

[2] 

 

  SAH (nM)
 

24.50 9.6-38.7 [2] 

 

  Fol (nM)
 

12.40 12.1±0.3 [1] 

 

  Met (µM) 33.80 24.1±4.7 [3] 

Liver 

    

 

  Hcy (µM) 3.28 3.63±0.89 [4] 

 

  SAM (µM) 84.80 60-90 [4] 

 

  SAH (µM) 14.10 10-15 [4] 

 

  Fol (µM)
 

9.06 9 [5] 

 

  Met(µM) 88.10 72.6±12.5 [6] 

Tissue 

    

 

  Hcy (µM) 1.04 0.76-1.12 [4] 

 

  SAM (µM) 29.50 19-50 [4] 

 

  SAH (µM) 5.02 3.4-6.7 [4] 

 

  Fol (nM) 416 391±5.4 [1] 

 

  Met (µM) 54.80 63±13.0 [6] 

=================================================== 

 

Part B: The Equations 

B.1 Velocity notation  

We denote the velocity of a reaction (in μM/hr) by a capital V, with a subscript indicating the 

acronym for the enzyme that catalyzes the reaction. For example, the velocity of the methionine 

synthase (MS) reaction is denoted by VMS.  For the transport of metabolites into and out of 
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compartments the velocity and direction of the transport reaction (in µM/hr) is indicated by a 

capital V, with a subscript indicating the acronym for the metabolite being transported, and the 

first and last letter surrounding the metabolite indicates its movement. For example, transport of 

methionine into the liver from the plasma, or out of the liver and into the plasma, are denoted by 

VpMetl and VlMetp, respectively.    

 

B.2 Compartment size 

The relative size of each compartment was calculated from the human tissue mass balance data 

in [7], their Table 21.  We calculated the relative size of the plasma, liver, and metabolically 

active tissue to be 4%, 2.5%, and 30% of the total body mass, respectively. When transferring 

metabolites from one compartment to the other we multiplied the concentration in the receiving 

compartment by its size relative to that of the delivering compartment. In the equations, this 

relative size was expressed as a constant k, with a subscript with the first letter being the 

delivering compartment and the second the receiving compartment.   

 

B.3 The differential equations 
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Part C. Kinetics 

C.1 Oxidative stress   

Intracellular hydrogen peroxide levels (H2O2) and reduced glutathione (GSSG) play a role in 

regulating enzyme velocities in the methionine cycle. Hydrogen peroxide inhibits MS and 

BHMT, and activates CBS [8, 9]. GSSG inhibits MAT I, MATII, MAT III [10, 11]. To add 

inhibition by H2O2 to our enzyme reactions, we multiplied the reaction velocity by the term 

 
            

         
 

 

where   
 
is the scaling constant, and [H2O2]ss is the concentration at steady-state. Since the 

inhibitor concentration is in the denominator, the reaction velocity decreases as the concentration 

of the substrate increases. We chose this format so that the velocity of the reaction at steady-state 

would remain the same once we added the inhibition. This allows us to compare the system with 

and without inhibition. We were unable to find kinetic data for the inhibitions by H2O2, so we 

chose our scaling constants to be the value of steady-state intracellular H2O2 concentration so 

that the effects of the inhibitions would be nearly linear.  MAT I, MAT II and MAT III are 

inhibited indirectly via reduced glutathione (GSSG), which accumulates under oxidative stress.  

GSSG does not occur in the present model, so we used our model for glutathione synthesis 

kinetics [12] to calculate the effective scaling constant of H2O2 on MAT I and MAT III.   

 

For enzyme activation by H2O2, we used a similar approach. We multiplied the reaction 

velocity by the term 
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Note that here the activator concentration is in the numerator, and so as the concentration of the 

substrate increases, so does the velocity of the reaction. Again, the multiplier is one at steady-

state, allowing for comparison of the system with and without inhibition.   

 

C2. Enzyme Kinetic 

MAT-I: The MAT-I kinetics are from [13], Table 1, and we take Vmax = 301.2 M/hr and Km = 

41. The inhibition by SAM was derived by non-linear regression on the data from [13], Figure 5. 

The last factor represents the inhibition of MAT-I by oxidative stress, with Ki=35, see the 

discussion above.  

 

                                
         

         
   

            

         
  

MAT-II: The methionine dependence of the MAT-II kinetics is from [13], and we take Vmax = 

289.7 M/hr and Km = 50.  The inhibition by SAM was derived by non-linear regression on the 

data from [13], Figure 5. The last factor represents the inhibition of MAT-II by oxidative stress, 

with Ki=35, see the discussion above. 

 

                                  
         

         
   

            

         
  

MAT-III. The methionine dependence of the MAT-III kinetics is from [14], Figure 5, fitted to a 

Hill equation with Vmax = 51.52 M/hr, Km = 300. The activation by SAM is from [13], Figure 5, 

fitted to a Hill equation with Ka = 360. The last factor represents the inhibition of MAT-III by 

oxidative stress, with Ki=66, see the discussion above. 

 

         
         

    

             
    

          

             
   

            

         
  

GNMT: The first term of the GNMT reaction is standard Michaelis-Menten with tissue Vmax = 

226.14 and liver Vmax = 364 M/hr, and Km = 63 [15]. The second term is product inhibition by 

SAH from [16] with Ki = 18. The third term, the long-range inhibition of GNMT by folate, was 

derived by non-linear regression on the data of [17], and scaled so that it equals 1 when the 

external folate concentration is 5 µM and .4 µM in the liver and tissue, respectively.  The 

constant A is 5.35 and 0.75 in the liver and tissue, respectively. 

 

        
         

         
  

 

   
     
  

  
 

          
  

 
DNMT: The DNA methylation reaction is given as a uni-reactant scheme with SAM as 

substrate. That is, the substrates for methylation are assumed constant. Their variation can be 

modeled by varying the Vmax. The Vmax for the liver and tissue are 120.73 and 66, respectively.  

Both the liver and tissue have the same Km = 1.4 and Ki = 1.4, which is from [18]. 
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SAHH:  Both factors of SAHH reaction are standard Michaelis-Menten with positive direction 

from SAH to Hcy and the negative direction from Hcy to SAH. The kinetic constants for SAH in 

the liver are Vmax,SAH=448, and Km,SAH= 6.5 and for the tissue are Vmax,SAH=320, and Km,SAH= 6.5. 

Both the liver and tissue have the same kinetic constants for Hcy, with Vmax,Hcy= 4530, and 

Km,Hcy= 150, and justification for the Km values can be found in [12]. 

 

       
        
      

               
    

             

             
 

BHMT: The kinetics of BHMT are Michaelis-Menten with the parameters Km = 12, and Vmax = 

239.3 M/hr [19, 20]. The form of the inhibition of BHMT by SAM was derived by non-linear 

regression on the data of [21] and scaled so that it equals 1 when the external methionine 

concentration is 30 μM. The last factor represents the inhibition of BHMT by oxidative stress, 

see the discussion below. Ki = 0.01 μM is the inhibition constant. 

 

                                                
         

         
  

            

         
   

MS:  Both factors of MS reaction are standard Michaelis-Menten.  The kinetic constants are 

Vmax,Hcy=406.25 M/hr, Km,Hcy= 1 M [22], Km,FOLATE= 25 M [23, 24]. The last factor 

represents the inhibition of MS by oxidative stress with a Ki = 0.01, see the discussion below. 

 

      
         

             
  

     

                
  

            

         
   

 

CBS: The kinetics of CBS is standard Michaelis-Menten where the Vmax in the liver and tissue 

are 31740 M/hr and 3174 M/hr, respectively. Km = 1000 M for Hcy and is taken from [25]. 

The form of the activation of CBS by SAM and SAH was derived by non-linear regression on 

the data in [26] and [27] scaled so that it equals 1 when the external methionine concentration is 

30 µM. The last factor represents the activation of CBS by oxidative stress with Ka=0.035, see 

the discussion below. 

 

      
         

         
  

                   

                      
  

          

           
  

 

Effect of SAM and SAH on 5mTHF 

The concentration of 5mTHF depends on the activity of the enzyme MTHFR, which is inhibited 

by SAM, and this inhibition is counteracted by SAH.  Since MTHFR is not present in the current 

model we used the derivation of the effect of SAM and SAH on 5mTHF described in [28], where 

the inhibition by SAM is given by the inhibitory factor: 
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  I=10/(10+[SAM]-[SAH]) . 

 

We introduce a new factor,  as the rate of folate input divided by the pre-fortification rate (so 

=1 pre-fortification and =1.5 post-fortification).  Using these factors we use the equations 

from [28] to calculate the dependence of the 5mTHF concentration in the liver on SAM and SAH 

as 

  

 5mTHF=35/(((0.0185.*Hcy)/(I*))-1) . 

 

The effect of folate increase is less pronounced in some peripheral tissues than in the liver [29] 

so we take  for the tissues to be t=0.5+(0.5*) and calculate the effect of SAM and SAH on 

the 5mTHF concentration in the tissue as 

 

 5mTHF=27/(((0.04.*Hcy)/(I*t))-1) . 

 

We used these values as the [Fol] terms in the MS and GNMT reactions in the liver and tissue, 

respectively. 

 

C.3 Transport kinetics 

We now discuss the metabolite transport between compartments. Depending on the metabolite 

being transported, different kinetic equations were used. 

 

Met and Hcy transport:  The general formula for Met, and Hcy kinetics transport is taken to be 

 

  
                

               
 

The transport kinetics of a metabolite coming into and out of a compartment is Michaelis-

Menten, and the direction of transport is indicated by the subscript of V. For example, the 

transport of Met from the plasma to liver is notated as VpMetl, and from the liver to the plasma as 

VlMetp. The molecular similarities of Hcy and Met allow for movement into or out of cells by 

multiple cysteine transport systems [30, 31]. Km values for Met transport ranges from 2-3000 µM 

depending on the transport system being used [32],  while Km for Hcy transport ranges from 19-

1000 µM [33] 

 

SAM and SAH transport: SAM and SAH transport is taken to be mass action  In accordance 

with the literature, we assume that SAM and SAH are only exported from cells into the plasma 

but are not taken up by cells from the plasma [34-36]. The removal of SAM and SAH from the 

body is thought to occur through urine [37, 38]. 

 

Folate transport: Transport of folate into and out of a cell occurs through receptor mediated 

endocytosis, reduced folate-carrier mediated systems, ATP-dependent export and passive 

diffusion [39].   
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We use two general formulas for kinetics of folate transport.  The first formula is Michaelis-

Menten: 

 

V  
          

         
. 

 

The subscript of V indicates the direction of transport.  For instance transport of folate from the 

plasma to the liver is indicated by the notation Vpfoll.  Km values of folate uptake into cells range 

from 0.66-0.76 M [40, 41]. Additionally, the model contains folate flux between compartments, 

because both the liver and tissue have the ability to import as well as export folate. 

 

The second formula describes the bi-directional diffusive transport of folate between a 

compartment and plasma: 

 

                   , 

 

where d is a rate constant describing the flux of folate into and out of a compartment, and c1 

indicates the compartment under consideration (liver or peripheral tissue).  The subscript of V 

likewise indicates the relevant compartments. For example, the flux of folate transport into and 

out of the liver is represented by Vlfluxfol. 

 

Table S5.  Parameter values for transport kinetics. 

================================================================= 

Reaction Parameter Model Value Reaction Parameter Model Value 

-------------------------------------------------------------------------------------------------------------- 

VpHcyl     VpMetl   

  Km  50    Km  100 

  Vmax  8.59    Vmax  406 

VlHcyp     VlMetp   

  Km  50    Km  100 

  Vmax  44    Vmax  126 

VpHcyt     VpMett   

  Km  50    Km  100 

  Vmax  5.05    Vmax  1600 

VtHcyp     VtMetp   

  Km  50    Km  100 

  Vmax  30.62    Vmax  1509.4 

VlSAMp     VlSAHp   

  k  0.00095   k  0.0009 

VtSAMp     VtSAHp   

  k  0.0035    k  0.0007 

Vpfoll      Vpfolt   

  Km  0.7    Km  0.7 

  Vmax  0.094    Vmax  0.043 

Vlfluxfol     Vtfluxfol   

  d  0.000012   d  0.00001 

================================================================= 
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Part D: Input and Removal Rate of Metabolites 

D1.  Input rates (µM/hr) 

 

Folate: After establishing the metabolic kinetics and transport kinetics for each compartment we 

found that a folate input rate into the plasma compartment of 0.0024 mol L
-1

 hr
-1

 established a 

steady-state concentration of 416 nM in the tissue compartment.  This value is close to the 

observed pre-fortification mean erythrocyte folate concentration corresponding to an estimated 

average dietary folate intake of about 200 g/day.  When we increased folate input 1.5-fold we 

obtained a steady-state tissue folate concentration of 622 nM, which matches the mean post-

fortification erythrocyte folate concentration, corresponding to an estimated average dietary 

intake of about 300 g/day. 

 

Methionine:  Methionine input in the model is 106 µM per hour.     

 

D2. Removal Rates (µM/hr) 

The removal of metabolites from a compartment follows the general formula  

 

                  

where k is a constant that was calculated so that the rate of removal of a metabolite from a 

compartment accurately reflects experimental data, and c1 is the compartment the metabolite is 

currently occupying.  The removal of a metabolite is unidirectional and expressed by a linear 

equation, which is indicated by its transport velocity.  For example, the removal of methionine 

from the plasma is represented by Vpmet. 

 

A major route of metabolites removal from the body is through filtration of the plasma by the 

kidney and ultimate loss of the metabolite via urine excretion.  Our model does not contain a 

kidney compartment so loss of a metabolite occurs directly by the removal of the metabolite 

from the plasma.  Additionally, our model assumes that loss of urine is 1L/per 24 hours, which is 

within the normal range of daily human urine loss [42]. 

 

Catabolism by liver and tissue removes most folate from the body, and approximately 1% of 

folate removal occurs through urine [43].  Our model accounts for folate catabolism in the liver 

and tissue as well as loss through urine. 

 

Hcy removal:  We now discuss removal of Hcy from the plasma which is expressed by the 

formula 

V              
          

         
  

 

where the prefixes p and u stand for the concentration of Hcy in the plasma and the urine.  Most 

Hcy is reabsorbed by the kidney, which allows only 1-2% of it to be removed daily in urine [42, 

44].  For the purpose of these calculations we assume that plasma and urine compartments have 

the same volume and that the transports occur within the kidney tubules and associated 

capillaries.  The kinetics are linear for Hcy going from the plasma and into the urine, with 
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kpHcy= 0.73. The kinetics is Michaelis-Menten for Hcy going from the urine and back into the 

plasma, with Vmax = 0.5, and Km=1. 

 

Table S6.  Rate constants for removal of metabolites by catabolism and excretion, and the 

rate of metabolite loss from the various compartments 

==================================================================== 

         Rate of removal at  

Compartment Metabolite     Removal constant  steady-state (µM/hr) 

  removed      ------------------------------ -------------------------- 

    name  value (hr
-1

) model     experiment  Ref  

------------------------------------------------------------------------------------------------------------------- 

Plasma  Met  kpMet  0.05  1.69  1.7  [45] 

  Hcy  kpHcy  0.073  0.14  0.07-0.23 [42] 

  SAM  kpSAM 9  0.82  0.42  [38] 

  SAH  kpSAH 1.4  0.034  0.02  [38] 

  Folate  kpfolate 0.01  0.0001  0.00025 [46] 

Liver  Folate  klfolate 0.00027 0.0015  

Tissue  Folate  ktfolate 0.00023 0.0008  

=================================================================== 
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