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ABSTRACT
Background: A quantitative understanding of human folate metab-
olism is needed.
Objective: The objective was to quantify and interpret human folate
metabolism as it might occur in vivo.
Design: Adults (n � 13) received 0.5 nmol [14C]pteroylmonoglu-
tamate (100 nCi radioactivity) plus 79.5 nmol pteroylmonogluta-
mate in water orally. 14C was measured in plasma, erythrocytes,
urine, and feces for �40 d. Kinetic modeling was used to analyze and
interpret the data.
Results: According to the data, the population was healthy and had
a mean dietary folate intake of 1046 nmol/d, and the apparent dose
absorption of 14C was 79%. The model predictions showed that only
0.25% of plasma folate was destined for marrow, mean bile folate
flux was 5351 nmol/d, and the digestibility of the mix (1046 � 5351
nmol/d) was 92%. About 33% of visceral pteroylmonoglutamate
was converted to the polyglutamate form, most of the body folate
was visceral (�99%), most of the visceral folate was pteroylpoly-
glutamate (�98%), total body folate was 225 �mol, and pteroyl-
polyglutamate synthesis, recycling, and catabolism were 1985,
1429, and 556 nmol/d, respectively. Mean residence times were
0.525 d as visceral pteroylmonoglutamate, 119 d as visceral pteroyl-
polyglutamate, 0.0086 d as plasma folate, and 0.1 d as gastrointes-
tinal folate.
Conclusions: Across subjects, folate absorption, bile folate flux,
and body folate stores were larger than prior estimates. Marrow
folate uptake and pteroylpolyglutamate synthesis, recycling, and
catabolism are saturable processes. Visceral pteroylpolyglutamate
was an immediate precursor of plasma p-aminobenzoylglutamate.
The model is a working hypothesis with derived features that are
explicitly model-dependent. It successfully quantitated folate me-
tabolism, encouraging further rigorous testing. Am J Clin Nutr
2004;80:680–91.
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INTRODUCTION

A steady supply of dietary folate is needed to maintain bio-
chemical reactions that include purine and pyrimidine synthesis
and the metabolism of homocysteine to methionine. The com-
plex interactions of genetic and dietary factors can cause irreg-
ularities in the supply and metabolism of folate and lead to seri-
ous health problems.

Although folate has been studied extensively (1–5), the quan-
titative aspects of folate metabolism in humans are still of con-
siderable interest. Once radiolabeled folate becomes available,
key aspects of folate metabolism can be quantified. Prior esti-
mates indicate that �95% of an oral dose of [3H]pteroylmono-
glutamate is absorbed, and that the radiolabel peaks in serum 1–2
h after the dose (6). Furthermore, during the first 12 h after the
oral dose, up to 16% of the label is eliminated in the urine. This
percentage rises to 41% with an adjuvant 34 000-nmol flushing
dose of folate 1 d before (6) but not after (7) the oral dose.
Previous findings also indicated that an intravenous dose of
[3H]pteroylmonoglutamate promptly disappears from plasma
into cells, where it is converted into nondisplaceable forms (8).
Another study showed that folate is removed from the blood by
the liver and is secreted in human bile at a higher concentration
than was present in serum (9). These investigators hypothesized
that the excretion of folate in bile might lead to folate depletion
in persons with chronic diarrhea or malabsorption. Shortly there-
after, it was determined that bile supplied the gastrointestinal
tract with �227 nmol folate/d (10), and it was hypothesized that
bile folate excreted in feces may play a significant role in deplet-
ing body folate stores. Other findings that emerged from isotope
use include identifying pteroylmonoglutamate metabolites in hu-
man urine (11, 12) and elucidating such processes as the need to
convert [14C]pteroylpolyglutamate to [14C]pteroylmonogluta-
mate before absorption (13), folate reduction and methylation
(14), and liver to blood displacement of folate (15). The biphasic
nature by which 14C from an oral dose of [14C]pteroylmonoglu-
tamate is eliminated in urine suggested the presence of 2 (folate)
analytes, which together accounted for only 10% of the daily
folate intake (16).
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A limitation of the previous studies was that all but one (16)
were of short duration (7 d), thus the isotopes may not have
equilibrated fully in body folate pools that turn over the slowest
(6–9, 11–15). Because these pools can become key determinants
of folate metabolism late in a study, we used accelerator mass
spectrometry (AMS) (17) to follow an oral dose of [14C]pteroyl-
monoglutamate in 13 healthy adults for longer periods than in
previous studies. We used kinetic modeling (18–21) of the data
set to quantify and interpret folate metabolism as it might occur
in vivo.

SUBJECTS AND METHODS

Tracer synthesis, dose preparation, and diet

The Human Subjects Review Committees of the University of
California, Davis, and Lawrence Livermore National Labora-
tory, Livermore, CA, approved the study. Pteroyl-14C(U)-
glutamic acid ([14C]-pteroylmonoglutamate) was prepared and
characterized (22). The specific activity of the administered
[14C]pteroylmonoglutamate was 1.24 Ci/mol. Each orally ad-
ministered dose consisted of 0.5 nmol [14C]pteroylmonogluta-
mate plus 79.5 nmol pteroylmonoglutamate in 125 mL water.
Each dose had 100 nCi radioactivity and gave a lifetime-
integrated radiologic effective dose of 11 �Sv, or 1.1 mrem.

Thirteen free-living adults were enrolled in the study (Table
1). They completed a Health Habits Food Frequency Question-
naire (23) and provided a predose fasting blood specimen that
was analyzed to confirm their general health and to provide
baseline values as shown in Table 1 (except for absorption data).
The general health and baseline values did not change during the
study. The subjects also provided a complete 24-h collection of
urine and a collection of feces to serve as baseline values. Each
subject was dosed at 0700 just before a light breakfast that con-
sisted of a doughnut and coffee (�10 g fat and �300 kcal). Each
dose consisted of 0.5 nmol [14C]pteroylmonoglutamate plus 79.5

nmol pteroylmonoglutamate in 125 mL water and was adminis-
tered orally. After dosing, complete collections of urine and feces
were made for �28 and 14 d, respectively. Up to 47 serial blood
samples were collected in the 150 d that followed administration
of the dose.

Urine was collected into 3-L urine plastic containers (Fisher
Scientific, Houston). Urine produced during the first day after
dosing was collected as two 6-h collections followed by one 12-h
collection. Thereafter, complete 24-h urine collections were
made for each subject. Immediately after collection, the time and
mass of each urine collection was recorded, 2 representative
aliquots (�40 mL each) from each collection were stored at
�80 °C, and the remainder was discarded. The urinary steady
state loss of folate was determined from the slope of the regres-
sion of urine loss by time since dose.

Feces were collected in 5-L plastic bags, and the production
times and weights of each collection were recorded. A volume of
0.5 mol KOH/L equal to 5 times the feces mass was added. The
mix was dispersed by using a Stomacher laboratory blender
(Fisher Scientific model 3500; Fisher Scientific, Pittsburgh) for
2 min on the high setting followed by incubation at 80 °C for 2 h.
This process of mixing and incubating was repeated twice. A
representative aliquot (�40 mL) of each homogenized sample
was transferred to a 50-mL polypropylene tube containing glass
beads (�25 g of 6-mm sized beads; Fisher Scientific), shaken on
a Wrist-action Shaker (model 75; Burrell Scientific, Pittsburgh)
for 4 h, and stored at room temperature until analyzed. Analysis
was usually completed within 2 mo of sample collection. The
apparent fractional absorption (1 � unabsorbed fraction) was
determined by using the first 3 collections of feces. The meta-
bolic fecal steady state loss of folate was determined from the
slope of the regression for all data points after the first collections
of feces.

Serial blood samples (�47 samples, �10 mL each) were
drawn over the first 150 d after dosing into glass tubes that

TABLE 1
Baseline characteristics of and apparent aborption of [14C]folic acid in the 13 study subjects1

Subject no.
and sex Age Body weight Folate intake RBC folate Plasma folate

Plasma vitamin
B-12

Plasma
homocysteine

[14C]Folic acid
apparent

absorption2

y kg nmol/d nmol/L nmol/L pmol/L �mol/L

1, M 39 111.4 1066 1646 40.7 661 7.9 0.83
2, F 28 52.3 1032 1768 45.4 266 8.5 0.77
3, F 24 56.8 1104 1160 43.9 132 8.6 0.96
4, M 57 90.0 624 1676 25.1 276 8.9 0.89
5, M 30 80.9 710 1793 22.4 280 8.8 0.97
6, M 24 95.5 381 1133 18.3 222 9.7 0.65
7, M 24 84.1 2218 1455 56.6 382 6.8 0.68
8, F 25 102.3 651 1433 30.4 246 8.2 0.67
9, M 23 70.5 907 946 44.6 453 6.7 0.85

10, M 21 109.1 952 1927 35.8 483 7.9 0.65
11, F 34 55.5 1057 1525 28.0 325 5.2 0.80
12, F 34 56.8 766 1961 66.6 364 5.7 0.73
13, F 56 52.3 2120 2075 56.0 303 7.7 0.83
x� � FSD 32 � 0.38 78.3 � 0.28 1046 � 0.52 1577 � 0.22 39.5 � 0.37 338 � 0.40 7.7 � 0.17 0.79 � 0.14

1 Weight, folate intake, and concentrations of the blood variables did not change significantly during the study, so they served as steady state values. RBC,
red blood cell; FSD, fractional SD (SD/mean).

2 (Dose of 14C � feces 14C)/dose of 14C. Feces 14C (unabsorbed portion of dose) was determined from the y axis intercepts of the regression of the flat
portion of the data in the top panel of Figure 1 after the first 3 data points.
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contained EDTA. The intensity of sampling was high immedi-
ately after dosing (�24 in the first day) to monitor rapidly chang-
ing conditions (of 14C) in blood during this period. A 0.5-mL
aliquot of whole blood was removed from each draw; packed cell
volume (PCV) was determined, and the aliquot was stored at
�20 °C for whole-blood folate analysis (24, 25). The remainder
was centrifuged (1000 	 g, 10 min, 23 °C) to separate the plasma
that was collected and stored at �80 °C until analyzed. The
leukocyte layer (buffy coat atop sedimented erythrocytes) was
removed and discarded. The red blood cells (RBCs) were
washed 3 times in buffered saline (150 mmol NaCl � 10 mmol
K2HPO4 � 0.05 mmol EDTA/L water, pH 7.4). The RBCs were
resuspended in buffered saline, and their PCVs were determined.
They were then stored at �80 °C until analyzed. Folate concen-
trations in plasma and washed RBC suspensions were measured
(24, 25). The folate value for washed RBC suspensions was
divided by their PCV and expressed as nmol folate/L RBCs.
Plasma vitamin B-12 (kit from ICN Biomedicals Inc, Irvine,
CA), plasma homocysteine (26), and folate intake (23) were also
measured. Laboratory measurement errors had CVs of �5%.

Radiocarbon and total carbon analysis

The ratios of 14C to total carbon in aliquots of plasma (25 �L),
lysed erythrocytes (25 �L), urine (75–180 �L), and homoge-
nized feces (50–75 �L), were measured (27). The baseline 14C
measurement for each individual was subtracted from its mea-
sured isotope ratio. Excess 14C concentrations were converted to
folate equivalents (parent compound and all metabolites) by us-
ing the specific activity of the dose, its molecular weight, and the
total carbon content of each specimen (28). The CVs of our
carbon protocols were �3%.

The results are expressed as pmol or nmol [14C]folate/g tissue
carbon inferred from the 14C/total carbon measurements. The
nmol [14C]folate (including catabolites) per gram of urine carbon
times the grams of total carbon/d in the urine was used to deter-
mine [14C]folate losses in urine; similar calculations were made
for feces. Feces and urine losses were expressed as a fraction of
the administered dose (Figure 1, A and B). Urinary 14C losses
were also expressed a fraction of the absorbed dose (Figure 1, C).

Kinetic analysis

The data analysis consisted of organizing current concepts of
the behavior of human folate metabolism (1–5, 29, 30) into a
model suitable for quantitative hypothesis testing (18, 19) and
estimating parameters of interest. Our original model consisted
of 4 pools of folate; gastrointestinal tract (lumen), plasma, eryth-
rocyte, and viscera (all other tissues), and it lumped all species of
visceral folate into a single kinetic compartment and did not
distinguish among synthesis, recycling, and catabolism of vis-
ceral pteroylpolyglutamate. Irreversible losses of folate (and its
metabolites) from the system were assumed to have occurred
directly from plasma to urine and from the gastrointestinal tract
to the feces. After a review of the scientific literature on folate
metabolism, multiple mechanistic hypotheses concerning the
process were formulated and tested individually by applying the
same experimental protocol to the model that had been used to
collect the experimental data. Next, the model predictions were
compared with the observed data to seek a mechanistic model
capable of accounting simultaneously for the data sets observed
for each of the 13 subjects. Model parameters were optimized by

using the SAAM II kinetic analysis software (31, 32), such that
hypotheses that were inconsistent with the data sets observed for
each of the 13 subjects could be rejected. Some hypothesized
processes could not be resolved from the data set, indicating that
they either did not occur in vivo or they were transparent to our
particular experimental protocol. Finally, if the model is correct,
then its parameter, flux, distribution, etc, will usefully inform
folate research, but the most important feature of this model is
that its quantitative predictions will provide useful tests of its
validity.

Single compartments were replaced with true delays, and the
actual transit times in Table 2 were extracted from the observed
data in Figure 2. Gastric transit time (gastric emptying) is less
interesting than is erythron transit time, but it did permit account-
ing for some of the early plasma data points. The 12 rate constants
in Table 3 were estimated (model-estimated) by least-squares
fitting of the observed data in Figure 2 to the model in Figure 3.
(For individual transit times and rate constants, see Table 1 of

FIGURE 1. Cumulative output of 14C in the feces and urine by the time
since dose. The apparent fractional absorption (1 � unabsorbed fraction) was
determined by using the first 3 collections of feces. The metabolic fecal
steady state loss of folate was determined from the slope of the regression
(after the first 3 collections) for each individual subject. The metabolic fecal
loss of folate is that which was absorbed and resecreted into the gastrointes-
tinal tract via bile. Each y axis intercept for urine was close to zero, which
confirmed the steady state status of each subject. Each slope represents an
individual subject’s urine loss of folate, mostly in the acetylated form. n � 13.
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Appendix 1 under “Supplemental data” in the current online
issue at www.ajcn.org.) If the k(0,9) value is allowed to vary, the
optimizer chooses to increase its value essentially without limit
(in 4 subjects), so we fixed those k(0,9) values at 10 (by applying
a Bayesian prior; x�: 5; SD: 3) and concluded that the process was
fast but unresolvable because of it being a fast process down-
stream from a slow process rather because of an inability to
partition between k(0,9) and k(0,2), the precursors of which are
kinetically different from each other. The optimizer converged
without maximizing the k(0,9) value in the remaining 9 subjects;
the optimizer-selected value is reported in Table 1 of Appendix
1 under “Supplemental data” in the current online issue at www.
ajcn.org. The observed data for subject 4 (a typical subject)
appear as symbols along with the corresponding model solutions
(fits) as solid lines in Figure 4. Fractional transfers in Table 4
were calculated from the rate constants in Table 3. The residence
times in Table 5 were calculated from the rate constants in Table
3. Finally, folate distributions in Table 6 were also model-
estimated, and they were supported by the baseline folate intakes
in Table 1, which did not change during the study. (See Table 2
of Appendix 1 for individual folate distributions under “Supple-
mental data” in the current online issue at www.ajcn.org.) A
typical SAAM II study file (SAAM II.STU) detailing the model
structure and associations between the structure and observed
data for a typical (subject 4) is provided in Appendix 2 under
“Supplemental data” in the current online issue at www.ajcn.org.
The RBC data were fitted to the sum of the RBC compartments
and a contribution from plasma trapped between the packed
RBCs even after washing. The contribution, quantified as
erythrocyte contamination by plasma, Pcontam, was resolvable
for every subject, was 
6% on average, and was �10% in
only 2 subjects.

Model constraints required that a single model be capable of
accounting simultaneously for the following data sets observed
for each of the 13 subjects: 1) plasma [14C]folate, fraction of

TABLE 2
Steady state delay times1

Parameter

Delay times (d)

Abbreviation x�2 FSD3

Gastric transit time, to
absorption site

delay(1, diet) 0.00293 1.06

Erythron transit time, to
circulating 14C RBCs

delay(8, 13) 6.15 0.18

Erythrocyte transit
time, to RBC demise

delay(5,8) 112 0.09

1 Estimated directly from least-squares fit of the observed data in Figure 2.
2 n � 13 subjects.
3 Fractional SD (SD/mean).

FIGURE 2. Plasma and erythrocyte 14C radioactivity in subjects 1–13 by
time since dose. One Modern � 6.11 fCi (97.94 amol) 14C/mg total carbon in
the specimens. Delays (gastric, erythron, and erythrocyte transit times) were
estimated directly from the least-squares fit of the observed data in this figure.
The means are presented in Table 2; the delays appear as broken lines in
Figure 3.

TABLE 3
Model-estimated steady state daily rate constants (k) and fluxes (f) of folate1

Parameter

Rate constant (d�1)2 Analyte flux (nmol/d)3

Abbreviation x�4 FSD5 Abbreviation x�4 FSD5

Plasma folate uptake from gastrointestinal tract k(2,1) 10.39 0.38 f(2,1) 5982 0.98
Marrow folate uptake k(13,2) 0.29 0.53 f(13,2) 10.1 0.53
Visceral folate uptake k(5,2) 116.5 0.15 f(5,2) 5897 0.98
Pteroylpolyglutamate synthesis k(4.5) 0.73 0.42 f(4,5) 1985 0.41
Pteroylpolyglutamate recycling k(4,5) 0.73 0.42 f(4,5) 1985 0.41
Pteroylpolyglutamate catabolism k(9,4) 0.0035 0.40 f(9,4) 556 0.43
Urine p-aminobenzoylglutamate loss6 k(0,9) 5.94 0.57 f(0,9) 556 0.43
Urine pteroylmonoglutamate loss k(0,2) 1.39 0.42 f(0,2) 75 1.23
Folic acid–binding protein folate uptake k(12,2) 0.092 0.73 f(12,2) 2.6 0.64
Folic acid–binding protein folate release k(2,12) 0.062 0.47 f(2,12) 2.6 0.64
Folate release into gastrointestine via bile k(1,5) 1.32 0.36 f(1,5) 5351 1.05
Feces folate loss, includes oxidation products k(0,1) 0.89 0.70 f(0,1) 415 0.82

1 See Figure 3 for abbreviations. See Table 1 of Appendix 1 under “Supplemental data” in the current issue at www.ajcn.org for data on individual subjects.
2 Donor fraction transferred to recipient compartment.
3 Donor mass transferred to recipient compartment.
4 n � 13 subjects.
5 Fractional SD (SD/mean).
6 Mostly as the acetylated form.
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dose/mL; 2) RBC [14C]folate, fraction of dose/mL washed eryth-
rocytes; 3) urinary excretion of 14C, fraction of dose/d; 4) cumu-
lative urinary excretion of 14C, fraction of dose; and 5) cumula-
tive fecal excretion of 14C, fraction of dose. In addition, each

model was constrained by knowledge of the following observed
parameters: 1) steady state concentration of plasma folate, 2)
steady state folate content of erythrocytes, and 3) dietary folate
intake. Plasma and erythrocyte volumes were estimated as 40 and
25 mL/kg body wt, respectively.

Once a consistent model was developed, each subject was
fitted individually to it to obtain subject-specific values for the
rate constants, distributions, and delay times. Because the sub-
jects were in steady state with respect to folate metabolism, the
14C tracer data were described by a system of first-order ordinary
differential equations with constant coefficients (33). All
second-order processes, such as binding and multisubstrate en-
zymatic reactions, were represented by an effective first-order
rate constant, the value for which implicitly incorporates the
constant steady state reactant levels. Population means and vari-
ances for each parameter were calculated as the mean and vari-
ance of the individual’s values.

This standard two-stage (STS) calculation was sufficient for
our purposes but an iterative two-stage (ITS) parametric popu-
lation analysis was also performed because it can provide sig-
nificant increases in statistical power (34). The STS and ITS
analyses were performed with the POPKINETICS software
package (SAAM Institute, Seattle) in the context of multiple
SAAM II files, one for each subject in our study. The main results
of our study (Tables 2–6 and Figures 5 and 6) are based on an
STS analysis of the individual subjects’ kinetic parameters. This
is the classic approach for characterizing a population and is
based on calculating a simple mean for each model parameter
over the group of subjects studied. In the context of population
kinetic analysis when the data for each individual subject are
sparse, an alternative ITS analysis has the potential to improve
population parameter estimates (35, 36), it is computationally
attractive (37), and it has been applied to metabolic (20) and
pharmacokinetic (21) studies. Several of our subjects were ex-
cluded from the PopKin ITS analysis even though, as individu-
als, they converged successfully. For this reason, we largely

FIGURE 3. Final kinetic model of folate metabolism used to fit the data. The delays referred to in Figure 2 appear as broken lines and were estimated directly
from the least-squares fit of the observed data in Figure 2. Rate constants (solid lines), fluxes (solid lines), and distributions (among compartments) were
estimated from the model (model-estimated parameters). Feces folate included folate oxidation products, and the urinary p-aminobenzoyglutamate was mostly
acetylated. The final model included the 12 model-estimated rate constants in Table 3: 4 model-estimated compartments [gastrointestinal tract, marrow, viscera,
and folic acid– binding protein (FABP)] and 4 observed compartments [plasma, red blood cells (RBCs), feces, and urine]. The numbers in parentheses are
abbreviations for the compartments.

FIGURE 4. Plot of the observed data and model-estimated lines that were
fitted to the data from subject 4 with the use of the model in Figure 3. The
observed data appear as symbols, and the model solutions appear as solid
lines, which are functions of model state variables and parameters that are
mapped to the data for direct comparison. The units are a fraction of the dose
for cumulative feces and urine, a fraction of the dose/d for daily urine, and a
fraction of the dose/mL plasma and red blood cells (RBC). See Appendix 2
(under “Supplemental data ” in the current online issue at www.ajcn.org) for
a typical SAAM II (SAAM Institute, Seattle) study file detailing the model
structure and the associations between model structure and observed data for
subject 4 (a typical subject). It was required that a single model account
simultaneously for the following data sets collected for each of the 13 sub-
jects: 1) plasma [14C]folate, fraction of dose/mL; 2) RBC [14C]folate, frac-
tion of dose/mL washed erythrocytes; 3) urinary excretion of 14C, fraction of
dose/d; 4) cumulative urinary excretion of 14C, fraction of dose; and 5)
cumulative fecal excretion of 14C, fraction of dose. In addition, the model was
constrained by knowledge of observed steady state measurements for each
individual subject. Cum., cumulative.
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report STS results, even though 3 useful results were gleaned
from the ITS analysis. First, the ITS results indicated that 9 of the
16 adjustable parameters were within 20% of the corresponding
STS results, thus identifying those parameters that were esti-
mated with small variances for every individual subject. Second,
they indicated that 7 of the remaining adjustable parameters were
58– 284% of the corresponding STS results, thus identifying
individual data sets with less information on the parameter in
question and for which the iterative imposition of Bayesian priors
will have a greater effect on the outcome. This is potentially of
great significance because the extraction of information from
fewer data points is cost-effective. Third, the ITS can estimate
population variances for each parameter of interest. In our study,
for instance, population fractional SDs (FSDs) ranged from 13%
to 74%. Because they accurately characterize the variability
among individual subjects with respect to various processes of
folate metabolism, gathering these population variance estimates
should prove valuable when decisions concerning dietary folate
requirements of populations are made. A full work sheet con-
taining the model-estimated parameters for each individual sub-
ject is available in Tables 1 and 2 of Appendix 1 under “Supple-
mental data” in the current online issue at www.ajcn.org. A
typical SAAM II study file detailing the model structure and the

associations between model structure and observed data is avail-
able in Appendix 2 under “Supplemental data” in the current
online issue at www.ajcn.org.

RESULTS

The study population consisted of 6 women and 7 men whose
observed values (shown in Table 1) suggest a population of
healthy adults. Plasma homocysteine ranged from 5.2 to 9.7
�mol/L (x�: 7.7 �mol/L). Intakes and body weights were constant
throughout the experiment. Folate intake was correlated posi-
tively with plasma folate (R2 � 0.3910, P � 0.0223). Plasma
folate was correlated negatively with plasma homocysteine
(R2 � 0.2787, P � 0.0637).

The cumulative output of 14C in the feces and urine by time
since dose is shown in Figure 1, A-C. The unabsorbed fraction of
the administered dose (based on the first 3 collections of feces)
for individual subjects ranged from 0.03 to 0.35 with a mean of
0.21 (panel A). The apparent fractional absorption (1 � unab-
sorbed fraction), determined on the basis of the first 3 collections
of feces (first 3 data points), ranged from 0.65 to 0.97 (x�: 0.79);
these values did not correlate with intake. Dietary folate absorp-
tion (dietary folate 	 apparent fractional absorption of folate)

TABLE 4
Steady state analyte daily fractional rate constant (k) ratios and flux (f) ratios calculated from model-estimated data1

Parameter Calculation x�2 FSD3

Rate constant ratios
Gastrointestinal absorption k(2,1)/[k(2,1) � k(0,1)] 0.92 0.06
Marrow folate uptake from plasma k(13,2)/[k(13,2) � k(5,2) � k(0,2) � k(12,2)] 0.0025 0.56
Urine pteroylmonoglutamate loss from plasma k(0,2)/[k(13,2) � k(5,2) � k(0,2) � k(12,2)] 0.012 0.42
Visceral pteroylmonoglutamate uptake from plasma k(5,2)/[k(13,2) � k(5,2) � k(0,2) � k(12,2)] 0.985 0.005
Intestinal pteroylmonoglutamate uptake (bile) from viscera k(1,5)/[k(1,5) � k(4,5)] 0.65 0.23
Visceral pteroylpolyglutamate synthesis k(4,5)/[k(1,5) � k(4,5)] 0.35 0.43
Visceral pteroylpolyglutamate recycling k(5,4)/[k(5,4) � k(9,4)] 0.70 0.18
Visceral pteroylpolyglutamate catabolism k(9,4)/[k(5,4) � k(9,4)] 0.30 0.42

Flux ratios
Elimination as pteroylmonoglutamate in feces4 f(0,1)/[f(0,1) � f(0,2) � f(0,9)] 0.38 0.45
Elimination as p-aminobenzoylglutamate in urine5 f(0,9)/[f(0,1) � f(0,2) � f(0,9)] 0.56 0.32
Elimination as pteroylmonoglutamate in urine f(0,2)/[f(0,1) � f(0,2) � f(0,9)] 0.057 0.63

1 See Figure 3 and Table 3 for abbreviations. See Table 1 of Appendix 1 under “Supplemental data” in the current issue at www.ajcn.org for data on
individual subjects.

2 n � 13.
3 Fractional SD (SD/mean).
4 Includes folate oxidation products.
5 Mostly as the acetylated form.

TABLE 5
Model-estimated daily residence times1

Parameter Calculation, rate constant ratios x�2 FSD3

Mean residence time as gastrointestinal pteroylymonoglutamate 1/[k(2,1) � k(0,1)] 0.100 0.37
Mean residence time as plasma pteroylymonoglutamate 1/[k(13,2) � k(5,2) � k(0,2) � k(12,2)] 0.0086 0.15
Mean residence time as plasma p-aminobenzoylglutamate4 1/k(0,9) 0.274 0.91
Mean residence time as visceral pteroylmonoglutamate 1/[k(4,5) � k(1,5)] 0.525 0.29
Mean residence time as visceral pteroylpolyglutamate 1/[k(5,4) � k(9,4)] 119 1.06

1 See Figure 3 and Table 3 for abbreviations. See Table 1 of Appendix 1 under “Supplemental data” in the current issue at www.ajcn.org for data on
individual subjects.

2 n � 13.
3 Fractional SD (SD/mean).
4 Mostly as the acetylated form.
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ranged from 248 to 1762 nmol/d (x�: 826 nmol/d; 1046 	 0.79);
see Table 1. The slope of the regression (for all data points after
the first collections of feces) ranged from 0.044 to 0.183, with a
mean of 0.105%/d and reflected the steady state metabolic fecal
loss of pteroylmonoglutamate and its oxidation products.

The slope of 14C eliminated in urine by time since dose (all data
points) for individual subjects ranged from 0.196% to 0.462%,
with a mean of 0.302% of the administered dose/d; the individual
y axis intercepts ranged from 0.678% to 4.801%, with a mean of
2.055% of the administered dose/d (Figure 1B). The slope of 14C
eliminated in urine by time since dose ranged from 0.207% to
0.679% (x�: 0.393%) of the absorbed dose/d, and the individual y
axis intercepts ranged from 0.778% to 5.788% (x�: 2.635%) of the
absorbed dose/d (Figure 1C). The slopes reflected the steady
state elimination of folate forms found in urine, such as

[14C]pteroylmonoglutamate, [14C]p-aminobenzoylglutamate,
and [14C]p-acetamidobenzoylglutamate. The y axis intercepts
were close to zero and indicated that the dose did not perturb
steady state folate metabolism in our subjects.

The 14C values in plasma and erythrocytes by time since dose
are shown in Figure 2, where one Modern equals 6.11 fCi 14C or
97.94 amole 14C/mg total carbon in these tissues. [14C]folate first
appeared in plasma after a short delay of 0.00293 d and 4.2 min
(Table 2), which reflected its transit time through the stomach
and duodenum before its appearance in plasma. Peak labeling of
plasma occurred at �2 h and then dropped at a decreasing rate as
it entered cells, where it was converted to other forms and seques-
tered. Finally, the pattern settled into a smooth slow decline toward
baseline. The first appearance of 14C-labeled erythrocytes was de-
layed by �6 d, which represented the transit time through the eryth-
ron to the appearance of labeled erythrocytes in the circulation. This
was followed by a rapid increase in labeled cells that reached a peak
at �20 d and settled into a plateau (�80 d) before declining as aged
erythrocytes were removed from the circulation.

The final mechanistic model of folate metabolism that was
tested and found to be consistent with the full range of our
experimental data is shown in Figure 3. It was used to estimate the
parameters described in Tables 3, 5, and 6; to calculate those in
Table 4 and in Figures 4 and 5; and to suggest further experi-
mental designs. Compared with the original simple model, the
final version of the model had 2 additional compartments
(visceral pteroylpolyglutamate and plasma p-aminobenzoyl-
glutamate) and 3 additional processes to account for the really
informative plasma and urine 14C kinetics between 4 and 40 d
after dosing. The additional processes included visceral pteroyl-
polyglutamate synthesis (from visceral pteroylmonoglutamate),
recycling (to visceral pteroylmonoglutamate), and catabolism (to
p-aminobenzoylglutamate that went to plasma and eventually to
urine as the p-acetamidobenzoylglutamate). The catabolic flux of

TABLE 6
Model-estimated steady state folate distributions1

Parameter Compartment x�2 FSD3

nmol nmol
Gastrointestine 1 591 1.00
Plasma pteroylmonoglutamate 2 51 0.97
Marrow 13 58 0.42
Erythrocyte 8 1111 0.49
Visceral pteroylmonoglutamate 5 4506 1.23
Visceral pteroylpolyglutamate 4 218 338 0.95
Plasma p-aminobenzoylglutamate 9 160 1.47
Plasma folic acid–binding protein 12 52 0.66
Total — 224 867 0.94

1 The distributions are supported by the baseline intakes of folate in
Table 1 that did not change significantly during the study. See Table 2 of
Appendix 1 under “Supplemental data” in the current online issue at
www.ajcn.org for data on individual subjects.

2 n � 13.
3 Fractional SD (SD/mean).

FIGURE 5. Linear relations of steady state model-estimated data in
individual subjects (�). A: Relation of gastrointestinal folate load (diet folate
� bile folate) to its fractional absorption [k(2,1)/(k(2,1) � k(0,1)]. B: Relation
of gastrointestinal pteroylmonoglutamate distribution to its absorbed flux
[f(2,1)]. C: Relation of dietary folate intake to bile folate flux [f(1,5)]. D:
Relation of visceral pteroylmonoglutamate distribution to bile folate flux
[f(1,5)]. See Figure 3 and Table 3 for abbreviations.

FIGURE 6. Nonlinear relations of steady state model-estimated data in
individual subjects (�). Relation of total absorbed folate [f(2,1)] to marrow
folate uptake [f(13,2)] (A), to visceral pteroylpolyglutamate (VFn) synthesis
[f(4,5)] (B), to VFn recycling [f(5,4)] (C), and to VFn catabolism [f(9,4)] (D).
See Figure 3 and Table 3 for abbreviations.
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visceral pteroylpolyglutamate included the flux to visceral pteroyl-
monoglutamate and the flux to plasma p-aminobenzoylglutamate
that was eliminated in urine. For visceral pteroylpolyglutamate
to serve as a source of plasma pteroylmonoglutamate is not new,
but for it to also serve as an immediate precursor to plasma
p-aminobenzoylglutamate is a new finding.

The added compartments and processes were also assigned
physiologically reasonable but tentative identities to facilitate
further testing. Finally, the gastrointestinal pool (compartment 1)
refers to lumen, but it also must include transepithelial transport,
because it delivers absorbed folate to plasma, so it is partly
intracellular. Visceral pteroylpolyglutamate refers to intracellu-
lar pools.

The observed data and model-fitted plots for a representative
subject (subject 4) are shown in Figure 4. Log scaling permitted
examination of all the kinetic details on a single plot. Similar
results were found for each of the remaining 12 subjects. Ob-
served data appear as symbols, and the corresponding model
solutions appear as solid lines. The lines are the functions of
model state variables and parameters that are mapped to the
experimental data for direct comparison. The cumulative frac-
tion of the dose in stool and urine are shown as are the plasma and
daily urine functions that represent contributions from both
plasma pteroylmonoglutamate and plasma p-aminobenzoyl-
glutamate. Units for the data sets and model curves are fraction
of the dose for cumulative feces and cumulative urine, fraction of
the dose per day for daily urine, and fraction of the dose per
milliliter for plasma and erythrocytes. The lines fit the data from
subject 4 extremely well for so complex a system with so many
data constraints. The FSDs for the 12 parameter estimates for
subject 4 ranged from 0.023 to 0.33. Only plasma and erythrocyte
fits had FSDs �0.20.

Although the model accounted for �80% of the observed
plasma folate concentration for the population (mean of the ob-
served plasma folate/model-estimated plasma folate for each
individual subject), it accounted for slightly 
40% of the ob-
served erythrocyte folate concentration. Therefore, the fit for the
erythrocyte and plasma steady state data were the weakest feature
of the model. A combination of underestimated dietary intake
and related methodologic issues was the likely cause of the weak-
ness because the rate constants were very well determined by the
kinetic data. Normalizing for body weight and folate intake uni-
formly tightened the plasma FSDs but not those for erythrocytes.
So, when a conflict existed between a steady state measurement
and the kinetics, we opted for the kinetic data because the rate
constants were very well determined from it. Another possible
explanation for this lack of agreement lies in the question of how
to assign weights to the data. Because the determination of steady
state masses is more subject to error than is the determination of
tracer abundance, smaller statistical weights were assigned to
these data. This means that they had very little effect on the
weighted total sum of squares. Consequently, it is possible that
assigning far greater statistical weight to the mass data would
allow the erythrocyte and plasma steady state data to be fitted
more accurately. The decision to weight them lightly was based
on the general principle that assigned statistical weights should
reflect the certainty with which the numerical data are known.
This approach contrasts sharply with other computational ap-
proaches, which take measured masses as known with high pre-
cision and effectively assign infinite weight to their numerical

values. Experimental realities appear better reflected in the de-
cision to weight these measurements lightly.

The model could not resolve a release of visceral pteroylmono-
glutamate to plasma directly because, late in the study, the
plasma data were dominated by a folate distribution that turned
over very slowly. We tentatively identified that distribution as
visceral pteroylpolyglutamate. There are exchanges between
plasma and erythrocyte monoglutamate pools, and release of
monoglutamate (as methyltetrahydrofolate) from viscera to
plasma surely occurs, but they were not resolvable because bil-
iary losses were so rapidly absorbed. Therefore (and surpris-
ingly), the model does not include a viscera monoglutamate to
plasma monoglutamate component even though it is well estab-
lished in previous studies. Finally, folic acid–binding protein
was included because it improved the plasma mass fits in some
subjects but was poorly resolved in others, so, although included
in the model, there was significant uncertainty in its associated
parameter values.

Mean steady state delay times that were estimated directly
from least-squares fits of observed data are summarized in Table
2. Folate delay from the time of dose to the time of appearance in
plasma was only 4.2 min. Folate delay through the erythron to
appearance of labeled erythrocytes in the circulation was �6 d.
Finally, folate delay through circulating erythrocytes to visceral
pteroylmonoglutamate was consistent among subjects, as indi-
cated by an FSD of only 0.09.

Model-estimated steady state daily rate constants (k) and
fluxes are summarized in Table 3. Rate constants ranged from
k � 0.0035 	 d�1 for pteroylpolyglutamate catabolism to k �
116.5 	 d�1 for visceral pteroylmonoglutamate uptake from
plasma. Fluxes ranged from 2.6 to 5982 nmol/d. Four interesting
points emerge from these data. First, the mass of pteroylmono-
glutamate absorbed from the gastrointestinal tract was large—
5982 nmol/d, or almost 6 times the dietary folate intake of 1046
nmol/d. Second, the mass of pteroylmonoglutamate released into
the gastrointestinal tract via bile was also large—5351 nmol/d, or
4.25 times the dietary intake. Third, the loss of pteroylmonoglu-
tamate (and its oxidation products) in feces was substantial—
415 nmol/d, or almost 50% of the dietary intake. Fourth, the flux
through the visceral pteroylpolyglutamate catabolism pathway
to p-aminobenzoylglutamate was also substantial (556 nmol/d),
which accounted for �50% of the usual dietary intake.

Mean steady state daily fractional transfers are summarized in
Table 4. They ranged in size from 0.0025 for marrow folate
uptake from plasma [ie, only a quarter of one percent of plasma
folate (0.25%) was destined for marrow uptake] to 0.985 for
visceral pteroylmonoglutamate uptake from plasma (ie, 98.5%
of plasma folate was destined for visceral pteroylmonoglutamate
uptake). Approximately two-thirds (65%) of visceral pteroyl-
monoglutamate was destined for gastrointestinal uptake via bile,
whereas the remaining one-third was for visceral pteroylpolygluta-
mate synthesis. Finally, 30% of visceral pteroylpolyglutamate was
destined for catabolism to p-aminobenzoylglutamate, which was
eliminated in urine (mostly) as p-acetamido-benzoylglutamate,
whereas the remaining 70% of visceral pteroylpolyglutamate was
recycled to visceral pteroylmonoglutamate. Folate elimination oc-
curred via feces (38% as pteroylmonoglutamate and its oxidation
products) and urine (56% as p- acetamidobenzoylglutamate and
5.7% as intact pteroylmonoglutamate).

Mean steady state residence times are summarized in Table 5.
The mean residence time as plasma pteroylmonoglutamate was
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very short, only 0.0086 d or �12 min. The mean residence time
as gastrointestinal pteroylmonoglutamate was also relatively
short, 0.1 d or �2.5 h. The mean residence time as visceral
pteroylmonoglutamate was �12.5 h, whereas that as visceral
pteroylpolyglutamate was 119 d. Finally, the mean residence
time as plasma p-aminobenzoyloglutamate was �6 h.

Mean steady state folate distributions are summarized in Table
6. Total-body folate was 224 868 nmol, visceral folate accounted
for �99% of the total [(4506 � 218 339)/224 868], and �98% of
visceral folate was in the pteroylpolyglutamate form (218 339/
222 845).Asexpected, thesmallestdistributionswere in theplasma,
marrow, and folic acid–binding protein compartments.

Processes that were linearly related to one another across sub-
jects are summarized in Figure 5, A– D. The fractional absorption
of folate from the gastrointestinal tract was high and independent
of the gastrointestinal folate load (panel A). The folate mass
absorbed each day was directly proportional to the gastrointes-
tinal folate mass (panel B). The mass of visceral pteroylmono-
glutamate released into the gastrointestinal tract via bile (bile
folate flux) was directly proportional to the dietary folate intake
(panel C) and to the visceral pteroylmonoglutamate mass (panel
D). There was no evidence for a saturation of the amount folate
absorbed from the gastrointestinal tract (panel B) or of the
amount of folate released into the gastrointestinal tract via bile
each day (panels C and D). Finally, the amount of pteroylpoly-
glutamate eliminated in urine (as p-aminobenzoylglutamate and
its acetylated derivatives) was directly proportional to the total
amount of pteroylmonoglutamate absorbed, and there was no
evidence of saturation of pteroylmonoglutamate elimination in
urine (data not shown).

Processes that could be saturated are shown in Figure 6, A– D.
Marrow uptake of pteroylmonoglutamate from plasma was sat-
urated at 14.1 nmol/d (panel A). Visceral pteroylpolyglutamate
synthesis was saturated at 2810 nmol/d (panel B). Visceral
pteroylpolyglutamate recycling to visceral pteroylmonogluta-
mate was saturated at 2019 nmol/d (panel C). Finally, pteroyl-
polyglutamate catabolism to p-aminobenzoylglutamate was sat-
urated at 760 nmol/d (panel D). The mass of absorbed folate
required each day to sustain these processes at half maximum
velocity was �2000 nmol for marrow pteroylmonoglutamate
uptake, �1800 nmol for visceral pteroylpolyglutamate synthe-
sis, �1800 nmol for visceral pteroylpolyglutamate recycling,
and �1700 nmol for visceral pteroylpolyglutamate catabolism.

DISCUSSION

The observed values in Table 1 and Figures 1 and 2 suggest a
population of healthy adults who consumed diets of natural foods
that provided sufficient folate. The apparent fractional absorp-
tion values matched exactly those of other investigators (6, 16).
The patterns of 14C in urine (Figure 1, B and C) had y axis
intercepts with a mean of 2.1% of the administered dose (panel B)
and 2.64% of the absorbed dose (panel C). These results fit well
with those of others (6, 8, 16, 38) and with the remarkable avidity
with which tissues remove pteroylmonoglutamate from plasma
(8). At a 4.2-min gastric transit time, the pattern of [14C]folate in
plasma (Figure 2) was expected from other work (1, 6, 8). The
6.15-d erythron transit time was a new observation that fit well
with the weeklong maturation of hematopoietic progenitor cells
(39). After the 6-d delay through the erythron, the pattern of

[14C]folate-labeled erythrocytes fit well with the erythrocyte k in-
etics (40). Therefore, our subjects were normal and they yielded a
data set that matched the literature values extremely well. The only
mismatches were the model-estimated steady state folate distribu-
tions (Table 6), which were almost 5-fold larger than values in
the literature (41), and bile folate values, which were �24-fold
larger than values in the literature (10). Finally, the model identi-
fied visceral pteroylpolyglutamate to be a direct precursor of
p-aminobenzoylglutamate as a new pathway.

The slowly turning over compartment that we identified as the
visceral pteroylpolyglutamate distribution could have been rep-
resented as a loss pathway (instead of a compartment), but 3 key
factors led us to conclude that an explicit compartment was
warranted. First, the reverse rate constant was almost identifiable
from the data in the sense that its FSD was just �50%. Second,
elimination of k (5, 4) from the model led to systematic deviations
between data and model solution for times �150 d. Third, the
urinary component that we suggest arises from plasma
p-aminobenzoylglutamate is very slow, so the precursor for this
plasma pool must be slow also. Once the requirement for a slow
precursor was established, we had little choice but to include such
a compartment in the model, and whereas we cannot be certain
that this compartment (pool) is visceral pteroylpolyglutamate, it
nevertheless appears to be a novel, reasonable, and testable work-
ing hypothesis. Furthermore, although the examination of cor-
relation and covariance matrices may also identify pools to com-
bine or eliminate to improve a model, such examination provided
us no hint that our model would be improved by removing com-
partment 4 or by combining it with compartment 5. Indeed, our
original model did not include compartment 4, and the systematic
deviations between its predictions and the data were precisely
what drove us to consider the visceral pteroylpolyglutamate dis-
tribution as a kinetically and physiologically important compart-
ment. So, an experiment not a model is needed to resolve the body
pool size mismatch.

The model in Figure 3 indicated several testable predictions. It
predicted that 38% of all outgoing folate was eliminated in feces
(Table 4), much of it might have represented that which was
catabolized to other species during transit through the lower
gastrointestinal tract. The model estimated that the mean folate
flux to feces was 415 nmol/d (Table 3, and it matched the 454
nmol/d reported previously (42). This flux included a contribu-
tion from diet directly (Table 1) and a contribution from diet �
bile (Table 3) that was predicted by our model.

The model-estimated fractional absorption [(k(2,1)/(k(2,1) �
k(0,1)] ranged from 0.82 to 0.98, with a mean of 0.92 (Table 4).
This fractional absorption value included dietary folate (the ob-
served apparent fractional absorption of which was 0.79; Table
1) plus visceral pteroylmonoglutamate, which entered the gas-
trointestinal tract via bile (the model-estimated fractional ab-
sorption of the diet � bile mix was 0.92; Table 4). By difference,
the fractional reabsorption of visceral pteroylmonoglutamate
that entered the gastrointestinal tract via bile ranged from
0.89 to 1.00, with a mean of 0.96: [k(2,1)/(k(2,1) � k(0,1)] 	
[f(1,diet) � f(1,5)] � [(dose of 14C � fecal 14C)/dose of 14C) 	
dietary folate)/(f(1,5)]. It can also be calculated that the mass of
pteroylmonoglutamate (that originated from visceral pteroyl-
monglutamate via bile) that was reabsorbed ranged from 519 to
20 125, with a mean of 5156 nmol/d [fractional reabsorption 	
f(1,5)], so only 13.8% of the absorbed folate [826/(826 � 5156)]
originated directly from the diet. Dietary folate is in predominantly
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the pteroylpolyglutamate form (43, 44), which is considered to have
only one-half the bioavailability of pteroylmonoglutamate (41).
However, spinach folate and pteroylmonoglutamate are inter-
changeable sources of folate for humans (45), and refried beans and
pteroylmonoglutamate are interchangeable sources of folate for rats
(46). Therefore, a more quantitative understanding of the contribu-
tion of bile to net folate absorption is a fertile area for future research
because the apparent fractional absorption value of 0.79 may be an
underestimate.

The model predicted an important role for bile in folate me-
tabolism that is testable. Visceral pteroylmonoglutamate that is
transported to the gastrointestinal tract via bile can provide a
large pool of extracellular pteroylmonoglutamate (�5300
nmol/d) that could blunt the between-meal fluctuations in folate
supply to the cells and sustain folate concentrations during pe-
riods of folate deprivation. Our model indicated a 24-fold higher
flux of visceral pteroylmonoglutamate via bile (5351 nmol/d)
than the widely accepted flux of 227 nmol/d (10). Consequently,
a deficiency of bile folate reabsorption could help considerably
in creating a folate nutritional state that is marginal or deficient
(47–54) and a heightened risk of neural tube defects (55).

Model simulation of a sudden drop in the contribution of bile
folate (absorption) in subject 4 showed the following to be a
testable hypothesis. On the basis of this subject’s parameter val-
ues, baseline bile folate flux was 1980 nmol/d [1.41, or his k(1,5)
value in Table 1 of Appendix 1 under “Supplemental data” in the
current online issue at www.ajcn.org] multiplied by 1404 (his
visceral pteroylmonoglutamate distribution in Table 2 of Appen-
dix 1 under “Supplemental data” in the current online issue at
www.ajcn.org). His baseline fractional absorption was 0.949 [his
k(2,1)/(k(2,1) � k(0,1) in Table 1 of Appendix 1 under “Supple-
mental data” in the current online issue at www.ajcn.org]. A
reduction in his baseline fractional absorption to half yielded a
bile folate flux that fell to 1645 nmol/d and a visceral pteroyl-
polyglutamate distribution that fell only 17% after �3 y at the
reduced fractional absorption level. A drop to only 2.6% of his
baseline fractional absorption was required to reduce his bile
folate to 227 nmol/d (10) after �3 y in the presence of normal
dietary intake. At this level of fractional absorption (2.6% of
baseline), his visceral pteroylpolyglutamate distribution fell to
12% of his baseline value in �3 y. Faster pools, such as plasma,
marrow, and RBC, fell more precipitously.

The model predicted that the fractional absorption of folate
was high and independent of the gastrointestinal folate load (Fig-
ure 5A). It also predicted that the mass of folate absorbed each
day from the gastrointestinal tract showed no evidence of satu-
ration (Figure 5B). Because absorbed folate promptly appears in
bile (56), it was anticipated that the bile folate flux would cor-
relate with absorbed folate with no evidence of saturation by
either folate intake or visceral folate mass, as shown in Figure 5,
C and D.

The model predicted that, across subjects, absorbed folate
would saturate marrow folate uptake (Figure 6A), synthesis,
recycling, and catabolism of visceral pteroylpolyglutamate (Fig-
ure 6, B– D). A plateau was reached for these processes despite
continued increases in the amount of the total folate absorbed.
Furthermore, the mass of absorbed folate required for half max-
imum values for these processes was �2000 nmol/d. These data
might prove helpful in determining folate requirements for the
prevention and treatment of anemia caused by folate deficiency

or in conditions in which there are increased marrow require-
ments for folate, such as hemolytic anemias. The information is
also of interest because the model predicted that steady state
folate distributions (Table 6) were almost 5-fold larger than those
in the literature (41).

If the folate requirements for specific metabolic functions can
be stipulated, it should be possible to determine the minimum
intake to sustain these critical functions. This could be particu-
larly significant where folate deficiency or marginal nutrition
status is widespread. Simulation of the sudden cessation of di-
etary intake in a folate-replete person showed some interesting
features of the folate system that are testable. This situation is
inherently nonlinear and non– steady state because the system is
likely to make adaptations to the loss of dietary folate intake.
Nonlinear and non– steady state issues aside, and for the sake of
simplicity, we assumed that the rate constants do not change.
Under these conditions, both the plasma and erythrocyte folate
pools decreased by half of their baseline values within 100–
130 d, but required another 200 d for erythrocytes and 300 d for
plasma to be reduced by half again. Marrow and visceral pteroyl-
monoglutamate pools declined by a factor of 2–3 in the first 20 d
of deprivation, but thereafter were buffered by the slowly turning
over and pivotal pteroylpolyglutamate pool. On the basis of our
model, the pteroylpolyglutamate distributions were sustained for
hundreds of days in the absence of dietary folate. They declined
by a factor of 2 only after 300 d with no intake.

Nonlinearities may significantly alter one or more rate con-
stants as total body folate declines, and the literature describes
respective decreases in serum and erythrocyte folate of 75% and
18% (57) and of 60% and 15%, (58) in 4-wk depletion studies.
Nevertheless, it is clear that if pteroylpolyglutamates turned over
as slowly as deduced from these data, then they will significantly
buffer declines in all of the other distributions for �300 d. Con-
versely, when these reservoirs have themselves been completely
depleted, �300 d of a regular diet of folate will probably be
required to replete them. A full nonlinear model of folate metab-
olism that includes all of its regulatory controls and that is capa-
ble of accounting for non– steady state responses remains a fertile
area for future research.

The model predicted 2 distinct chemical forms in plasma:
pteroylmonoglutamate and p-aminobenzoylglutamate. For
visceral pteroylpolyglutamate to be recycled by conversion to
visceral pteroylmonoglutamate was no surprise, but for vis-
ceral pteroylpolyglutamate to also be converted directly to
p-aminobenzoylglutamate was a new pathway that fits nicely with
the recent discoveries of pteroylpolyglutamate catabolism (59). The
intact pteroylmonoglutamate that was eliminated in urine repre-
sented �6% of ingested folate, a value that compared well with
already published values (38, 58, 60). However, the novel and test-
able hypothesis represented by our model is that fully one-half of
excreted folate was derived from visceral pteroylpolyglutamate and
appeared in the urine as p-aminobenzoylglutamate (and its meta-
bolic successors).
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