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ABSTRACT

Folic acid is required in the diet for the prevention of a multitude of conditions ranging
from anemia and heart disease to birth defects and cancer. Much of our current
understanding of folic acid’s role in these diseases is based on population studies that
have shown associative relationships between folic acid intake and disease prevalence.
Estimation of folic acid intake and requirement demands reliable methodologies to
address these questions. The multiple forms of folic acid present in biological samples,
as well as its instability and low concentration, has made estimation of actual folic acid
intake and requirement difficult. In this study, improvements were made to current
methodologies to permit more specific estimation of folic acid concentration in samples.
The method centered on folate binding protein, which was highly purified and
characterized at milligram quantities. Understanding the kinetics of folic acid in humans
will help to determine requirements and identify differences in the absorption and
disposition of the vitamin between groups. '*C-Folic acid tracer was used to assess the
bioavailability and kinetics of folic acid in a healthy human subject. Radiolabel
concentration in plasma, red blood cells, urine and feces was measured by accelerator
mass spectrometry (AMS). The extreme sensitivity of this instrument permitted the study
to be conducted under physiological conditions with minimal exposure to radiation. Data

from samples collected over a 200-day period was modeled by linear, non-linear and
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compartmental modeling. Folic acid bioavailability and kinetics was quantified for the
first time in a healthy human subject under physiologic conditions. These models will
help to design future studies for better estimation of folic acid requirement. The study

was the first application of AMS to human biomedical research of this kind.
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Chapter One

Introduction: Folic acid, nutrition and metabolism

In its most basic form, the science of nutrition aims to define levels of nutrient
intake required to prevent disease and to monitor populations and individuals to ensure
this requirement is met. Difficulties in estimating nutrient requirement in a
heterogeneous population necessitates safety factors to be incorporated into these
requirements. Dietary habits that produce a discrepancy between required and actual
intakes for prolonged periods can be expected to lead to clinical signs and symptoms.

Measuring the gap between nutrient requirement and nutrient intake helps health
officials to develop public policies and dieticians to plan menus to close such gaps and
minimize nutrient-related health risks. This presupposes that measures of nutrient
requirement and intake can be made reliably. These measures include reliable methods
of compiling food nutrient databases, measuring food consumption and estimating
nutrient requirement (National Research Council, 1989; Hartman, 1996). Combined
uncertainty in these measures can result in variable and inaccurate estimations of
requirement and intake. More reliable estimates of these parameters must be made using
newer and more vigorous analytical approaches (Santhosh-Kumar, 1995).

Estimating folate requirement and intake levels has posed a challenge to nutrition
scientists. This has been due to the complicated biology of folate and the lack of
sufficiently reliable analytical methods for measuring the folate content of foods,

estimating intakes of folate and defining requirements (Gunter, 1996).
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Folate compounds are a class of water-soluble vitamins required for health and
normal growth. They are found in nature with different levels of oxidation,
polyglutamate chain-length and have a transferable methyl moiety (Bailey, 1995). Folate
functions as co-enzymes in a variety of single-carbon transfer reactions of nucleotide and
amino acid synthesis (Ziegler, 1996). Inadequate folate intake or low blood folate
concentrations are associated with a variety of clinical conditions such as anemia, neural
tube defects, hyperhomocystenemia and some cancers.

Epidemiological studies have shown a relationship between folate nutrition and
precancerous dysplastic changes in cervical and colorectal epithelia (Liu, 1995; Brock,
1988; Potischman, 1991). Folate deficiency in animals has been shown to increase the
severity of carcinogen-induced colon cancer (Cravo, 1992). Recently, a large
intervention study showed reduced incidence of colorectal adenomatous polyps with
increased folate intake (Giovannucci, 1993).

Folate has also been implicated in the etiology of neural tube defects. In a
randomized clinical trial a nutritional supplement containing folic acid reduced the
incidence of spina bifida and anencephaly (Czeizel, 1992). In another study, folic acid
supplemented to mothers of children with neural tube defects prevented the recurrence of
another pregnancy complicated by neural tube defects (National Research Council,
1991).

Recently, high plasma homocysteine concentrations were shown to be associated
with an increased risk of cardiovascular disease and stroke (Ueland, 1989; Graham,

1997). Plasma folic acid was found to be the strongest correlate of plasma homocysteine
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(Selhub, 1993). Current intervention trials will help to address whether folic acid
supplementation can reduce the risk for cardiovascular disease.

Further understanding of the role of folic acid in health and disease requires a
better understanding of the dynamics and metabolism of this vitamin in healthy and
diseased humans. The aims of this study were to develop a more specific approach for
estimating folate concentration and to determine folate bioavailability and turnover in a
healthy human subject. The first section describes the isolation of folate binding protein
to high purity. The protein can be used to isolate and measure folate from biological
samples such as plasma and tissues as well as folate in foods. The second section
describes a kinetic study of the dynamics of folic acid in a human subject. The study was
the first application of accelerator mass spectrometry to human nutrition research.
Protocols were developed to take advantage of the phenomenal sensitivity of the
instrument. Using a tracer-kinetic approach, the bioavailability and dynamics of a single
oral dose of radiolabeled folic acid was determined in a healthy human subject. Models
describing these dynamics were developed including a compartmental model. Folate
requirement in humans, as well as genetic and environmental factors that influence these

requirements can now be determined with greater confidence.
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Folate Assays

Microbiological assay

The realization that some microbes require folate for growth spawned the development of
the microbiological growth assay for folate. Several key advancements to the
development of this assay were the formulation of growth media lacking folate,
optimization of enzymatic procedures for hydrolyzing folate polyglutamates, adaptation
of the procedure to microwell plates and establishment of Lactobacillus casei strains with
antibiotic resistance.

The growth response of Lactobacillus casei is a measure of folate concentration in
the media only if the media contains all the necessary factors for growth, except folate,
which is introduced by the sample or standard. Any factor other than folate affecting the
growth response reduces the specificity of the assay. This is a problem inherent to most
biological assays of this type (Hunter, 1958; Snell, 1948). Indeed, thymidine and alanine
were found to stimulate L. casei growth regardless of folic acid concentration (Broquist,
1949; Snell, 1945).

Originally, casein hydrolyzates (acid and enzymatic), dextrose and acetate formed
the major components of the media with additional micronutrients to meet the organism's
nutritional requirements. The composition of the media underwent several modifications
as understanding of the nutritional requirements of the microorganism increased (Jukes,
1955; Landy, 1942; Stokes, 1949; Tamura, 1972; Teply, 1945). It was noted that casein
contributed factors which influenced bacterial growth (Peeler, 1949). The casein

hydrolyzate had to be treated with charcoal to remove some of these factors, yet, their
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complete removal was never satisfactorily attained. Use of crystalline amino acids to
formulate a defined growth media helped to minimize some of these external factors
(Hutchings, 1943; Steele, 1949). These media, however, failed to meet growth rates as
high as those attained by casein amino acids.

Another key component of the microbiological assay was the preparation of
samples prior to analysis. The majority of serum folate, S-methyltetrahydrofolic acid,
was suitable for bacterial uptake. However, tissue and food folates existed as folate
polyglutamates unsuitable for bacterial uptake and growth. The polyglutamate chain had
to be enzymatically reduced to monoglutamate or diglutamate for bacterial uptake
(Tamura, 1972). Polyglutamate chain length was reduced enzyinatically to diglutamates
by chicken pancreas extract (Kaferstein, 1972; Leichter, 1979) and monoglutamates by
hog kidney extract (Bird, 1972).

Chicken pancreas folate hydrolase had a pH optimum of about 8.5 while the
partially purified hog kidney folate hydrolase had optimum activity at about pH 4.7.
Human and rat plasma folate hydrolases had pH optima of 4.5 (Lakshmaiah, 1975; Wolff,
1949). Whole blood folate was prepared by incubating lysed red blood cells with plasma
(containing hydrolase) in a buffer at pH 4.5 containing ascorbic acid. Plasma folate
concentration was measured separately and subtracted from total blood concentration to
calculate folate concentration in red blood cells. Plasma folate contribution to total blood
concentration was small, however, since the vast majority of blood folate was in the red
blood cells.

In complex matrices such as food, additional enzymatic steps were included to

ensure maximum folate extraction. Treatment with protease (EC 3.4.24.31) significantly
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increased measured folate concentration by 61% in milk and 23 % in hog liver (Yamada,
1979). Foods rich in starch and glycogen produced 10 to 80 % higher folate values when
treated with a-amylase (EC 3.2.1.1) (Cerna, 1983). These results were confirmed by
DeSouza et al. who suggested the use of a triple-enzyme preparation of foods (DeSouza,
1990). A procedure using a triple-enzyme extraction protocol was soon developed and
resulted in 51% higher folate values in tuna fish and 33% higher values in yogurt when
compared to conjugase treatment alone (Martin, 1990). The authors concluded that
unless such an extraction protocol is adopted food folate values may be underestimated.
Recently, the triple-enzyme extraction protocol was compared to the conjugase method
for the analysis of folate in four different food composites designed to be low in folate.
Again, higher folate values were obtained by the triple-enzyme procedure, leading the
authors to recommend revision of food folate tables using the triple-enzyme approach
(Tamura, 1997).

One of the major drawbacks of the microbiological assay was long assay times
involving many steps. Several milliliters of media were required for each sample which
increased the time and effort required for preparation and sterilization of media and
reagents. Another time-consuming step was assessment of the organism's growth
response, usually measured spectrophotometrically.

These drawbacks were reduced when the assay procedure was adapted for use in
96-well microtiter plates (Newman, 1986). The modification reduced reagent cost and
preparation time and made possible the analysis of hundreds of samples per day. The
growth response was measured with computer-interfaced automated plate readers which

simplified data collection and handling.
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This protocol was further improved by use of glycerol-cryopreserved L. casei
(Wilson, 1982) and sample handling modifications which reduced incubation time to 18
hours (Horne, 1988). Use of mylar plate sealers allowed mixing of the microorganisms
prior to spectrophotometric reading without well-to-well contamination and eliminated
the need for mixing by manual pipetting (O'Broin, 1992).

To further reduce cost and time associated with sterile techniques, a new L. casei
strain was developed by transforming the ATCC 7469 strain with a plasmid containing a
gene which conferred resistance to chloramphenicol antibiotic. This chloramphenicol
resistant strain (NCIB 10463) was successfully used for determination of folate in serum
and red blood cells in non-sterile environments (O'Broin, 1992).

The microbiological assay had great utility for the clinical diagnosis of folate
deficiency in humans. Subjects with plasma folate <2 ng/mL and red blood cell folate
<250 ng/mL were typically considered to have a low folate status (Gibson, 1990). The
microbiological assay was capable of identifying these individuals since a large
difference existed in their plasma or red blood cell folate concentrations compared to
individuals with normal folate status. It was, however, unrealistic to use the assay to

identify small differences in folate concentration because of limited assay precision.

Competitive binding assays

Although the microbiological assay was a useful tool for assessment of folate deficiency
in individuals, in some clinical situations it was necessary to identify the folate status of
an individual in a fastidious manner. The competitive binding assay has gained

increasing popularity for rapid determination of folate concentration in plasma and red
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blood cells. The assay is relatively cheap and hundreds of samples can be measured in a
day.

The early 1970s saw the first development of competitive binding assays for the
quantitative determination of folate concentration in serum and red blood cells
(Archibald, 1972; Rothenberg, 1972; Waxman, 1971). Folate concentration was
determined by adding a known, excess amount of folate binding protein (FBP) to an
unknown sample, incubating for a short time and adding radiolabeled folic acid with
known specific activity. The radiolabeled folic acid bound to the remaining sites to
saturate FBP. Unbound radiolabeled folic acid was then removed by activated charcoal
and the total radioactivity in the protein fraction measured by scintillation counting. The
radioactivity was inversely proportional to the concentration of unlabeled folate in the
unknown sample because folate from the sample competed with radiolabeled folic acid
for a limited number of binding sites on FBP. A standard set of samples with known
folate concentration was assayed in parallel to standardize the procedure for the
quantification of folate in serum and red blood cells.

Waxman et al. first described a procedure to determine folate concentration by
competitive-protein binding assay (Waxman, 1971). The principal requirement for this
and other similar assays was the availability of a cheap source of folate binder. Milk
folate binders met this requirement and were purified minimally to give a solution with
high folate binding capacity. Instant powdered milk was resuspended in water (10 g/100
mL) and dialyzed against an isotonic solution for 60 hours at 4°C. The folate binding
capacity of this solution was determined by its ability to bind to known amounts of 3H-5-

methyl-tetrahydrofolate (methyl-THFA).
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Serum folate was assayed by incubating 0.4 mL serum with 0.6 mL saline buffer,
0.1 mL 3H-5-methyl-THFA and 0.1 mL milk for 30 minutes at room temperature.
Unbound 3H-5-methyl THFA was removed by adsorption to hemoglobin-coated charcoal
and centrifuged. The amount of radioactivity remaining in the supernatant was used to
calculate the folate concentration in the serum sample by comparison to standard curves.
Serum samples from 80 subjects ranged from 1 to 22 ng folate per milliliter serum.
These values were sufficiently similar to values obtained by Lactobacillus casei
microbiological assay to permit identification of subjects with low serum folate.

At lower serum folate concentrations the competitive-binding assay consistently
yielded higher values. On the other hand, lower values were obtained by the competition
assay at the higher end of folate concentrations. The authors attributed this to previous
observations which showed a lower affinity of the d-form of the d/-5-methyl-THFA used
to construct the standard curve (Ford, 1969). True folate values in serum could have
been twice as high as values determined by the competition assay assuming only the /-
form of 5-methyl-THFA bound to milk. Duplicate measurement of four serum samples
resulted in less than 10 % variation. Methotrexate and folinic acid did not compete for
the milk binder.

An advantage of the competitive binding assay was that folate concentration in
the serum of individuals taking antibiotic medication could now be measured.
Importantly, however, was that this procedure used a crude milk solution to bind folate.
Since the specificity of the interactions between multiple milk binders and folate were not
known, it could not be ruled out that factors other than folate could compete for binding

sites and interfere with the competition assay to produce aberrant results.
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To overcome this limitation Rothenberg et al. used milk binders that had been
isolated from milk (Rothenberg, 1972). Pasteurized milk was processed by acidification
to pH 4.8 with S percent glacial acetic acid and removal of the curd by filtration. Folate
in the resulting whey was removed by reducing the pH to 2.5 with concentrated
hydrochloric acid followed by addition of activated charcoal. After two hours of stirring
at 4°C the charcoal-folate complex was removed by centrifugation. Proteins in the
supernatant were precipitated by addition of ammonium sulfate to 45% saturation.
Pelleted proteins were then resuspended in a small volume of 0.01 M borate buffer, pH
8.0, dialyzed against the same buffer for 18 hours at 4°C and assessed for binding
capacity.

Observed increases in the specific-binding activity of this extract were partially
due to co-isolation of B-lactoglobulin and other proteins in milk with a capacity to bind
folate (Ford, 1967). The competitive assay procedure was essentially the same as the
method discussed earlier (Waxman, 1971), with the exception that serum folate was
incubated with the binder for at least two hours at room temperature before addition of
the radiolabeled folate at 4°C. This modification minimized any dissociation of serum
folate from the binder during the incubation period. It was, therefore, a sequential rather
than a true competition assay.

The affinity of isolated folate binding proteins for methotrexate and formyl-
tetrahydrofolic acid was substantially less than the affinity for folic acid and 5-methyl-
THFA. The mean variation in the estimated value of duplicate serum samples was 6.8 %
with a range of 1.1 to 23 %. Serum values determined by the competition assay were

again approximately half the microbiological assay values.
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This discrepancy had previously been attributed to possible differences in the
binding affinity of the d- and /- forms of 3H-5-methyl-THFA to the binding proteins
(Waxman, 1971). However, this possibility was eliminated when it was observed that
excess folate binder could bind 90 % of the di-3H-5-methyl-THF A, approximately equal
to the purity of the radiolabeled compound. The authors concluded that there may exist
other forms of serum folate with biological, but not binding, activity.

Using a powdered milk preparation described earlier (Waxman, 1971), serum
milk folate concentration was compared to values obtained by the microbiological growth
assay (Archibald, 1972). Although there was little difference between the mean of 30
samples, 6.2 + 2.6 and 7.5 + 4.2 ng/mL for L. casei and binding assays, respectively, the
correlation coefficient between the two assays was only 0.61. The authors concluded,
however, that the competitive binding assay was useful for diagnosis of folate deficiency
since both assays identified the same low folate subjects (<3 ng/mL).

Some of the competitive binding assay discrepancy was explained by the
observation that some serum proteins can bind to the 3H-5-methyl-THFA. Subject-to-
subject variability in the serum folate binding protein concentration added variation to the
assay in an unpredictable manner. Some of this variability was reduced by first
precipitating the proteins by heating in boiling water for 15 minutes.

Commercial kits utilizing milk FBP and intrinsic factor are now available and
can simultaneously measure folate and vitamin B, concentrations. This dual assay is
important for identification of deficiencies associated with certain anemias. Although the
kits have sufficient sensitivity for measuring folate in plasma (~0.5 ng/mL), the

specificity and precision of the measurement were not ideal.
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The issue of specificity was a problem with this and the microbiological assay
because a folate response was being measured rather folate itself. In the case of the
microbiological assay, the growth response was an indicator of folate concentration.
However, factors other than folate have been shown to affect growth response (Broquist,
1949; Snell, 1945). Folate in the sample must be extracted from the matrix, dissociated
from its binding proteins and reduced in glutamate chain-length before uptake by the
organism. Sample-to-sample variability in these factors reduced the specificity of the
assay so that the measured response did not directly correlate with folate concentration.

The competitive binding assay also measured a folate response rather than
measuring folate directly. In this case, competition between folate and the radiolabeled
tracer produced a response measured by scintillation counting. Folate in the sample was
not measured directly (chemically). Any non-folate compounds capable of competing for
the binder reduce the specificity of the assay. Bilirubin and plasma lipids and proteins at
physiological concentrations have been shown to interfere with the determination of
folate (Quantaphase II, BioRad Technical Bulletin). Methotrexate had sufficient cross-
reactivity with FBP to interfere significantly with the assay.

The precision of the competitive binding assay was determined by duplicate
measurement of control and serum samples. Intra-assay and inter-assay coefficients of
variation for various commercial kits ranged from 4.0-11.1% and 6.0-12.4%, respectively
(Staples, 1992). Others found intra-assay and inter-assay coefficients of variation
ranging from 5.89-9.76% and 5.9-11.3%, respectively (Ciment, 1993; Bruzek, 1994).
The accuracy of these assays was determined by comparison of results to results obtained

by other commercial kits. Typical coefficients of correlation were 0.93 and higher.
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Since there was no reference method to quantify folate concentration directly, the
accuracy of these assays was relative and not absolute.

There was increasing effort to move away from the use of radiolabeled folate as a
tracer in these competitive binding assays. Enzymes covalently linked to folate have
been used as enzymatic tracers of folate whose activity can be measured by precursor-
product relationships. Folate was traced by conjugating it to o-nitrophenol-p-D-
galactopyranosidase and monitoring the hydrolysis of the enzyme’s substrate,
chlorophenol-red-B-D-galactopyranoside, at 405 nm. This assay (Microgenics, Concord,
CA) was compared with a radioimmunoassay (Quantaphase, BioRad) and found to
correlate well in serum samples ranging in folate concentration between 3 and 18 ng/mL.
The intra-assay coefficient of variation was 2.5% and the inter-assay coefficient of
variation ranged from 2.4 to 12.1% depending on folate concentration. (Ishiwata, 1994).

Folate covalently coupled to glucose-6-phosphate dehydrogenase (G6PDH) was
used as a non-radioactive competitor of folate in competitive binding assays (Bachas,
1986). After removal of unbound tracer, the GGPDH-FBP complex was incubated under
conditions that reduced NAD to NADH. The progress of this reaction was detected
spectrophotometrically.

Recently, chemiluminescent compounds have become a popular choice for
compound labeling because of the great sensitivity for their detection. A competitive
bioluminescence assay that coupled bacterial luciferase to GGPDH was recently described
(Huang, 1996). Folate from a sample competed with folate conjugated to G6PDH for
folate binding protein. After removal of unbound tracer, NADH produced by G6PDH

activity served as a substrate for luciferase to produce a luminescent signal. The
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detection limit was in the 25 nanomolar range. Intra-assay coefficient of variation was
6.6%. Folate concentration in vitamin pills and culture media was within 10% of the

claimed values.

HPLC of intact folate

Chemical approaches for determining folate concentration and identity involved more
rigorous chromatographic techniques. Since samples of biological origin are a complex
assortment of compounds, a more stringent sample preparation was required prior to
analysis by high performance liquid chromatography.

In most cases, proteins were eliminated from the sample by precipitation with
acid, heat or an organic solvent, while the oxidation state of folate was maintained by an
antioxidant, typically ascorbic acid at a concentration of 1 mg/mL (Gregory, 1989;
Newman, 1989). Folate was concentrated on ion-exchange resins and eluted with strong
buffers (Duch, 1983; Gregory, 1984). A lyophilization step was required to concentrate
the large volume of the eluent. The recoveries, however, were too low to make the
procedure routine and reproducible.

Increased availability of solid phase extraction cartridges packed with a variety of
reverse-phase, quaternary amine and phenyl sorbents permitted rapid and quantitative
recovery of folate from biological samples (Rebello, 1987). Selhub et al. described a
procedure for affinity isolation of folate from biological samples using immobilized
folate binding protein covalently linked to a Sepharose matrix (Selhub, 1988). Affinity-

isolated folate was then separated by reverse phase HPLC using tetrabutylammonium
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dihydrogen phosphate (TBAP) as the ion pairing agent with detection by UV absorption
at 280 nm (Selhub, 1989).

Tissue folates with polyglutamate chain lengths from 1 to 7 were resolved in a 40
minute chromatographic separation using a gradient solvent system consisting of water
and acetonitrile containing S mM TBAP, 25 mM NaCl and 0.5 mM dithioerythritol, pH
6.8. This method was used for the determination of folate distribution in tissue extracts
(Varela-Moreiras, 1991).

Chromatographically separated folate has been detected by UV absorbance,
amperometric (Birmingham, 1983), fluorometric (Giulidori, 1981; Gounelle, 1989;
Gregory, 1984) and electrochemical (Kohashi, 1986; Lankelma, 1980; Shimoda, 1992)
detection methods in an attempt to increase specificity and sensitivity.

The most sensitive fluorometric detection of folate, with excitation at 290 nm and
emission at 365 nm, had a detection limit of 0.16, 0.03 and 0.31 pmol for
tetrahydrofolate, S-methyltetrahydrofolate and 5-formyltetrahydrofolate, respectively
(Gregory, 1984). Electrochemical detection was found to be useful only when the
applied voltage was relatively low (Shimoda, 1992). Less selective detection of folate
was observed when the applied voltage was above 300 mV.

Highly sensitive electrochemical detection was reported with detection limits of
6.8, 2.2 and 181 fmol for tetrahydrofolate, 5-methyltetrahydrofolate and folic acid,
respectively (Kohashi, 1986). This method was used successfully for the detection of 5-
methyltetrahydrofolate in plasma (Lucock, 1989) and tetrahydrofolate, 10-
formyltetrahydrofolate and 5-mehtyltetrahydrofolate in rat bile (Shimoda, 1994).

However, difficulties with background interference, mostly from the presence of ascorbic
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acid, limited the applicability of this method for detection of folate in more complex

biological matrices.

GC/MS of folate catabolites

Separation of folate by HPLC allowed the identification of individual folate molecules.
This was in contrast with the microbiological assay that gave total folate concentration of
the sample without regard to the chemical structure. There was, in fact, great interest in
determining the total folate concentration rather than identifying individual folate
compounds. Determining the total folate concentration in foods was important to the
food industry where folate-supplemented foods were monitored for total folate
concentration. Red blood cell total folate was used as a marker of folate status without
regard to the folate form.

There was great need for an assay that measured total folate without identifying
the folate form. These assays measured a common unique catabolite of folate, para-
aminobenzoyl derivatives, by various mass spectrometric systems. Intact folate had to be
first derivatized before mass spectrometric analysis because of their polar properties.
Procedures for measuring nanogram quantities of intact folate by SIMS (Eicke, 1983a;
Eicke, 1983b), FAB and MS/MS (Clifford, 1986) have been reported. Fluorinated
derivatives of para-aminobenzoylglutamic acid standards were detected by single ion
monitoring GC/MS with picogram sensitivity (Toth, 1988).

The difficulties in isolating folate catabolites from complex biological matrices
were resolved by affinity-purification of folate from red blood cells (Santhosh-Kumar,

1995). In this procedure, red blood cells were heated to 102°C for 30 minutes in a 0.4%

Google



21

ascorbic acid and 1% Triton X-100 buffer to extract the folate and remove proteins. The
extract was mixed with a strong anion-exchange resin and poured into an empty column.
The resin was washed and then incubated at 37°C with folate binding protein for 30
minutes in a solution of 0.1 M 2-mercaptoethanol, 2 M NaCl, 0.1 M ammonium
bicarbonate, pH 9.6. The incubation condition favored the dissociation of folate from the
anion-exchange resin for binding with folate binding protein. Bound folate was eluted
from the binding protein with 0.2 M trifluoroacetic acid and heated to 110°C for 1 hour in
6 N HCl to chemically cleave all folates to para-aminobenzoic acid (PABA) and various
pteridine and glutamic acid moieties. PABA was isolated over a strong cation-exchange
resin, eluted with 5 M NH,OH and derivatized with N-methyl-N-t-butyldimethylsilyl
trifluoroacetamide and acetonitrile at 60°C for 30 minutes.

The PABA derivative was analyzed by GC/MS using selected ion monitoring of
the [M-57]* ion (m/z 364). Bacterially synthesized folate from [2H,]JPABA or
['3C4,JPABA precursors was isolated by folate binding protein affinity-chromatography
and were added to the initial red blood cell extraction step as an internal standard. Intra-
assay and inter-assay coefficients of variation were 4.7% and 4.5%, respectively. The
limit of detection was 27 pmol folate, equivalent to the amount of folate in about 18 uL of

whole blood.

Immunoassays
A completely different approach to estimate folate concentration was to use highly
specific antibody-antiserum interactions. Antibodies that recognized and bound to folic

acid were generated by coupling folic acid to a macromolecule, immunizing animals with
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this antigen and isolating antiserum from blood (Jaton, 1967; Ricker, 1967; Rothenberg,
1969; Rubenstein, 1970). These antibodies, however, had low titer and specificity and
were unsuitable for estimation of folate concentration. It was later recognized that the
carrier conjugates influenced the type and avidity of the generated immunoglobulins
(Butler, 1973; Siskind, 1966).

Folic acid conjugated to methylated bovine serum albumin was used to immunize
rabbits (Hendel, 1981). Concentrations of folic acid, and dihydrofolic acid oxidized to
folic acid, were determined in plasma, erythrocytes and urine using the antibodies
obtained. The coefficient of variation varied between 4.01 and 14.6%.

To further enhance the specificity and immunogenecity, folic acid was esterified
to e-aminocaproic acid modified bovine serum albumin (Das Sarma, 1995a). The
antibodies were used for direct measurement of serum folate in 96-well microtiter plates.
Serum was heated to 50°C to disrupt interaction with folate binding protein, and folate
measured by ELISA (Das Sarma, 1995b). The antibodies had >80% cross-reactivity with
dihydrofolate and tetrahydrofolate but had no binding affinity for any S5-methyl
derivatives of folate. Intra-assay coefficient of variation was 8.2%, while inter-assay
coefficient of variation of duplicate samples measured on 6 different days was 13.3%.
The method compared well with the microbiological assay and had a correlation

coefficient of 0.99. The detection limit of the assay was 0.05 ng/mL.
Future directions

The issue of variability between assay types remains a problem. The microbiological

growth assay is considered as the standard assay. Acceptance of new assay protocols is
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contingent upon their close comparison with the microbiological assay. In this regard,
the microbiological assay has become the standard assay. There is general agreement,
however, that the lack of a true reference standard has stifled further advancements in our
understanding of folate in fields as diverse as food science, clinical chemistry and
pharmacokinetics.

A recent round robin assessment of inter- and intra-laboratory variability found
large differences in the measured folate concentration of serum and red blood cell
samples (Gunter, 1996). Six serum and six blood samples were prepared, ranging in
folate concentration from about 4 to 60 nmoV/L and 113 to 549 nmol/L, respectively.
Aliquots were sent to 20 laboratories representing manufacturing, government, academic
and clinical laboratories. Eight laboratories used the L. casei microbiological assay with
either a culture tube or microtiter plate procedure. Another eight laboratories employed
radioisotope competitive assay kits from three different manufacturers. Two laboratories
used a chemiluminescent competitive assay kit. One laboratory used an ion capture
procedure and another used an HPLC procedure with fluorescence detection.

Coefficient of variation for serum folate concentration measured by all the
laboratories ranged from 17.9 to 48.0%. Within laboratory coefficient of variation
ranged from 2.3 to 83.3%. The two low folate serum samples resulted in the largest
variability. Measured serum folate concentration between the laboratories differed 2 to
9-fold, depending on the folate concentration. These values ranged from 0.90-8.36
nmol/L for the low folate samples and 24.12-81.20 nmol/L for the high folate samples.

Red blood cell coefficient of variation between all the laboratories ranged from

33.1 to 41.3%. Again, there was as much as a 9-fold difference between measured folate
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concentration. The authors concluded that folate concentration measured by one
laboratory could not be compared with values obtained by another laboratory without
evaluating inter-laboratory differences. Further, method-specific ranges for normal and
deficient folate status had to be clinically confirmed by independent hematological
parameters such as hematocrit and red blood cell volume. The study underscored the
need for development of a reference method for measuring folate concentration.

A reference method, such as a direct chemical assay, in conjunction with the
availability of well-characterized reference standards, will help to establish uniformity in
folate assessment protocols. Only then can multicenter studies with large sample
numbers be conducted with confidence. Food folate databases should be updated for
better estimation of folate intake by individuals and populations. These advances will

lead to a more rational and confident reevaluation of folate requirement for humans.
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Folate Binding Protein Purification

First identification

The existence of a folate binding protein was first proposed when it was found that
factors in serum and milk can bind to folate (Ghitis, 1966; Ghitis, 1967, Metz, 1968).
Ghitis et al. assessed the heat lability of folate in milk using Lactobacillus casei growth
assay before and after boiling milk in the presence of ascorbic acid. They observed that
milk folate existed in three fractions, each with a different degree of heat lability.
Moreover, activated charcoal could bind milk folate only after the milk had been boiled.
They concluded that folate in milk did not exist in a free form, rather, it was bound to a
large molecule of unknown identity (Ghitis, 1966). Boiling disrupted this interaction
generating free folate that could bind to activated charcoal.

To further characterize this folate binding factor in milk, boiled or autoclaved
milk was assessed for its capacity to bind various folate molecules (Ghitis, 1967). Milk
exhibited two binding properties for folate, a highly specific interaction that resisted
ligand dissociation by autoclaving and a second less specific interaction that lost its
association with folate upon boiling or autoclaving. The authors explained this by the
existence of one or more binding proteins.

To facilitate further identification of these binders in milk and serum, Metz et al.
developed a method that used 3H-folic acid to trace the activity of the folate binders
(Metz, 1968). Milk was analyzed whole or divided into four fractions by centrifugation
at 30,000 rpm. Samples (0.5 mL) were incubated with 20 to 50 ng 3H-folic acid for 15

minutes at room temperature and unbound 3H-folic acid was removed by adding dextran-
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coated charcoal followed by centrifugation. 3H-Folic acid binding capacity was
determined by measuring the amount of radioactivity remaining in the supernatant. Milk
binding capacity was found to be in the range of 46-62 ng 3H-folate/mL milk. The top
three fractions of centrifuged milk had similar binding capacities.

Serum was autoclaved in an equal volume of 0.05 M phosphate buffer, pH 6.1,
containing 1% ascorbate. The serum was then incubated with 20 ng 3H-folic acid and
processed as before. This resulted in a negligible amount of 3H-folic acid remaining in
the supernatant, indicating poor 3H-folic acid binding in autoclaved serum.

This supported previous observations in humans where intravenously injected
folic acid was cleared out of plasma within 3 minutes, as determined by microbiological
assay (Chanarin, 1958; Metz, 1961). Poor folic acid binding by serum in conjunction
with high affinity tissue receptors for folate could explain the rapid plasma clearance of
injected folic acid (Metz, 1968). However, it was not known at the time that the folate
binders in serum were in fact proteins. Autoclaving had denatured the serum proteins

resulting in the negligible binding capacity for 3H-folic acid.

Folate binding protein purification

The availability of radioisotopically labeled folic acid allowed further advancements in
fractionation of the binders in milk. Milk was mixed with 3H-folic acid, fractionated by
DEAE cellulose chromatography and measured for radioactivity. Reitief et al. used this
procedure to collect six consecutive fractions of milk proteins incubated with 3H-folic

acid by eluting with 0.06 M phosphate buffer, pH 6.3. These fractions contained gamma

globulin, B,, B,, and albumin (Reitief, 1967). Five more fractions were collected by
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eluting with 1.0 M NaCl and found to contain alpha globulin and macroglobulin.
Radioactivity was measured by scintillation counting and indicated the majority of 3H-
folic acid eluted mainly in the phosphate fractions. This was supported by earlier reports
that found the majority of folate binding activity in milk fractionated by DEAE cellulose
chromatography was associated with the p-lactoglobulin fraction of milk (Ford, 1967).

Further attempts were made to isolate the folate binding factor in milk by a
combination of chromatographic and gel filtration techniques. The most common source
of folate binder was fresh bovine or goat milk because of their relatively high binding
capacity. Whey was commonly produced by acid precipitation of caseins and the
clarified whey further processed to enrich the folate binding protein (FBP).

Ammonium sulfate precipitation was commonly employed as a secondary
purification step. This two-step procedure first produced a precipitate upon addition of
ammonium sulfate to the whey at a concentration of about 45% saturation. This
precipitate was removed by centrifugation and the concentration of ammonium sulfate
increased to about 60% saturation to precipitate the majority of the remaining proteins,
including FBP. The precipitates were centrifuged and resuspended in a smaller volume
of a suitable buffer at a pH ~7. This procedure produced an extract of milk that retained
the majority of the folate binding capacity of milk and was suitable for further
purification of FBP.

Folate binding protein was further purified using DEAE-cellulose
chromatography and Sephadex G-150 gel filtration yielding a mixture of several proteins
as identified by gel electrophoresis. Only one minor component of this mixture had a

strong and specific capacity to bind folate (Ford, 1969a; Ford, 1969b).
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To further isolate and enrich FBP, affinity chromatography was employed to
specifically isolate proteins that bind to folic acid. Following the procedure of
Cuatrecasas (Cuatrecasas, 1968), agarose was activated with cyanogen bromide and folic
acid coupled to the o-aminohexyl derivatives of the agarose by carbodiimide
condensation (Salter, 1972).

Whey proteins purified by DEAE-cellulose chromatography were added to the
folic acid affinity agarose and mixed as a slurry. The pH was dropped to 3.6 with HCI to
dissociate bound native folate that would interfere with FBP-affinity matrix interaction.
Upon adjustment of the pH back to 7.0, a majority of the FBP bound to the folic acid of
the affinity matrix. The slurry was then packed into a column and washed successively
with buffers of increasing ionic strength. FBP eluted from the affinity matrix by addition
of 8 M urea at pH 5. The authors reported a 32-fold enrichment in folate binding
capacity of the DEAE-cellulose fraction compared to whey and a 601-fold enrichment
after affinity purification.

Modifications to this procedure have been developed for folic acid-affinity
chromatographic purification of human milk FBP (Waxman, 1975b), goat milk
(Rubinoff, 1977) and umbilical cord serum (Kamen, 1975b). Methotrexate, an analog of
folic acid (Goldman, 1968), was also used as an affinity ligand for the purification of
dihydrofolate reductases (Mell, 1968; Whiteley, 1972), FBP from goat milk (Selhub,
1973), human umbilical cord serum (Kamen, 1975b) and dihydropteridine reductase from
rat and sheep liver (Webber, 1978). Methotrexate agarose is now commercially available

and commonly used for affinity purification of a variety of folate binding proteins.

Google



29

Determination of binding capacity

Purification of proteins by any method required assessment of the degree of enrichment
of the target protein as well as its purity. Enrichment was calculated as the ratio of the
target protein to total protein in the sample. This term is known as the specific activity of
the protein. The activity can be assayed depending on the function of the protein. In the
case of FBP, the total folate binding capacity was a measure of the amount of FBP in the
sample.

Total binding capacity assays were developed for a variety of binding proteins
and were based on the same basic principle. Typically, the sample to be assayed was
mixed with an excess amount of radiolabeled ligand under conditions that favor binding.
Unbound ligand was removed and total amount of radioactivity remaining in the sample
was measured by scintillation counting. If the specific activity of the radiolabeled ligand
was known, the concentration of the binding protein could be determined assuming the
stochiometry of the interaction is known. In the case of FBP, one molecule of folate
could bind to one molecule of FBP since there was one folate binding site on the protein.

The folate binding capacity measurement of a protein preparation was an
indicator of the degree of its enrichment. Salter er al. measured the specific folate-
binding capacity of samples along their purification scheme (Salter, 1972). Whey extract
had a specific folate-binding activity of 0.006 pg folic acid/absorbance unit of protein.
This value increased to 0.195 after DEAE-cellulose isolation and 3.64 after affinity
chromatographic isolation of FBP corresponding to a 32-fold and 601-fold increase in

FBP enrichment, respectively.
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FBP was enriched 150-fold by a one-step DEAE-cellulose isolation of
commercially available bovine B-lactoglobulin (Waxman, 1975a). FBP from clarified
human milk was purified using an affinity column followed by DEAE-cellulose
chromatography resulting in a 1,000 and 10,000-fold enrichment, respectively (Waxman,
1975b). Rubinoff et al. isolated FBP from clarified goat milk using a similar purification
scheme resulting in a 260 and 1,200-fold increase in FBP specific activity (Rubinoff,
1977). Folate binders in human umbilical cord serum (Kamen, 1975b) and hog kidney
(Kamen, 1975a) have been enriched by similar methods 10,000 and 50,000-fold,

respectively.

Determination of purity

Although the specific activity was an important measure of target protein enrichment
along the purification process it was a poor indicator of purity. It was misleading to
assume purity without checking for it, even in purification steps such as affinity
chromatography where target protein function was used to aid the purification. The most
common way to determine protein purity was by electrophoretic methods. Separated
proteins were visualized by staining with dyes such as Coomassie.

Early attempts to purify FBP by DEAE-cellulose and gel filtration resulted in a
preparation that was ‘still grossly impure’ (Ford, 1969a). Addition of an affinity
chromatography step to this procedure resulted in a product with one main component
and traces of impurities after separation by thin-layer starch gel electrophoresis (Salter,
1972). DEAE-cellulose isolated FBP from commercially purified bovine B-lactoglobulin

produced three double bands after sodium dodecyl sulfate polyacrylamide gel
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electrophoresis (SDS-PAGE) and three peaks after isoelectric focusing (pl values of 6.8,
7.5, 8.2) (Waxman, 1975a). Goat milk enriched 1,200-fold produced a single and distinct
band by SDS-PAGE and 3 peaks by isoelectric focusing (pI values of 6.6, 7.3, 8.4)
(Rubinoff, 1977).

These early studies showed that affinity chromatography increased the specific
activity of FBP by three orders of magnitude resulting in a highly purified product.
However, SDS-PAGE and isoelectric focusing of the purified FBP did not always
indicate a homogeneous protein population. Rather, multiple peaks were observed after
isoelectric focusing and represented isoproteins of FBP with varying carbohydrate

content (Waxman, 1975b).

Determination of molecular weight

There was considerable discrepancy in determinations of the molecular weight of milk
FBP. Gel filtration in Sephadex was used to separate proteins according to size. This
technique was superceded by SDS-PAGE since the migration of a protein in an
electrophoretic field was dependent on its charge-to-mass ratio. Addition of sodium
dodecyl sulfate fulfilled two requirements. Firstly, the detergent eliminated differences
in migration as a result of protein shape by disrupting the tertiary structure of the protein.
Secondly, the detergent imparted a large negative charge to the protein so that it could
migrate towards the anode. Any differences in the overall charge of the protein at the
buffer pH were also eliminated. Since differences in the shape or charge of the protein

were eliminated, migration became dependent on mass alone. The molecular weight of
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milk FBP could then be estimated using proteins of known molecular weight as
standards.

The molecular weight of FBP was reported in the literature to be about 35 kDa.
Using gel filtration, Ford et al. reported the molecular weight of two bovine milk proteins
with folate binding activity to be about 38 and 76 kDa, suggesting the latter was
composed of a dimer of the smaller protein (Ford, 1969a). Other gel filtration estimates
of the molecular weight of FBP were 35 kDa (Salter, 1972) and 36 kDa (Waxman,
1975a).

Waxman et al. described a high molecular weight FBP in human milk with a
molecular weight >200 kDa as estimated by gel filtration (Waxman, 1975b). They also
reported three double-bands of FBP with molecular weights of 87/80, 36.5/30 and
19/11.5 kDa as estimated by SDS-PAGE. Goat milk FBP had a molecular weight of 37
kDa by gel filtration and 38 kDa by SDS-PAGE (Rubinoff, 1977). Sedimentation
equilibrium ultracentrifugation determined bovine milk FBP to have a molecular weight
of 30 +2 kDa (Svendson, 1979). Salter et al. reported the molecular weight of bovine
FBP to be 35 £1.5 kDa by SDS-PAGE (Salter, 1981).

The discrepancies in the molecular weight of milk FBP could be explained by the
low resolution in the estimation technique. The FBP bands produced by SDS-PAGE
were diffuse rather than distinct and sometimes showed up as double-bands (Waxman,
1975b). This made estimation of the molecular weight difficult since there was a
heterogeneous population of proteins with varying molecular weights. This was likely

due to glycosylation with varying amounts of carbohydrate.
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Amino acid sequence

Identification of the amino acid sequence made it possible to calculate the molecular
weight of the peptide moiety. The amino acid compositions of goat and bovine milk FBP
were first identified by acid hydrolysis and amino acid analysis (Rubinoff, 1977;
Svendson, 1979). Goat FBP was estimated to contain 22% carbohydrate and bovine FBP
3% carbohydrate. The carbohydrate content was calculated as the difference between the
FBP molecular weight determined by SDS-PAGE and the predicted molecular weight of
the non-glycosylated protein. It was, therefore, an average of a heterogeneous population
of the FBP.

Partial amino acid sequences of bovine FBP were first identified by Edman
degradation (Salter, 1981; Svendson, 1979). Sequence homology between bovine and
human milk FBP was demonstrated when the partial human sequence became available
(Antony, 1982; Svendson, 1982). Finally, the complete amino acid sequence of bovine
FBP was identified and contained a single 222 amino acid polypeptide with eight
disulfide bonds (Svendson, 1984). The peptides had a molecular weight of 25.7 kDa and

carbohydrates comprised the remaining portion to give a total of ~30 kDa.

Folate binding protein function

While FBP had been sequenced and identified as a glycoprotein, its function remained a
mystery. It was known that FBP concentration was higher in the colustrum of goat milk
immediately postpartum than later in lactation (Ford, 1972). FBP in milk could prevent

bacterial uptake of folate (Ford, 1974). It was speculated that FBP might help to
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maximize folate bioavailability in the suckling animal by preventing bacterial uptake of
the vitamin as well as aiding folate absorption from the intestinal lumen.

Sources other than milk have been found to contain folate binding proteins.
Human patients with chronic granulocytic leukemia had serum and leukocyte lysates with
a capacity to bind to added radiolabeled folic acid (Rothenberg, 1970). This binder had a
molecular weight greater than 50 kDa and was the first evidence for the existence of a
separate folate binding protein localized to cells distinguishable from cellular
dihydrofolate reductase. Soon after, the properties of folate binding factors in the serum
of subjects with folate deficiency were characterized (Waxman, 1973). Unsaturated
serum folate binder had also been identified in patients with uremia, chronic alcohol liver
disease, ulcerative colitis and carcinomas (Bentsen, 1990; Hines, 1973; Mantzos, 1975).

Cellular folate binders have been identified in a number of tissues. Isolated small
intestinal cells were shown to have a capacity to bind to folate (Leslie, 1972). The
presence of a liver folate binder was first described after isolation of a radiolabeled
protein fraction from the liver of rats injected with radiolabeled folic acid (Corrocher,
1974, Zamierowski, 1974). Kidney brush-border folate binder was purified,
characterized and postulated to aid in the reabsorption of folate from urine (Kamen, 1986;
Selhub, 1984). Hog and rabbit choroid plexus were shown to have a saturable and
specific transport mechanism for folate (Chen, 1975; Spector, 1975). This led to isolation
of a folate binder from human cerebrospinal fluid with a molecular weight of about 26
kDa (Hansen, 1985). Human placenta folate binder was later isolated and localized to the

plasma membrane fraction of the cell (Antony, 1981; Zwiener, 1992).
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The findings of McHugh and Chen that cellular high-affinity folate binders were
primarily localized to the plasma membrane significantly advanced understanding of the
function of these binders (McHugh, 1979). Recent evidence suggested that these binders
were localized to the plasma membrane because the protein underwent post-translational
modifications that added a phosphatidyl-inositol moiety, making the molecule more
hydrophobic. These membrane-soluble folate binders were considered to function as
receptors aiding in the accumulation and possibly regulation of intracellular folate. The
biochemistry and molecular biology of these receptors have been reviewed (Weitman,

1994; Antony, 1992).
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Abstract

Folate binding protein (FBP) is used as a powerful affinity tool for isolating folate from
biological tissues. Highly purified FBP is desirable for competitive binding assays that
rely on a high degree of specificity. Pure FBP was prepared and characterized as follows:
the 40-70% ammonium sulfate cut of fat-free, casein-free fresh bovine milk was
resuspended in buffer, acidified to pH 3.5 and stirred for 1 hr. Released folate was
removed by overnight stirring with albumin-treated charcoal and centrifugation. After
dialysis, the dialyzed material was applied to a Sepharose-4B methotrexate-affinity
column, washed, and FBP eluted with acetic acid. SDS-PAGE of the eluent showed
multiple bands of protein with apparent molecular weights in the 30-35 kDa and 55-70
kDa region. In-gel digestion of these bands, microsequencing and database searching of
the partial amino acid sequence of these bands identified the two bands in the 30-35 kDa
region as bovine FBP. Both bands had a high degree of sequence homology with the
bovine FBP, and their molecular weight difference was due to the degree of glycosilation.
The FBPs were further purified by DEAE-Sephadex anion-exchange chromatography or
preparative isoelectric focusing. Purity and molecular weight was confirmed by SDS-
PAGE and MALDI-TOF. Milligram quantities of highly purified FBP were obtained by
preparative isoelectric focusing. The purified protein was coupled to agarose beads and
used for isolating folate from biological samples. This procedure resulted in the highest

specific binding capacity for FBP reported in the literature.
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Introduction

Folate molecules typically appear at nanomolar concentrations in complex biological
matrices. For reliable determination of the total folate concentration, as well as
identification of individual folate molecules, standardized assay reagents, conditions and
protocols are required. Procedures, however, vary from laboratory to laboratory
according to available equipment, expertise and required turn-around time. This has
resulted in vastly different determinations of folate concentration in reference samples. A
recent round-robin study of 20 different laboratories found up to a 9-fold difference in the
measured concentration of folate in test serum and red blood cell samples (Gunter, 1996).
These laboratories employed either the conventional microbiological assay using L. casei,
competitive binding assay kits from different manufacturers or affinity-isolation of folate
followed by HPLC.

For routine diagnostic purposes, the competitive binding assays have become the
method of choice for a majority of clinical and research laboratories. Assay kits from
several manufacturers are available and provide a cost-effective and time-effective
solution for determination of folate concentration in serum and red blood cells. These
assays are used for clinical diagnosis of anemia and other folate-related clinical
conditions. The assays differ slightly in use of labeled-folate tracer, removal of the tracer
after incubation and detection of remaining tracer in the sample. These differences
produce slightly different cut-off values for identification of ‘low’ or ‘normal’ folate

individuals.
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Although measured folate concentrations vary slightly between the assays, folate
deficient individuals can be reliably identified due to the large difference in their plasma
or red blood cell folate concentrations compared to normal individuals. The one common
factor in these assays is the folate binder, folate binding protein (FBP), isolated from
cow’s milk by affinity chromatography (Salter, 1972). The purity of this protein is
generally not determined since the purification procedure satisfies a critical requirement,
to increase the binding capacity of the product. To further increase the specific binding
capacity, the protein must be subjected to another purification step, resulting in a highly
purified binding protein specific for folate and less susceptible to non-specific
interferences from the sample matrix.

Although FBP is commonly used for competitive binding assays, it is also used
for affinity purification of folate from biological samples for further characterization by
HPLC. The cost and time associated with developing these affinity columns necessitates
use of FBP with maximum specific activity.

This section describes the development of a novel preparative purification scheme
for isolation of highly purified folate binding protein. The characteristics of the purified

protein and its coupling to a novel affinity support matrix are also described.
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Experimental Section

Materials: 3H-folic acid (American Radio Chemicals). Affigel-10 agarose beads

(BioRad).

Folate binding protein purification
Milk preparation: Fresh bovine and goat milk (36 L) was obtained from the campus
dairy. The milk was de-creamed by centrifugation and the non-fat portion acidified to pH
4.5 with 1.0 M HCI. Precipitated caseins were strained through cheesecloth and the whey
neutralized with 1 N NaOH. Ammonium sulfate (6 kg) was slowly added to 25 L of
whey while stirring to give a 40% saturated solution. The mixture was left overnight at
room temperature to allow settling of precipitates. The supernatant (20 L) was removed
and an additional 4 kg ammonium sulfate added (70% saturation) to precipitate the
proteins. After overnight settling at room temperature, the supernatant was discarded and
precipitates resuspended in 3 L 0.05 M potassium phosphate, pH 7.0. To remove bound
folate, the suspension was acidified to pH 3.5 with 1.0 M HCI, dialyzed in membrane
tubing with a 2 kDa molecular weight cut-off (Spectrum) for 24 hours in 2 x 24 L 0.05 M
citrate-phosphate buffer, pH 3.5 and then transferred to 24 L 0.05 M potassium
phosphate, pH 7.0 for another 12 hours. All dialyses were performed at 4°C with gentle
stiring.  Folate binding proteins were isolated from this preparation by affinity
chromatography.

Folate binding protein was also isolated from whey according to published

methods (Salter, 1972). Briefly, 500 g whey powder purchased locally was suspended in
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1 L 0.5 M potassium phosphate dibasic, pH 6.4, centrifuged for 15 minutes at 20,000g

and binding proteins isolated from the supernatant by affinity chromatography.

Methotrexate-Affinity Chromatography: Sepharose-4B methotrexate affinity column
(Sigma), 50 mL bed volume, was used for isolating folate binding proteins. The column
was equilibrated with 0.05 M potassium phosphate, pH 7.0 and dialyzed solution (750
mL) containing folate binding proteins applied to the column at a flow rate of 2
mL/minute. The column was washed with 600 mL 2.0 M NaCl, 0.05 M sodium borate,
pH 8.0 and 600 mL 0.01 M sodium borate, pH 8.0. Bound proteins were eluted with 200
mL 0.05 M acetic acid, neutralized with 1.0 N NaOH and dialyzed for 24 hours against 4

L of water at 4°C.

Anion-exchange Chromatography: Affinity purified proteins were separated by anion-
exchange chromatography on a Varian Model 5000 Liquid Chromatograph HPLC system
with a Rheodyne Model 7125 injector was connected to a Pharmacia Mono Q HR 5/5
anion-exchange column (Uppsala, Sweden). Absorbance was monitored at 280 nm with
a Varian UV-100 detector. Buffer A contained 0.05 M ethanolamine, pH 10. Buffer B
contained 0.05 M ethanolamine, 1 M NaCl, pH 9.5. Ethanolamine was added to affinity-
purified protein solution and pH adjusted to give a 0.05 M ethanolamine solution, pH
10.0. Approximately 5 mg protein in 20 mL Buffer A was applied to the column with a
flow rate of 1 mL/minute. The column was washed with 25 mL Buffer A and bound

proteins were eluted by step-wise gradients to 15, 20 and 100% Buffer B. Three peaks
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were collected, desalted and concentrated on Centricon-30 centrifugal concentrator

(Amicon, MA).

Preparative Isoelectric Focusing: Affinity purified binding proteins (10 mL, 2 mg/mL)
were mixed with 10 mL AMPSO and Bis-Tris (4:1) Bio-Rad RotoLyte ampholite-free
buffer (Richmod, CA) and loaded onto a Bio-Rad Mini Rotofor Cell Preparative
Isoelectric Focusing unit. The unit was connected to a Bio-Rad PowerPac 3000 power
supply and allowed to focus for 3 hours at 10 W constant power to give a pH range of
~7.6-13.2. Twenty fractions were collected and the pH measured. Small aliquots of each

fraction were separated by SDS-PAGE.

Purity determination

Amino acid microsequencing

In-gel digestion: Four distinct protein bands were resolved by gel electrophoresis in the
affinity-purified sample. In-gel digestion and microsequencing confirmed the identity of
these four bands. The four bands, numbered 1-4 from largest to smallest, were cut out of
the gel and washed and incubated overnight at 30°C with 0.1-0.2 pg Lys-C in 0.1 M Tris,
pH 7.8, 0.05% SDS. The gel chips were washed with 0.1% trifluoroacetic acid (TFA) in
80% acetonitrile and 25 pL 6 M guanidium hydrochloride 0.4 M Tris, pH 8.5, 1 mM
EDTA added. The peptides were reduced by addition of 1 pL. 450 mM dithiothreitol and

incubated for 45 minutes at 50°C. Two microliters of 185 mM iodoacetamide was added
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and the sample incubated another 15 minutes at room temperature. The peptides were

ready for microbore HPLC separation.

Microbore column HPLC. An Applied Biosystems Instrument (Foster City, CA) model
ABI 140B solvent delivery system was used equipped with model 112A injector and
model 785 programmable absorbance detector. A C18, 100x]1 mm microbore column
was used to perform the separations. Solvent A was 0.1% TFA in water, Solvent B was
0.075% TFA in 70% acetonitrile. A pump was programmed with a linear gradient from

8% Solvent B to 100% Solvent B over 105 minutes. Flow rate was 100 uL per minute.

Sequence Analysis. Peptides (10-20 pmol) were collected and analyzed using automated
Edman degradation by an ABI gas phase (407A) or liquid pulse (477A) peptide
sequencer. FATSA and BLAST computer programs were used for rapid sequence

database searching.

Protein assay: Protein concentration was measured with the Bio-Rad Protein Assay Kit

(Richmond, CA) based on the method of Bradford (Bradford, 1976).

SDS-PAGE: Whey, affinity-purified, ion-exchange and isoelectric-focused binding
proteins were analyzed by SDS-PAGE. Acrylamide gels were made with the following
reagents: Stock acrylamide, 30% acrylamide (w/v) and 0.8% bis-acrylamide (w/v);
separating buffer: 75 mL 2M Tris-HCl, 4 mL 10% SDS, 21 mL H,0; stacking buffer: 50

mL 1 M Tris-HC], 4 mL 10% SDS, 46 mL H;O; 10 % ammonium persulfate (APS). A
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15% cross-linked separating gel was made by mixing 2.5 mL separating buffer, 2.5 mL
H,0 and 5 mL stock acrylamide. The gel was formed by addition of 50 uL. APS and 5 uL
tetramethylene-ethylenediamine (TEMED). A stacking gel was poured above the
separating gel by mixing 1 mL stacking buffer, 0.67 mL acrylamide, 2.3 mL H,0, 30 uL
APS and 5 uLL TEMED. The electrophoresis buffer consisted of 3 g Tris, 14.4 g glycine,
1 g SDS and H,O to bring the total volume to one liter. Each 20 pL protein sample was
denatured by boiling for 5 minutes in 5 pL of sample buffer consisting of 0.6 mL 1 M
Tris-HCl, pH 6.8, 5 mL 50 % glycerol, 2 mL 10% SDS, 0.5 mL 2-mercaptoethanol and
09 mL H;O. Trypsin inhibitor (20.1 kDa), carbonic anhydrase (29 kDa),
glycerophosphate dehydrogenase (36 kDa) and egg albumin (45 kDa) were used as
molecular weight markers (Bio-Rad). Bands were stained for 10 minutes with a solution
of 45% methanol, 45% H;0, 10 % glacial acetic acid (v/v) containing 0.1% (w/v)
Coomassie Blue R-250. The gel was then destained with a solution of 10% methanol,
10% glacial acetic acid and 80% H,O (v/v). A Bio-Rad Mini-PROTEAN II
electrophoresis system and PowerPac 300 power supply (Richmod, CA) were used for

the separation.

MALDI-TOF mass spectrometry

Folate binding protein (3 mL, 0.2 mg/mL) obtained by isoelectric focusing was dialyzed
in 4 L nano-pure water at 4°C using 10 kDa dialysis cassettes (Pierce), lyophilized and
resuspended in 80 puL 50 % acetonitrile (v/v) saturated with sinapinic acid (3,5-
dimethoxy-4-hydroxycinnamic acid) as the matrix. A Hewlett-Packard (Palo Alto, CA)

G-2030A time-of-flight mass spectrometer was operated at an accelerator voltage of 28
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kV. Desorption/ionization was achieved with a nitrogen laser (A=337 nm) with a pulse
width of 3 ns delivering approximately 9.59 uJ/pulse. The instrument was calibrated with

an external mixture of known standards.

Polyclonal antibody production

Female New Zealand White rabbits weighing 2-3 kg were housed at the Laboratory
Animal Health Clinic/Comparative Pathology Lab. A 10 mL blood sample was collected
prior to the first immunization. On day 1, the animal (#2920) was injected
subcutaneously with 3 mL Freund's complete adjuvant containing 1 mg FBP purified by
affinity-chromatography and isoelectric focusing. On day 7 and day 21 booster shots of
the antigen were administered containing 1.0 mg FBP in 3 mL Freund's incomplete

adjuvant. Serum was collected on days 37, 44, 51 and 58.

Ouchterlony double diffusion plate: A 1 % (w/v) agarose solution in 100 mL was
prepared containing 0.01 M Tris, pH 8.0, 0.15 M NaCl, 0.005 M EDTA, 0.02 % NaN3,
boiled and poured into 60-mm diameter Petri dishes. Between 50-70 pL sample was
placed in 5-mm wells cut into the agar. One well was filled with rabbit antibody (#2920)
and the other well with whole milk. The dish was covered and allowed to sit at room

temperature for 24-36 hours until precipitin bands appeared.
FBP binding capacity

Albumin-coated charcoal: Four grams Norit 0.8 mesh charcoal (Aldrich) was ground to a

fine powder and added to 40 mL 0.05 M potassium phosphate containing 0.88 g bovine
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serum albumin (Sigma), 0.034 g NaCl and 0.004 g NaN;. The slurry was mixed for 30

minutes at 4°C and aliquoted into 1.5 mL Eppendorf tubes and stored at 4°C.

Folate binding protein binding capacity: A 40 uM 3H-folic acid working solution was
prepared by adding 0.67 nmol of 3H-folic acid (30 mCi/mmol, American Radio
Chemicals) to 10 mL of 40 uM folic acid in 0.05 M potassium phosphate, pH 6.1, 1%
ascorbic acid. Folate binding capacity was measured by mixing 100 pL binding protein
with 500 uL 0.05 M potassium phosphate buffer, pH 7.0 and 20 pL 3H-folic acid.
Parallel samples containing 100 pL buffer in place of protein were used to adjust for non-
specific binding. The solution was mixed and incubated for 15 minutes at room
temperature. Albumin-coated charcoal (100 pL) was added and mixed by vortexing for
30 seconds and immediately centrifuged at 12,000 rpm for 5 minutes at room
temperature. A 400 uL aliquot of the supernatant was mixed with EcoLite scintillation
fluid (ICN) and activity measured with a Wallac 1410 liquid scintillation counter
(Gaithersburg, MD). Folic acid binding capacity was expressed as nmol folic acid

bound/mg protein.

Immobilization of folate binding protein

FBP-agarose coupling: Purified folate binding protein was dialyzed in 10K dialysis
cassettes (Pierce) against 4 L nanopure H,O for 24 hours at 4°C. The dialyzate was
lyophilized and resuspended in 0.05 M HEPES, pH 7.3 (1.5 mg/mL). Protein was
coupled either saturated with or free from folic acid to see if protein saturated with folic

acid would orient the protein in a manner that would increase the gel’s binding capacity.
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Folate binding protein, 4.2 mg (0.14 nmol), was incubated with 300 nmol folic acid for 1
hour at 4°C. The solution was then dialyzed in 10 K dialysis cassettes against 4 L 0.05 M
HEPES, pH 7. Folate binding protein free of folic acid was prepared as a control. Five
milliliters N-hydroxysuccinimide esters of a derivatized cross-linked agarose gel,
(Affigel® 10, Bio-Rad), was washed with 3 bed volumes cold 0.05 M HEPES, pH 7 and
4.2 mg folate binding protein added. After four hours of gentle mixing at 4°C, 0.1 mL 1
M ethanolamine-HCl was added and mixed for another 30 minutes to block the
remaining active esters. The solution was then poured over a disposable plastic column
and washed with 20 mL 0.05 M HEPES, pH 7.3 followed with 20 mL of 0.01 M sodium
acetate, pH 4.5. Both gels were then washed with 20 mL of 0.02 M trifluoroacetic acid to
remove folic acid from the saturated protein gel followed by 20 mL 0.05 M potassium
phosphate, pH 7.0. Fractions were collected and measured for protein concentration to

determine coupling efficiency.

FBP-agarose binding capacity: In an Eppendorf tube, 100 pL agarose beads and 4 nmol
3H-folic acid (53.9 Ci/mol) were mixed gently in 500 pL of 0.05 M potassium phosphate,
pH 7.0 for 15 minutes at 4°C. The solution was poured into a narrow disposable plastic
column (BioRad) and washed with 2 mL 0.05 M potassium phosphate, pH 7.0 and 2 mL
0.05 M potassium phosphate, pH 7.0, 1 M NaCl. Bound 3H-folic acid was collected by
elution with 2 mL 0.02 M TFA and measured by liquid scintillation. Binding capacity

was expressed as nanomoles folic acid per milligram protein.
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Results

Purification of folate binding protein

Freshly prepared milk and whey powder were used for the affinity purification of folate
binding protein according to previously published methods with slight modifications in
the preparation of the whey (Salter, 1972; Waxman, 1975). The end-products from these
procedures were checked for purity by SDS-PAGE. The gel showed four major protein
bands appearing as two pairs with apparent molecular weights of 60-70 kDa and 30-33
kDa. The identity of the proteins with the higher molecular weights was not known. To
determine the identity of the four bands, the partial amino acid sequences of the proteins
were identified by in-gel digestion and microbore column HPLC. A search of the
partial sequence was performed using the Swiss-Prot Database, Release 31.0. Table 1
shows the partial amino acid sequence of each band and the best match found in the
database. Band 1 had a best match with a rabbit immunoglobulin. This match had a 67%
score and was obviously not a rabbit immunoglobulin. The degree of homology between
the two sequences indicated that the protein was a lactoglobulin whose sequence had not
yet been determined. A match was found for the sequence of Band 2 with a homology
score of 61%. The matching sequence was from the gamma-2A subunit of mouse
immunoglobulin (IgG). Again, the Band 2 protein was obviously not a mouse protein,
but had a high enough homology to indicate that it belonged to the immunoglobulin or
lactoglobulin family of proteins. The sequences from Band 3 and Band 4 had a 100%
homology with the sequence of bovine milk folate binding protein (Svendson, 1984).

This information was used to develop strategies for further purification of FBP.
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Table 1. Affinity-purified proteins were separated by SDS-PAGE and four major bands
observed. Band 1 migrated the least and Band 4 the most. Bands were cut out and
partially sequenced by in-gel digestion and microbore HPLC. Proteins were identified by
searching for the partial sequences on the SWISS-PROT database, Release 31.0.

Band # Best-Match Sequence Identity
1 10
Band 1 LICQATDFSP
e
LPPEVSGFIPPRDAFFGBPRKSQLICQASGFSPRQVWSLR Mucm_Rabbit
110 120 130 140 Ig
1 18
Band 2 PAXEPQVYVLAPPQEELS
PVRAPQVYVLPPPAEEMT GCAB_Mouse
230 247 Ig gamma-2A
1 15
Band 3 DISYLYRFNWDHCGK
RN
WRKNACCSVNTSIEAXKDISYLYRFNWDHCGKMEPACKRH Foll_Bovin
50 60 70 80 Milk Folate
Binding Protein
1 15
Band 4 DISYLYRFNWDHCGK

WRKNACCSVNTSIEAXKDISYLYRFNWDHCGKMEPACKRH
50 60 70 80

Foll Bovin
Milk Folate
Binding Protein

Anion-exchange chromatography

Folate binding protein was successfully purified from the mixture of affinity-purified

proteins by anion-exchange chromatography. Figure 1 shows a chromatogram of the

separation using step-wise gradient elution. Three peaks were collected, dialyzed and

measured for folate binding capacity.

Peak 1 had a binding capacity 2.5 times the capacity of Peak 2, while peak 3 had

minimal binding capacity. Peak 1 was electrophoresed by SDS-PAGE and showed bands
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with apparent molecular weights in the 30-33 kDa region. Figure 2 shows the
comparison of proteins obtained by the three different methods. Lanes 1 and 6 were
molecular weight markers. Lane 2 contained proteins isolated from whey powder by
affinity-chromatography as described previously (Salter, 1972). Lane 3 contained
proteins obtained from fresh bovine milk using affinity-chromatography as described
earlier. Both procedures yielded proteins with MW in the 30-33 kDa and 50-60 kDa
region. Lane 4 contained highly purified folate binding protein obtained after addition of
an anion-exchange procedure. Lane 5 contained a mixture of proteins present in the
whey preparation after precipitation with 70 % ammonium sulfate and resuspension in
buffer. The gel was slightly overloaded with protein to allow visualization of minor
impurities more apparent. The two-step purification procedure resulted in a significant

improvement in the purity of the folate binding protein.
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Peak 3

Peak 2

Peak 1
Folate binding protein

3

Absorbance

Figure 1. Anion-exchange chromatography of affinity-purified binding proteins.
Proteins were applied to column and washed with 0.05 M ethanolamine, pH 10 for 10
minutes. The mobile phase was adjusted to 0.05 M ethanolamine, pH 9.5, 0.15 M NaCl
by a stepwise gradient to elute folate binding protein. Peak 2 eluted by a stepwise
gradient to 0.2 M NaCl and Peak 3 was washed off the column by increasing the salt
concentration to 1.0 M. Flow rate was 1 mL/minute. Absorbance was measured at 280
nm.
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The specific binding capacity of folate binding protein prepared according to previously
published methods was nearly half the activity of the protein prepared according to the
methods in this study. If one mole of folate binding protein bound to one mole of folic
acid, the expected maximum specific activity would be 33.3 nmol folic acid/mg protein.
The current procedure achieved 40% of this maximum activity perhaps due to protein

degradation or other losses of binding activity.

Preparative isoelectric focusing

For large-scale purification a preparative isoelectric focusing procedure was used which
allowed purification of milligram quantities of folate binding protein. A preparative
isoelectric focusing unit consisting of a cylindrical chamber divided into 20 sections by
permeable membranes. The samples and buffer were added and allowed to focus for ~3
hours. Each of the 20 fractions was then harvested and analyzed by SDS-PAGE to
identify fractions containing FBP. Fractions 1-5 and 18-20 contained no protein. Figure
5 shows a gel of fractions 6 though 17. The high molecular weight globulin proteins had
a lower pl and were found in fractions 6-10. Folate binding protein had a higher pI (more
basic) and focused across fractions 8-17. Fractions containing pure folate binding protein
(11 through 17) were pooled and dialyzed in water to remove the buffer. The protéin
solution was lyophilized and stored at —20°C. The system gave rapid and reproducible

results suitable for purification of milligram quantities of folate binding protein.
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Figure 4. Affinity-purified proteins (10 mL, 2 mg/mL) were separated by isoelectric
focusing into 20 fractions ranging in pH from 7.6-13.2. The pH of each 2 mL fraction
was measured before analyzing 20 pL of the fraction by SDS-PAGE. Fractions 6
through 17 contained protein. Folate binding protein appeared in fractions 8 through 17
and the interfering immunoglobulin proteins appeared in fractions 6-10. Fractions 11-17

were pooled and used for MALDI-TOF mass spectrometry and coupling to agarose
beads.

Antibody characterization
Several milligrams of the purified protein were used to raise antibodies against folate
binding protein. A female New Zealand white rabbit was immunized subcutaneously
with 1 mg of protein in 3 mL Freund’s complete adjuvant. Booster shots containing 1 mg
protein in 3 mL Freund’s incomplete adjuvant were given on days 7 and 21. Serum (2
mL) was collected on days 37 and 41 and assayed for antibody activity.

Heterogeneity of the antibody response was determined by a double-diffusion
precipitation assay. If the antigen was pure a single homogenous immune response
would be expected. If multiple proteins were present in the antigen, polyclonal

antibodies against each of the proteins would be expected. A small well was cut out of an
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shows the mass spectrum of folate binding protein using sinapinic acid as the matrix. A
relatively high laser energy was used to desorb the protein, as has been reported
previously for glycoproteins (Yang & Orlando, 1996). The major peak had a molecular
weight of 29.09 kDa with a range of 27-31 kDa. This relatively broad range of masses
was attributed to varying degrees of glycosylation. The heterogeneous population of
glycoproteins produced the observed broadening of the peak. There were no peaks in the

region of the milk globulin proteins which were removed successfully by isoelectric

focusing.
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Figure 6. MALDI-TOF mass spectrum of milk folate binding protein purified by affinity
chromatography and isoelectric focusing. The minor peaks at 14.4 and 58.9 kDa
represented doubly-charged and dimers of the binding protein, respectively.
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The purified protein was used as an affinity ligand to isolate folate from
biological samples. Binding protein was coupled to agarose beads by the N-

hydroxysuccinimide active ester method which coupled activated agarose gel beads to

Q pH 7.0
C—ON R-NH, —»Ho N c
(o)

Figure 7. Coupling chemistry of protein primary amines to N-hydroxysuccinimide esters
of derivatized crossed-linked aggarose gel beads.

O

primary amines of the ligand (Figure 7). The amide bond between the protein and the
terminal carboxyl of the 10-carbon spacer arm was stable in acid and base (pH 2-11)
(BioRad Bulletin 1085).

The binding capacity of the folate binding protein coupled to the agarose beads
was determined by resuspending the beads in a buffered solution containing excess 3H-
folic acid. After 15 minutes of gentle mixing the solution was poured into a small
disposable column and washed to remove unbound 3H-folic acid. The binding capacity,
calculated by the amount of 3H-folic acid that did bind, was 4.6 nmol *H-FA/mg protein.
This value suggested that about 14% of the proteins coupled to the beads were binding
folic acid. The protein used for the coupling had a binding capacity of 13.3 nmol *H-FA
/mg protein (Figure 3). A decrease in the binding capacity of immobilized protein could

be expected since the coupling reaction might randomly block the binding site.
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Coupling reactions were performed using binding protein saturated with folic
acid. Table 2 shows the results of the coupling reaction using either saturated or free
folate binding protein. The binding capacity of the free binding proteins was 5.6 nmol
*H-FA/mg protein, similar to earlier results. Protein saturated with folic acid had a
binding capacity of 2.9 nmol *H-FA /mg protein. Nearly a 50% reduction in binding
capacity was observed indicating that only about one-fifth of the proteins were binding.
This was in contrast to the folic acid free proteins where one-half of the binding capacity
was retained after immobilization. As a result, further coupling reactions were performed
using the free (apo) protein. This method allowed easy and efficient coupling of proteins
and avoided the chemical hazards associated with methods that use cyanogen bromide.
Table 2. Folate binding protein affinity column properties. Identical conditions were

used to couple agarose beads with FBP saturated with or free from folic acid. The
column was washed and binding properties assessed (see methods).

+ Folic acid - Folic acid
Folate binding protein used (mg) 42 4.2
Agarose beads used (mL) 5.0 5.0
% protein coupled to beads 52 45
Specific folic acid binding activity
(nmol *H-FA /mg protein) 29 5.6
(nmol 3H-FA /nmol protein) 0.087 0.168
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Discussion

Milk is a common source of folate binder used in competitive binding assays and as an
affinity ligand for isolating folate from biological samples. Folate binding protein (FBP)
is commonly purified from milk by methotrexate-affinity chromatography as has been
described previously (Salter, 1972). The purity of the resulting product was rarely
determined since the protein’s binding capacity increased sufficiently for use as a folate
binder. In this study, folate binding protein was purified from fresh bovine milk and
whey powder. The resulting products were shown to contain contaminating proteins
which were removed by the addition of a secondary purification step. Characterization of
the final product determined the protein to be highly pure. This degree of purity has not
been reported for FBP in the literature to our knowledge.

It was found that fresh milk was not necessary as the source for FBP. Indeed,
commercial sources of p-lactoglobulin contain fair amounts of FBP and can be a good
source for purifying FBP (Waxman, 1975). The protein was stable under a wide range of
pHs. The purified protein was lyophilized and stored for more than six months at —80°C
with no significant loss of activity.

Milk folate binding protein molecular weight had been reported to be about 30
kDa (Svendson, 1984), 35 kDa (Salter, 1981), 37 kDa (Rubinoff, 1977) and 38 kDa
(Ford, 1969). These determinations were based on electrophoretic separations and know
standards. In this study, MALDI-TOF mass spectrometry revealed a molecular weight of
29 kDa, with a range of 27-31 kDa, representing a heterogeneous population of FBP

glycoproteins. This closely matched some past reports but also demonstrated the
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imprecision of electrophoretic techniques for determining the molecular weight of
glycoproteins.

The purified protein was immobilized to a novel support matrix with good
efficiency while avoiding the use of toxic cyanogen bromide. The bound proteins were
used as an affinity tool to isolate folate from biological samples. One milliliter of FBP-
affinity beads was sufficient to isolate folate from one milliliter of plasma and red blood
cells for further analysis. Other researchers have used affinity-purified FBP to isolate
folate from plasma and characterize the product by HPLC or GC/MS (Gregory, 1990;
Gregory, 1984; Santhosh-Kumar, 1995; Seyoum, 1993; von der Porten., 1992). In these
protocols, the affinity step concentrated folate from biological samples while a second
chromatographic step further separated the various folate forms.

Affinity-purified folate binding protein is also used in competitive binding assays.
These one-step assays do not have a secondary separation step to further isolate folate or
other competing compounds. The danger exists that contaminating proteins that were co-
isolated with FBP during affinity-chromatography could interfere with the competitive
assays. These proteins have affinity for folate and could compete for folate in the
sample. Since the binding properties of these proteins have not been characterized
compounds other than folate in the samples could interfere with the assay in an
unpredictable manner. For example, measurement of plasma folate by competitive
binding assays in subjects taking methotrexate is contraindicated (Technical Bulletin,
Lederle Labs, NY). Other dietary or endogenous compounds may also interfere with this

assay since the binder is not in pure form.
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Results of a recent round-robin evaluation of the reproducibility of folate assays
demonstrated a 9-fold difference between estimations of folate concentration in plasma
and red blood cells (Gunter, 1996). The procedures described in this study for isolating
FBP to purity may help to lower this variability by increasing the specificity of the binder
used in the assay.

The stability of FBP-immobilized beads makes them suitable for routine
measurement of folate in biological samples. The beads can be packed into a small
column and placed in-line with a solvent and sample delivery system. Conceivably, an
autoinjector could apply a sample to the column at slow flow rates, wash the column with
a suitable buffer and then apply a known amount of radiolabeled folic acid. Competition
for a limited number of binding sites would result in radiolabeled folic acid flowing
through the column without binding. These could be quantified by in-line radiometric
detection and would represent the amount of folate in the sample. Plasma folate
concentration could then be quantified using a set of calibration standards. The system

could be automated for routine, sensitive and reproducible measurements.
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Introduction

Folate requirement can be estimated in humans by determining folate bioavailability and
turnover. Determination of bioavailability permits calculation of the amount of folate
that is actually absorbed. Determination of turnover permits calculation of the amount of
folate that is lost over a period of time. The amount of folate required to maintain
nutrient balance can then be calculated. Estimations of folate requirement, in concert
with reliable estimations of actual folate intake, can help measure any differences
between required and actual intake that may lead to adverse health effects. This chapter
reviews the scientific literature where previous estimations of folate bioavailability and
turnover have been attempted.

Assessment of the bioavailability and turnover of folate in an organism can be
performed using labeled folate so that its movement can be traced in various tissues and
samples. Folate is commonly labeled with stable or radioactive isotopes of carbon or
hydrogen. Traditionally, radioisotope-labeled folate has been used in animals and certain
human studies. Recently, mass spectrometric analysis of stable-isotope labeled folate
compounds has made it possible to study folate kinetics in healthy humans. The current
study describes the application of accelerator mass spectrometry (AMS) to determine the
kinetics of folic acid in a healthy subject. The study overcame many of the current
methodological limitations and allowed significant advancement of our knowledge and
understanding of folate metabolism in humans by establishing protocols for measuring
the bioavailability and turnover of folic acid under physiologic conditions. A review of

the biological applications of AMS is also provided in this chapter.
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Major advances in our understanding folate kinetics were made possible by the
availability of chemically synthesized folic acid using radiolabeled precursors
(Krumdieck, 1969; Plante, 1980). Radiocarbon or tritium labeled folic acid have been

used in animals and humans to determine folic acid bioavailability and turnover.

Animal studies

Animal models of folic acid metabolism used radiolabeled folic acid to assess
bioavailability, route of excretion and whole-body turnover rates. Murphy, et al. had
elucidated the mechanism of folate catabolism in the rat and its subsequent excretion in
urine (Murphy, 1976). However, it was not known whether the labeling position of the
radioisotope affected interpretation of the excretion data due to selective loss or retention
of catabolites of folic acid.

To clarify this, [2-'*C)- and [3’,5’,9-°H]-folic acid were used individually and
together in rats (Barford, 1978). Since the pteridine ring was labeled with e,
differences in excretion of the pteridine ring and the para-aminobenzoylglutamate
moieties could be identified. Rats received an intraperitoneal dose of the mixture and
urine, feces and liver radioactivity were measured over a 6-day period.

Tritium recovered in the urine was almost twice as great as radiocarbon. Little
difference was observed in feces while liver showed higher retention of radiocarbon.
This suggested that label in the pteridine ring of folic acid underwent recycling after
catabolism or was retained to a greater extent than the para-aminobenzoylglutamate
portion of catabolized folic acid. Others confirmed this using radiolabeled 10-

formylfolate, folic acid and 10-formylfolate tetraglutamate (Connor, 1977; Connor,
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1979). It became apparent that folate should not be labeled in the pteridine ring alone if
catabolites were to be measured in the urine.

The fate of radiolabeled folic acid was followed in urine, feces and organs of
animals. Murphy et al. administered physiologic amounts of [3°,5°,9->H]-folic acid to
rats and measured urinary losses of unmetabolized tracer as well as metabolites in the
form of 5-methyltetrahydrofolate, 10-formyldihydrofolate and catabolites in the form of
pteridines, para-aminobenzoylglutamate and acetamidobenzoylglutamate (Murphy,
1979). Pheasant et al., studied the metabolism and disposition of [2-'*C]folic acid and
10-formyl-pteroylglutamate in rats at levels ranging from 10-100 ug/kg body weight
(Pheasant, 1981). Tracers detected in urine, feces and organs within the animal were
separated chromatographically and a descriptive model was developed that showed the
routes of distribution and elimination of the tracer. The model suggested polyglutamate
derivatives were retained whereas monoglutamate derivatives were recycled through
enterohepatic circulation and eventually excreted in the urine as catabolites. Bhandari, et
al. followed tritium labeled folic acid, S5-methyltetrahydrofolate, and S-formyl-
tetrahydrofolate in rats over an 8-day period after an intragastric dose of 50 pmol
folate/100 gram body weight (Bhandari, 1992). All three forms of folate showed close to
complete absorption after 8 hours. Urine and feces were the major routes of elimination
exhibiting biphasic excretion half times of 0.11 days and 13.4-15.9 days.

In another study, *H-labeled folic acid administered to rats intragastrically was
followed in urine, feces, liver, kidney, spleen, heart and blood for 32 days (Scott , 1996).
Cumulative urinary losses showed an early fast loss that slowed over the following 32

days. Cumulative fecal losses showed an early slow excretion rate for the first four days
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that increased to a steady level over the next 28 days. Approximately 35% of the dose,
half of which were catabolites, was recovered in the urine after 32 days, and 15% of the
dose was recovered in the feces. Half of the dose was retained by the rats after 32 days,
mostly in the liver and muscle.

Rats have been used to discern the major pathways of folate distribution and
elimination. The discovery and identification of various folate molecules in bile
suggested that bile may play a significant role in folate homeostasis (Shimoda, 1994;
Shin, 1993a; Shin, 1993b; Shin, 1994). Folate distribution and cycling in bile was
studied by intravenous infusion of various folate molecules in rats. Plasma folate
concentration dropped rapidly after bile diversion indicating significant secretion into bile
and reabsorption in the intestine (Shin, 1995). The authors concluded that folate cycling
in bile may be important in the reduction and methylation of oxidized folate.

Interpretation of animal data to human nutrition and physiology must be made
cautiously. Rodent gastrointestinal physiology and metabolism differs from humans in
many aspects which make these animals a poor model for studying folate absorption and
disposition.

Folate bioavailability and pharmacokinetics have been studied in pigs which are a
better model of human folate metabolism than rodents (Kokue, 1994). Two-month-old
female pigs were administered 1 mg folic acid’kg body weight by intravenous and
intramuscular injections and 50 mg/kg by gavage. The bioavailability was determined by
a conventional manner that compared areas under the plasma concentration curve (AUC)
after intravenous and extravascular routes of administration. Folic acid had an extremely

low 1% bioavailability by oral administration and 95% by intramuscular injection.
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Active transport mechanisms involved in folic acid absorption may have become
saturated resulting in low bioavailability of a high folic acid dose. Plasma folate was
analyzed by HPLC and confirmed tetrahydrofolic acid to be the major folate metabolite
in pig plasma rather than 5-methyltetrahydrofolate found in human plasma (Natsuhori,
1991). The authors used this knowledge to develop strategies for maintaining high
plasma folate concentrations by intramuscular injections which have been shown to
improve reproductive performance (Matte, 1984).

Pigs have also been used as a model to study the effects of alcohol on folate
absorption (Reisenauer, 1986; Reisenauer, 1989; Villanueva, 1994). Animal studies have
been valuable for estimating folate distribution and disposition rates, however, studies
performed directly on humans often provide the most valuable information regarding

nutrient metabolism.

Human studies

Results from experiments performed on animals usually serve as a guideline for
designing experiments that ought to be repeated or validated in humans. However,
human nutrition research has limitations that require the researcher to make certain
assumptions and compromises not made by animal researchers. Genetic heterogeneity,
uncontrollable environmental factors, illness, accessibility to samples and ethical issues
are limitations animal researchers do not commonly encounter. Cost and limited subject
number add further difficulty to conducting and interpreting human research. However,
in most cases, research conducted in humans would be the first choice if results are to

advance understanding of human nutrition and health. For these reasons, results obtained
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from human studies, regardless of limitations in scope and design, are invaluable parts of
the puzzle.

Due to the many complications inherent in human nutrition research, sometimes
the simplest experiments are the most elegant. Almost four decades ago one such
experiment provided insights which to this day influence much of our understanding of
human folate requirement (Herbert, 1962). The study entailed a healthy adult consuming
foods that were boiled three times in water to extract water-soluble vitamins. With the
exception of folic acid, all other vitamins were reintroduced into the diet by
supplementation. Nutritional and hematological parameters were monitored while the
subject consumed approximately 5 pg folic acid daily. Serum folate concentration,
measured by L. casei microbiological assay, dropped to less than 5 ng/mL and remained
low for most of the depletion period.

Red blood cell folate, a long-term indicator of folate status, dropped steadily over
the entire study reaching a low of <20ng/mL. Hypersegmentation of neutrophils was
observed after 10 weeks and megaloblastic anemia after 19 weeks. The subject then
consumed 250 pg folic acid orally resulting in a rapid rise in serum folate concentration
and a return of red blood cell folate above 20 ng/mL after four days. The study indicated
that folate reserves in the subject were adequate for a little more than one month and
provided a means for defining minimum daily intakes which was suggested to be in the
range of 50 pg.

Absorption and elimination of folic acid in humans has been studied by measuring
folic acid concentration in serum and urine after oral ingestion of folic acid (Butterworth,

1957; Chanarin, 1958; Cox, 1958; Girdwood, 1953). These early studies provided only
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qualitative data since it had been shown earlier that significant amounts of microbially
produced folate can interfere with quantitation of folate balance (Denko, 1946).

Use of radioisotope-labeled folic acid resolved this confounding factor. A wide
array of radiolabeled folate molecules were available from animal experiments but their
use in humans was justified in only a few cases where the benefits outweighed the risks
associated with radiation exposure. Anderson et al. administered single doses of 0.2 mg
H-folic acid (20-40 uCi), generated by exchange with tritiated water, to 23 patients with
a variety of clinical and hematological disorders ranging from idiopathic steatorrhea and
tropical sprue to pernicious and megaloblastic anemias and 36 healthy individuals
(Anderson, 1960).

Measurement of fecal tritium indicated absorption for control and cases of
between 40-90% and 9-90% of the dose, respectively. Twenty-four hour urinary
excretion ranged from 1.5-16% of the dose in controls and 1.5-12.4% in cases. These
values jumped to 30-65% in controls and 4-52% when the oral dose was preceded with a
15 mg folic acid intramuscular injection, indicating a saturation effect. The study
demonstrated reduced folic acid bioavailability in these clinical and hematological
conditions as well as a large variability in folic acid absorption in control individuals.

The plasma kinetics and urinary excretion of folic acid was studied in 16 healthy
subjects receiving 1, 15 and 150 pg/kg body weight *H-folic acid (<25 uCi total) by
intravenous injection (Johns, 1961). Plasma clearance of 3H-folic acid, given at a dose of
1 ng/kg body weight, was very rapid, with 2% of the dose per liter plasma remaining after

3 minutes and 0.1-0.2% after 30 minutes. This rapid elimination from plasma was not
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due to renal clearance since less than 2% of the injected dose appeared in urine after two
hours.

When *H-folic acid was given with larger amounts of non-labeled folic acid, such
as 15, 150 or 1430 pg/kg body weight, an increasing proportion of the dose, 25-50% of
the dose was excreted in the urine. These results suggested rapid distribution of folic acid
into body tissues at all dosing levels with significant urinary excretion at doses greater
than or equal to 15 pg/kg body weight. Pharmacokinetic parameters describing plasma
clearance were not presented.

Butterworth et al. studied absorption and excretion of folic acid and
folylpolyglutamates after oral ingestion of '“C-labeled folate. Five patients with chronic
lymphatic leukemia or Hodgkin’s disease were studied. Four of the patients were in
complete or partial remission, while a fifth patient with leukemia remained untreated for
the condition at the time of the study. Patients received 0.4 or 4.4 mg folate as either
folic acid or folylpolyglutamate labeled with 10-20 uCi '*C either in the pteridine or
glutamate moieties.

Feces was the major route of excretion in two patients who received '‘C-
folylpolyglutamate labeled in the pteridine or first glutamate position accounting for 25%
and 50% of the oral dose. The patient receiving 10 pmoles lost 8% of the dose in the first
24-hour urine collection while the patient receiving 1 umole lost 1.5% of the dose in
urine. Two patients received folylpolyglutamates labeled in the second glutamate
position. In the first patient, an 81-year-old low income female, no radioactivity could be
found in urine, feces or plasma. The second patient lost 2.5% of the dose in feces.

Expired air was collected for 30 minutes after dosing in this patient and found to contain
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a estimated 60% of the radioactivity in the dose, presumably as CO,. The fifth patient
received '*C-folic acid labeled in the pteridine ring and lost 10% of the dose in feces and
44% in urine after 24 hours. A marginal response in plasma radioactivity was observed
during the first four hours in the patient receiving 0.4 mg folate, whereas much more
apparent plasma responses where observed in patients receiving 4.4 mg folate.

In a long-term study, a 36-year old woman with Hodgkin’s disease and in
remission for three years, received 320 pg folic acid as four doses of 10 uCi 2-'*C-folic
acid at 12 hour intervals. Complete urine was collected for the first eight days and at
intervals over four months. Urine and feces were collected for the first week of the study
and at intervals over a four month period.

Urine radioactivity reached a maximum on day 2 and declined slowly for the
remainder of the study. Feces radioactivity reached a maximum in the second collection
and declined slowly for the remainder of the study similar to urine. Bioavailability was
calculated as the sum of losses in feces over the first six days and equaled 92% of the
dose. Urine showed a two-phase elimination pattern with half-lives of 31.5 hours and
100 days. This study and the human studies described earlier helped, in part, to shape
recommendations for daily allowances of folate.

Radiolabeled folic acid tracers also had clinical applications for divulging folic
acid absorption capacity in children (Hjelt, 1989). Fractional folic acid absorption was
studied in 66 patients aged 2-16 years with celiac disease, partial small intestine resection
or Crohn’s disease. Forty-five of the children served as controls once they had recovered
from their condition. The patients and controls were administered 50 pg [3’,5°,7,9-

*H)folic acid and the following stool sample collected. The dose contained ~20 pCi
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activity equivalent to 4.8 mrad of radiation. Unabsorbable *>'CrCl; (1.2 uCi) was given at
the same time to correct for partial stool collection.

The bioavailability of folic acid ranged from 28-98% with a mean of 81%. Less
than 4% of the *H-folic acid was excreted in urine after 48 hours. The authors concluded
that the radiation exposure, equivalent to about two weeks of exposure from background
sources, was a safe and ethical exposure with minimal risk. Also, the small physiologic
dose of 50 pg folic acid was suitable for studying folate bioavailability since it was below
the saturation level of specific, carrier mediated, intestinal folic acid absorption
mechanisms (Halsted, 1980).

In the studies presented so far, radiolabeled folate compounds were used as a
tracer for studying bioavailability, distribution and excretion in urine. Detection of the
tracer was made by scintillation counting and required minimal or no sample preparation.
Complex sample matrices, such as feces, were measured by simple extraction in acid or
base. In some cases chromatographic separation and identification of the folate molecule
in plasma and urine was performed. This clearly showed the advantage of using tracer
labeled with a radioisotope. However, administration of radioisotopes as routine
diagnostic tests to healthy subjects, even at ~20 uCi levels, posed difficulties that made
their acceptance unlikely. In the absence of more sensitive methods for detection of
radioisotopes, which would have allowed exposure to much smaller amounts of
radioisotopes, techniques were developed that used folate tracers labeled with stable
isotopes.

Stable isotope experiments became possible once schemes for synthesis of

deuterium-labeled folate molecules and methods for their isolation and detection by mass
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spectrometry were developed (Gregory, 1988a; Gregory, 1988b; Hachey, 1978).
Studying folate bioavailability with stable isotope-labeled folate typically involves
administration of the tracer followed by detection of excreted tracer in the urine. Since
measurement of the isotope requires tracer isolation and purification from a complex
feces matrix, feces tracer is not measured.

Concentration of tracer in the urine is used as an indirect measure of
bioavailability, especially if the subject has been consuming pharmacological doses of
nonlabeled folic acid prior to tracer administration. This saturation protocol ensures that
most of the absorbed tracer is diverted to urine since all folate pathways and carrier-
mediated processes are saturated. In theory, absorbed tracer would immediately be
excreted in urine where it can be quantified.

In one study, d»-folic acid was ingested orally and ds-folic acid simultaneously
injected intravenously (Gregory, 1991). The healthy volunteers had been saturated by
consumption of 2 mg folic acid/day for seven days prior to the study. Measurement of
urine d,/dy and d4/d ratios by GC/MS and total folate by microbiological assay allowed
calculation of tracer elimination in urine. The first trial (n=7) resulted in recovery of 37
and 25% of the d,- and d4-tracers, respectively, in the first 48 hour urine samples.

A second trial resulted in recovery of 14% of the d,-folic acid and 21% of ds-folic
acid over the same period. Since the ratios of d,/d4 in urine were different than d,/d4
ratios of administered folic acid, there was selective elimination due to route of
administration. This precluded the use of intravenously administered tracer for

calculating bioavailability of orally ingested tracer.
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In a second report by the same authors using a similar protocol, the losses of d,-
and ds-folic acid after 48 hours were 5.8 and 5.2%, respectively (Gregory, 1990). No
explanation was given to reconcile the significant difference observed in the two studies
for urinary loss of the tracer. The authors concluded that the similarity in percentage loss
of the d;- and ds-folic acid administered by different routes, although in contrast to an
earlier study, enabled calculation of absolute bioavailability.

Urine represented a major route of folate elimination from the body. This was
either intact folate, in cases when the subject is supplemented daily with greater than ~ 1
mg folate, or catabolites such para-aminobenzoylglutamate or acetamido-
benzoylglutamate when tissue stores of folate are being turned over (Geoghegan, 1995;
McPartlin, 1992).

Using deuterium-labeled folate, seven male subjects received 600 ug of an equal
mixture of d,- and ds-folic acid after a seven day 2 mg/day saturation regimen. Urine
was collected for 48 hours and analyzed by GC/MS for tracer appearance into the intact
folate or catabolic pools. Total catabolite excretion increased less than two-fold as a
result of supplementation, whereas intact folate excretion increased 10-fold.
Approximately 14-15% of the labeled folic acid appeared in the urine as intact folate
(equal proportions of folic acid and S5-methyltetrahydrofolate) and 0.98-1.15% as
catabolites. The saturation effect of the seven-day supplementation period forced a
significant amount of the tracer to be eliminated as intact folate and only a minor portion
as catabolites.

This indicated that a large portion of the labeled folic acid did not equilibrate with

body folate and was eliminated. The catabolites represent labeled-folic acid that might
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have been subjected to folate catabolic pathways after equilibration with endogenous
pools. It would be difficult to make physiological inferences from this data since
mechanisms for absorption, metabolism and elimination of folate in these subjects were
at or near saturation. The authors concluded that the quantitative significance of urinary
folate catabolites in this study decreased as a result of supplementation. However, since
quantitation of deuterium-labeled folic acid into any biological pool was not attainable
under physiologic conditions, the authors continued to use a protocol if administering a
large test dose after a saturation period.

The saturation protocol permitted estimation of bioavailability to be made, albeit
under non-physiologic conditions. Even under these large dosing and saturating
conditions, only about 15% of the administered dose was recovered in the urine after 48
hours. The remainder was either not absorbed, or absorbed but not eliminated in urine
(retained). For this reason, urine cannot be used to estimate absolute bioavailability,
unless an intravenous folate tracer is also administered whose kinetics parallels absorbed
folate. Contradictory evidence existed regarding the validity of this protocol (Gregory,
1990; Gregory, 1991).

This dilemma could be resolved if the kinetics of folic acid within body pools,
such as plasma, could be quantified. This was difficult since the isotope-labeled folic
acid tracer given as a bolus represented a very small proportion of body folate stores.
The percent enrichment of isotope into the plasma folate pool would be well below the
detection limits of GC/MS protocols (Rogers, 1997).

To overcome this limitation, a chronic supplementation protocol was used that

required daily supplementation with 1.6 mg d;-folic acid for 28 days (von der Porten,
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1992). This large daily influx of isotope-labeled folic acid resulted in maximum isotope
enrichments of 69% in urine and ~10% in red blood cells. Quantitation of plasma isotope
enrichment was not attempted since low folate concentrations in plasma would have
required collection of large blood samples. Chronic supplementation resulted in a 2.5-
fold increase in total plasma folate, a two-fold increase in red blood cell folate and a 20-
fold increase in urinary folate, as determined by the microbiological assay.

Kinetic modeling of total plasma folate concentrations showed a two-phase decay
after the 28 day supplementation period. The half-lives for these decay rates were t;,; <1
day (could not be calculated precisely due to long sampling frequency) and t;;; of 18.7
days. A two-pool compartment model was proposed which indicated a 43.7 mg total
body folate pool and a 4.5% daily turnover of total body folate. Since the kinetic
modeling was based on total folate concentrations determined by the microbiological
assay, modeling could have been performed on subjects supplemented with non-labeled
folate to eliminate the high cost of deuterium labeled folic acid.

Results from the saturation protocols described above were not physiologically
relevant to normal folate bioavailability or kinetics in humans. The protocols, however,
have been used to determine the relative bioavailability of deuterated folic acid mixed in
various food matrices. Seven healthy male subjects were supplemented daily with 10 mg
folic acid for seven days (Wei, 1996). Each subject was administered 300 pg of d,-
pteroylglutamate (folic acid) and 300 pg of ds-pteroylhexaglutamate mixed in water
(control) and orange juice, tomato juice, lima bean homogenate and in citrate buffer, pH

4.1. Since polyglutamates must be cleaved by intestinal pteroylpolyglutamate hydrolase
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to a monoglutamate for absorption, the relative bioavailability of the two folate forms
could be determined by measuring d,/d,4 ratios by GC/MS in 48 hour urine collections.

A significantly lower ratio of dy/ds was observed when the two tracers were
mixed in orange juice compared to the other samples and controls. When the pH of
orange juice was adjusted to 6.1 with NaOH the ratio increased to control levels,
indicating that the low pH of orange juice reduced the enzymatic efficiency for
conversion of pteroylpolyglutamate to pteroylpolyglutamate and thus, reduced its
absorption and bioavailability relative to controls.

It is important to note that this study determined relative bioavailability of labeled
folate, but not intrinsically incorporated, into various food matrices. Food folate
bioavailability might not be reflected by tracer bioavailability. Also, since the subjects
were saturated with large amounts of folic acid, the interpretation of these data and the
conclusions regarding tracer-folate bioavailability are valid only under these non-
physiologic conditions. Application of these data to the population at large would be
inappropriate.

Supplementation with non-physiologic doses of folic acid has prevented the
adoption of the saturation protocol by other researchers. In an attempt to overcome this
limitation, two recent studies were conducted using stable isotope-labeled folate in
subjects consuming physiologic amounts of folate.

One study used dp-folic acid and ">Cs-folic acid labeled in the glutamate moiety
(Rogers, 1997). Four subjects consumed 220 pg of each folate tracer in 50 mL water and
24-hour urinary excretion of each isotope was measured by GC/MS. Total folate loss in

urine increased from 3.9 to 56.5 nmol as a result of the oral dose. The ratio of *Cs/d, was
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0.96 indicating equal absorption and elimination of the two folate tracers. Less than 2%
of the dose appeared in urine after 24 hours.

In a second trial, 1010 nmol *Cs-folic acid was administered orally and 226 nmol
d;-folic acid by intravenous injection. Nine plasma samples were taken over a nine hour
period and d»/dy and 13C/d, ratios measured. Intravenously administered d,/dy ratios
increased rapidly and reached a maximum of ~5.5 at 1 hour and returned to near baseline
at 2 hours postdose. Orally administered '>C/*2C ratios reached a plateau of ~0.5 from 30
minutes to 3 hours and returned to near baseline by 4 hours postdose. Comparison of
areas under the curve indicated a 15- to 20-fold difference in the response of the ratios
between the two routes of administration.

The authors concluded that the low response in the isotope ratios observed in the
orally administered '*C-folic acid was due to low absorption, and to a greater extent, fast
clearance from plasma as a result of liver uptake during the first pass in portal blood.
Since the clearance rate of folate administered by the different routes varies, orally
administered folate is required for a reliable assessment of bioavailability.

The most recent application of stable isotope-labeled folic acid was to develop a
compartmental model of folate metabolism in humans (Stites, 1997). Four subjects were
supplemented with 200 pg folic acid daily for two weeks. They were then administered
50 pg d;-pteroylhexaglutamate daily for the next seven days as well as 100 pg d,-folic
acid daily for the next 56 days. Urine was collected at intervals over 125 days, folate
isolated by affinity chromatography and isotope enrichment of the pABG derivative

measured by GC/MS. Urinary folate isotope enrichment increased during the
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supplementation period and decreased with a two-phase pattern after d,-folic acid was
withdrawn.

The only kinetic data available for modeling were urinary excretion of deuterated-
folate which constituted ~2% of ingested dose. Bioavailability of the deuterated-folate
was assumed to be 67% for purposes of calculating amount of dose entering body pools.
The model consisted of fast and slow turnover pools, a urine excretion pool and a pool
for all other losses such as fecal urinary catabolites. Rate constants were derived for flux
of the tracer between pools, but the authors conclude ‘that caution must be taken in
interpreting the quantitative results of this kinetic model, which is based solely on
isotopic enrichment of urinary excretion of folate’.

Urinary folate isotope data representing less than 2% of the administered dose and
‘exhibiting considerable scatter’ was used to develop a model of folate kinetics. Whole-
body tumover was determined to be <1% based on urinary folate excretion, however, it is
premature to make this conclusion since fecal and urinary catabolites were not measured.
The 1-2% loss as intact folate in urine led the authors to conclude that ‘the other 98-99%
if the dietary folate was presumably excreted in the urine and feces as a mixture of
catabolites and intact folate or as catabolites excreted in urine’, but fail to mention that a
significant portion of the deuterated-folate could have been retained by the body. The
slow whole-body turnover of folate corresponded to a mean residence time of
approximately 100 days.

The studies described above represent the sum of our knowledge regarding folate
bioavailability and kinetics in humans. The classic study of Herbert, although simple in

design, remains as perhaps the most relevant study in a healthy adult (Herbert, 1962).
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The radioisotope studies of Krumdieck and Butterfield, although quantitative, were
conducted in clinically impaired subjects (Butterworth, Baugh & Krumdieck, 1969;
Krumdieck, 1978). The stable isotope studies of Gregory et al. have added little to our -
understanding of folate dynamics, mainly due to non-physiologic experimental protocols
and analytical limitations (Gregory, 1990; Gregory, 1992; Pfeiffer, 1997; Rogers, 1997,
Stites, 1997).

The common thread in all these studies was the lack of suitable analytical
protocols that would allow the study of true folate dynamics in healthy humans under
physiologic conditions. This has forced compromises to be made in the study subjects
and experimental design (i.e. sick individuals, large dosing regimens, sampling urine
instead of plasma). To truly understand the dynamics of folate metabolism significant
advances have to be made in our analytical capabilities that will usurp such compromises.

Accelerator mass spectrometry has provided this capability.

Accelerator mass spectrometry

Accelerator mass spectrometry (AMS) sensitivity permits the design of experimental
protocols that can significantly improve our understanding of nutrient dynamics in
humans. The first requirement in any nutrient kinetic study is the availability of a labeled
nutrient tracer. The nutrient can be labeled with stable or radioactive isotopes or even
conjugated to molecules with fluorescent properties. The second requirement is the
existence of reliable methodologies for detection of the tracer at concentrations present in

relevant biological samples. As outlined earlier, current methodologies fail to meet one
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or both of these requirements. AMS meets both of these requirements and has far
reaching implications for the future studies of nutrient dynamics.

Radiocarbon (**C) is commonly detected by the p-particles it emits as the atoms
decay. The half-life of '*C is 5760 years. This long half-life necessitates detection of -
particles over a long period, or more practically, use of relatively large amounts of '‘C
with shorter detection times. This necessity has precluded use of radiocarbon-labeled
nutrients in human studies for ethical reasons. In contrast to decay counting, AMS
measures *C in a sample without the need for a decay event to occur.

The technique is based on the mass-to-charge (m/z) difference between carbon
isotopes (**C, °C and '*C). Carbon atoms are ionized by a negative ion source,
accelerated through an 8 MV electrostatic accelerator and '*C selected by high-energy
mass spectrometers. Quadropole lenses focus the beam while a gas ionization detector
measures '*C after it passes through an electrostatic and magnetic filter (Vogel, 1995).
The instrument can detect '*C with attomole sensitivity (10™'%) and is 10° more sensitive
than conventional decay counting methods.

The extreme sensitivity gives AMS two significant advantages. Firstly, much
smaller doses of '“C-labeled compounds, that are both physiologically relevant and safe,
can be given to human subjects. Secondly, since very small samples are required,
sampling frequency can be very high. This is an important issue in modeling since
nutrient kinetic curves can be drawn with much more confidence. Another reason why
AMS is so well suited for these studies is that background 'C is extremely low (2C/**C
ratio is 1.18 x 10™). AMS also permits measurement of the radioisotope without any

sample clean up. This is especially important in samples with complex and difficult
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biological matrices such as feces. AMS permits easy measurement of unabsorbed '*C-
labeled nutrients in feces and is the most direct method for measuring nutrient
bioavailability.

Only recently has biomedical research profited from the many advantages of
AMS. Several recent animal studies have applied AMS to toxicological research (Creek,
1997; Kautiainen, 1997, White, 1997). Examples of the use of AMS in human
biomedical research is extremely scant and is a testament to the novelty of the technique.
DNA adduct formation has been studied as a result of exposure to low doses of toxicant
(Turteltaub, 1997).

Other researchers have measured '“CO, concentration in the expired breath of
four elderly male volunteers after 14C-triolein ingestion (Stenstrom, 1996; Stenstrom,
1997). "C-triolein is used for assessment of fat malabsorption as a breath test in clinical
settings (Newcomer, 1979). The risks associated with long-term exposure to relatively
high doses of absorbed 14C-triolein are unknown. Three subjects consumed 2 pCi ¢
triolein and breath '“CO, was measured by liquid scintillation counting while a fourth
subject consumed 40 nCi 14C-triolein and breath '*CO, was measured by AMS. 4Co,
was easily detected in the expired breath by AMS for several months a single dose.
About 30% of the triolein was catabolized rapidly with a half-life of about two days
while the remaining 70% exhibited a slow turnover with a half-life of several hundred

days.
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Abstract

Recent advances in mass spectrometry and the availability of stable isotope-labeled
compounds have made kinetic tracing of nutrients a powerful tool for understanding
nutrient metabolism in humans. The quality of the data generated by such studies was
dictated to a large degree by limitations due to sample preparation and analysis.
Accelerator mass spectrometry (AMS) provided an alternative approach to study tracer
kinetics by measuring '“C-labeled in human samples at attomole concentrations. AMS

measured isotope concentrations to parts per 10'*°

on milligram-sized samples making it
10° more sensitive than decay counting. The increased sensitivity combined with an
extremely low background allowed tracing of '*C-folic acid in a healthy human subject
under physiologic conditions. The methodological considerations necessary for
determining the kinetics of '4C-folic acid in human subjects are presented. A male
volunteer consumed an oral dose of 100 nCi '“C-folic acid in 35 pg unlabeled folic acid.
Plasma, red blood cells and complete urine and feces were collected and Hc
concentration measured by AMS. The values were converted to femtomoles '*C-folic
acid by measuring and adjusting for total carbon concentration in each sample. The
kinetic data was analyzed by various mathematical modeling techniques including
compartmental modeling. This method is applicable to the study of any organic

compound for assessment of bioavailability and kinetics at physiologic doses in healthy

volunteers.
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Introduction

Folate plays an important role in the etiology of many diseases. This relationship
encompasses pathology of multiple organs occurring at different stages during
development (Wadsworth, 1997). This increases the challenge faced by researchers
aiming to identify the mechanisms underlying many of these pathologies. Many
biological processes are involved in the coordination of folate homeostasis and
metabolism. Folate balance is also influenced to a great degree by environmental factors
such as dietary intake. The interplay between biological regulation determined at the
genetic level (genotype), and environmental factors, produce the observed state of the
organism (phenotype). Kinetic modeling can identify the metabolic phenotype of the
organism. Genetic and/or environmental factors that contribute to the observed
phenotype can then be determined. This will help to identify the etiology of folate-
related diseases and to develop rational therapies. No reliable method has ever been
developed to model folate kinetics in humans under physiological conditions. In this
study, the extreme sensitivity of accelerator mass spectrometry permitted the modeling of
folate kinetics in a healthy adult male for the first time. The instrument will be useful for
scientists as a biomedical research tool and for clinicians as a diagnostic tool.

Although accelerator mass spectrometry (AMS) has been used in the past for
environmental, geologic and archeological research, only recently has it been applied to
the biomedical sciences. Animal and human toxicological research has yielded novel
insights into interactions between macromolecules and toxicants (Creek, 1997,

Kautiainen, 1997; Turteltaub, 1997; White, 1997). A recent investigation revealed
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femtomole quantities of '“CO, in the expired breath of humans after ingestion of 40 nCi
14C-triolein (Stenstrom, 1996). No biomedical AMS research has ever been attempted
with the sampling density and quantitative precision required by this study. Many of the
experimental protocols and design considerations were novel and specific to this study.
These considerations were based on current understanding of folate kinetics in humans.
Important parameters such as dosing level and sampling schedule were planned
specifically to aid the mathematical modeling of the data.

The experimental procedures for the first quantitative human biomedical study
using AMS are described. The results and their mathematical interpretation are
presented. The implications to folate nutrition, disease prevention and the future of AMS

biomedical research are also discussed.
Experimental Procedures

Materials: L-Glutamic acid ['*C (U)] (250 mCi/mmol) was purchased from Moravek
Biochemicals. Folic acid, 5-methyltetrahydrofolic acid and folinic acid standards were

purchased from Sigma. Acetonitrile and water were OPTIMA grade from Fisher.

Methods

Radiolabeling of folic acid: Pteroyl-["*C(U)]-glutamic acid (folic acid) was synthesized
according to the method of Plante (Plante, 1980) with some modifications (Clifford,
1998). The concentration was measured by UV-VIS spectrometry after separation by

reverse-phase HPLC. Radioactivity was measured by scintillation counting and specific
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activity calculated at 1.24 mCi/mmol. The specific activity of the final product was
lower than the specific activity of the '“C-glutamic acid because of dilution with non-

labeled glutamic acid.

Blood sampling schedule: The small volume of sample required for AMS measurement
allowed frequent sampling of blood in the first 24 hours of the study. The early dynamic
stage of folate absorption and distribution was determined by collection of ~8 mL blood
at 10 minute intervals postdose. Sampling frequency was reduced to 20-minute intervals
after one hour and to 30-minute intervals after 3 hours. A total of 24 samples were
collected in the first 24 hours. Sampling of ~ 24 mL blood continued for the next 200

days at weekly to monthly intervals.

MC-Folic acid dose: A healthy informed male volunteer weighing 85 kg consumed 50
mL water orally containing 35 pg '*C-folic acid (80 nmol, specific activity 1.24
mCi/mmol) in the morning followed by a light breakfast. Residual dose in the container
was rinsed with approximately 100 mL water and ingested. All procedures were
approved by Institutional Review Boards at the University of California, Davis and

Lawrence Livermore National Laboratory.

Sample collection and processing
Blood: Whole blood was collected prior to administration of the oral dose and postdose
through a catheter for the first week and by venipuncture thereafter. Red blood cells were

separated from whole blood within an hour after collection by centrifugation at 3,500
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RPM for 5 minutes. Plasma was removed, the buffy-coat discarded and red blood cells
washed four times with an approximately equal volume of isotonic buffer (150 mM
sodium chloride, 10 mM potassium phosphate, pH 7.2, 0.05 mM EDTA, 2 % ascorbate).
Plasma and red blood cells were stored at —20°C for AMS, folate and carbon

measurements.

Urine: Complete urine samples were collected in 3 L plastic urine collection containers
(Fisher). A 24-hour sample was collected a day before ingestion of the dose. Four 6-
hour collections were made immediately after the dose and complete 24-hour collections
were made for the next 41 days. Each collection was weighed and aliquots taken for

AMS, carbon and folate analysis and stored at —20°C.

Feces: Fecal samples were collected in plastic containers. One collection was made prior
to ingestion of the dose and complete collections made over the next 42 consecutive days.
Samples were weighed in their tared containers and digested in a hood with 1 L 0.5 M
potassium hydroxide for 4 hours at room temperature. A spatula was used to break-up
larger pieces and a disposable magnetic stir bar facilitated mixing over a stir plate.

Aliquots were taken for AMS, carbon and folate analysis and stored at —20°C.

AMS sample preparation
Screening for radioactivity: Samples collected in the first week of the study were
screened for radioactivity by conventional scintillation counter prior to analysis by AMS.

Samples, 50 pL of plasma, 10 pL of red blood cell homogenate, 50 uL of fecal extract
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(supernatant) or 50 L urine were each mixed with 10 mL of scintillant (UniverSol, ICN)
and counted for 30 minutes on a Wallac 1410 liquid scintillation counter (Gaithersburg,

MD).

Packaging: Triplicates of each plasma (20 puL), RBC (20 uL), urine (100 uL) and fecal
(15 pL) sample were placed in individual quartz tubes and graphitized according to
published methods (Vogel, 1992). In samples where the total carbon content was less
than one milligram, additional carbon was added as a carrier to facilitate isotope
measurement. Tributyrin was used as the carrier and adjustments were made in the

calculation to account for the carrier carbon (calculations shown in Appendix I).

Plasma HPLC-AMS

Acetonitrile extraction: Plasma folates were extracted and chromatographed to identify
which folates were labeled with radiocarbon. Plasma (200 uL) was spiked with 10 uL of
unlabeled S-methyltetrahydrofolate (SMTFA) and folic acid (FA) standards in potassium
phosphate 5 mM, pH 8.6, 2% (w/w) ascorbic acid and extracted with 1.5 mL buffer
(potassium phosphate 5 mM, pH 8.6, 50 mM tetrabutylammonium dihydrogen phosphate
(TBAP), 2% (w/w) ascorbic acid) by boiling for 10 minutes. The samples were cooled
on ice, centrifuged at 3500 RPM for 5 minutes and the supernatant removed. Pellets

were washed with an additional 1 mL buffer, spun and the supernatants pooled.

Solid-phase extraction: Disposable solid phase extraction cartidges (50 mg C18, Varian)

were conditioned with 2 mL acetonitrile followed by 2 mL potassium phosphate 0.05 M,
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pH 8.6, 50 mM TBAP. Plasma extracts were applied to the column at a flow of 0.2
mL/minute and washed with 2 mL buffer. Folate was eluted with 1 mL acetonitrile, dried
under nitrogen at room temperature and resuspended in 1 mL potassium phosphate 5

mM, pH 8.6 and purified by folate binding protein-affinity chromatography.

Affinity-chromatography: Affinity matrix was poured into a disposable plastic column
(BioRad) to give a bed volume of 200 uL. FBP-agarose beads were equilibrated with 4
mL 0.05 M potassium phosphate, pH 7.0, and the sample applied and allowed to flow by
gravity. The column was washed with 4 mL 0.05 M potassium phosphate, pH 7.0, 1 M
NaCl followed with 4 mL 0.05 M potassium phosphate, pH 7.0. Bound folate were
eluted with 1 mL 0.02 M trifluoroacetic acid, mixed with 2 mL potassium phosphate 0.05
M, pH 8.6, 50 mM TBAP and applied to C18 extraction cartridges as described earlier.
Folate was eluted with 1 mL acetonitrile, dried under nitrogen at room temperature and

resuspended in 0.2 mL HPLC mobile phase.

HPLC-AMS: Affinity-purified plasma folate was chromatographed using a C18 reverse-
phase (Alltech) column on a Hewlett-Packard 1100 HPLC system pumping an isocratic
mobile phase (90% 0.05 mM potassium phosphate, pH 5.0, 3.5 mM TBAP, 10%
acetonitrile) at 0.8 mL/minute. Detection was monitored at 292 nm. One-minute
fractions were collected in Eppendorf tubes for AMS analysis. Mobile phase was
collected prior to each injection and measured by AMS to ensure the '*C/'2C ratio had

returned to baseline.

Go 3IC



115

Total carbon

The total carbon concentration in each sample (75-100 pL) was measured by freezing the
sample over liquid nitrogen in individual Costech tin capsules (Ventura, CA) followed by
overnight lyophilization. Each capsule was then placed inside a second tin capsule,
rolled into a ball and analyzed for total carbon concentration using a Carlo-Erba carbon
analyzer (Pella, 1990). Calculations were based on sample weights measured to four

decimal places.

Total folate

Total folate was measured by the standard microbiological assay in microtiter plates.
Plasma, urine and feces extract were thawed and assayed for total folate. Red blood cell
suspensions were thawed and diluted 1:27 with cold 0.05 M potassium phosphate buffer,
pH 7.0, 1% ascorbic acid. Chicken pancreas acetone-washed conjugase (Sigma) was
prepared according to the method of Martin et al. (Martin, 1990). One milliliter of the
enzyme solution and 2 mL of red blood cell preparation were mixed in screw capped
digestion tubes and incubated in a 37°C water bath for 4 hours with gentle shaking.
Tubes were removed, 1 mL of ascorbate buffer added, and proteins precipitated by
boiling at 100°C for 10 minutes. Precipitates were pelleted by centrifugation at 2500

RPM for 5 minutes and the supernatant removed and assayed in triplicates.
Hemoglobin in red blood cell suspensions

Red blood cell folate values were normalized to hemoglobin to correct for differences in

dilution. Hemoglobin in lysed red blood cell suspensions was measured with a
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hemoglobin assay kit (Sigma). To 5 mL Drabkin’s solution (Drabkin’s reagent No. 252-
2, 1 L deionized water, 0.5 mL 30 % Brij-35) 20 uL red blood cell suspension was added
and absorbance measured at 550 nm. Hemoglobin standards were used to generate a
standard curve. Hemoglobin was expressed as grams hemoglobin per milliliter red blood

cell suspension.

Calculations and data reduction

Dose: '*C-Folic acid had a specific activity of 1.24 mCi/mmol. Exactly 441.4 uL of the
synthesized preparation was used for the dose with an activity of 222,000 DPM (5.028
~ DPM/uL). This corresponded to 100 nCi of activity and 80.6 nmol of folic acid. This

amount (35.6 pg) was approximately equivalent to 1/6" the current RDA for folic acid.

Time: The dose was mixed with ~ 150 mL water and ingested at 7:12 AM. The first
blood sample was taken after 10 minutes the time of subsequent samples recorded in
minutes after the dose and expressed as days (after ingestion of dose). A 24-hour urine
sample was collected before ingestion of the dose followed by 6-hour collections for the
first day and 24-hour collections thereafter. All values were expressed at the end-point of
each collection. A pre-dose fecal sample was collected 24 hours before ingestion of the
dose. The time of each collection was recorded and values for that sample are expressed

at that time point.

C_Folate: The modem value (defined in Appendix I) for each sample was determined

three times by accelerator mass spectrometry and the mean value used to calculate '*C-
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folic acid concentration. The modern value, carbon concentration of each sample and
specific activity of the dose were used to calculate the concentration of '*C-folate in each
sample. Since the identity of the folate molecule was not determined, this value was
expressed as a molar quantity to eliminate ambiguities between different folate molecules
due to differences in molecular weight. The same approach was taken in expressing '*C-
folate concentration in urine and feces. These samples contained catabolites of folate but
concentrations were expressed as moles of '‘C-folate since one mole of catabolite was
derived from exactly one mole of *C-folic acid. The equations for calculating *C-folate

concentrations are shown in Appendix 1.
Results

The subject successfully fulfilled the requirements of the study and provided the
necessary samples with no complications. All samples were collected at locations known
to be free of radiocarbon contamination and were processed and stored in a dedicated
laboratory with no previous exposure to radiocarbon. As a result, no contamination was
observed in the hundreds of samples analyzed by AMS. Modern values for each sample
were converted to moles of '*C-folate and the entire data set is presented in Appendices.
The subject maintained a daily log of his diet and activities. The diet was
consistent with a typical American diet containing mainly convenience foods and
prepared food items. Food consumed over a two-day period was collected, homogenized
and analyzed for macronutrient and energy content. Mean daily intake was 127 g fat

(determined by ether extraction), 112 g protein (nitrogen determined by the Kjeldahl
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procedure and converted to protein by multiplication with 6.25), 387 g carbohydrate
(determined by difference) and 3,139 kilocalories (determined by bomb calorimetry). The
subject experienced no weight gain or loss throughout the study period by maintaining a
regular diet and physical activity level. Food records revealed a mean folate intake of

270 ug/day based on food folate databases (FoodProcessor).

Carbon and folate balance

Evidence that the subject was in steady-state was provided by the carbon concentration in
the blood and carbon losses in urine and feces. The carbon concentration of each sample
was measured using a modified protocol that simplified pipetting and packaging samples
prior to analysis. The results, shown in Table 1, provided evidence that carbon
homeostasis was maintained over the 200-day study period. Figure 1 shows the carbon
concentration in plasma and red blood cells (top) and urine and feces (bottom) over a 42-

day period.

Table 1. Carbon in samples collected over a 200-day period

Sample Mean + Standard deviation
Plasma (n=59) 442 +0.14 g/dL

Red blood cells (n=59) 0.60 £ 0.04 g/g hemoglobin
Urine (n=63) 9.68 £ 1.9 g/day

Feces (n=39) 9.09t+1.5 g/day
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Total folate in all samples was measured in triplicate by the Lactobacillus casei
microbiological assay. Plasma, urine and feces extracts were measured directly while red
blood cell folate was enzymatically cleaved to folate monoglutamates before folate

measurement. The results are shown in Figures 2 and 3.

Plasma HPLC-AMS

Folate was extracted from plasma using C18 solid phase extraction cartridges and folate
binding protein-affinity chromatography. The extracted folate molecules were separated
by reverse-phase HPLC with detection at 292 nm. Folate from 100 pL plasma did not
produce a detectable signal because the endogenous folate concentration was below the
limit of detection. Folate standards were added to the plasma as internal standards before
extraction to check for recovery and to mark the retention of folate under the HPLC
conditions. Folic acid (FA) and S5-methyltetrahydorfolate (SMTFA) standards were
added since plasma folate was in the form of SMTFA and the administered dose was in
the form of FA. Folate standards, extraction buffers and HPLC solvents were screened
by AMS to ensure there would be no '*C contamination. Fractions were collected every
minute, lyophilized and carbon carrier added prior to AMS measurement.

The results for recovery of folate using this procedure are shown in Table 2. The
first step in the extraction procedure involved an acetonitrile precipitation of plasma
proteins and subsequent removal of folate in the supernatant. To check for recovery, *H-
folic acid was added to fasting and postprandial plasma samples since there were
significant differences in their lipid content. Acetonitrile extraction resulted in complete

recovery of the spiked *H-folic acid.
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Figure 1. Carbon concentration in plasma and red blood cells (top) and total losses per
collection in urine and feces over the first 42-day period.
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To check for recovery of FA and SMTFA after an affinity-chromatography step,
plasma was spiked with known amounts of FA and SMTFA, extracted with acetonitrile,
purified by FBP-affinity chromatography and identified and HPLC. Endogenous plasma
folate compounds were below the detection limit and did not contribute to the absorbance
signal. The lower portion of Table 2 shows the recovery of FA and SMTFA from spiked
plasma. A recovery of approximately 60% was achieved under the conditions described.
Some losses may have occurred as a result of affinity-column saturation, however, the
recoveries were sufficiently high to isolate and fractionate plasma for AMS.

AMS-HPLC results of plasma collected one hour after the dose is shown in
Figure 4. The large early peak of absorbance was due to ascorbic acid added to the
sample to protect against oxidation. Retention times for FA and SMTFA were 5.5 and 7
minutes, respectively. The '*C concentration, in units of modemns, is shown with a
dashed line. Baseline moderns were around 0.1 modemns, corresponding to natural
radiocarbon concentration in the tributyrin carrier. An increase in '*C concentration
occurred at four minutes coinciding with the small peak in the absorbance. This may
have been due to a small amount of degraded or oxidized SMTFA (from the standard and
YC-5SMTFA). Catabolic products of SMTFA, such as para-aminobenzoylglutamate,
have retention times in this range under these HPLC conditions. There was no increase
in the '*C concentration in the FA fraction while there was a significant increase in '*C
concentration in the SMTFA fraction. The chromatogram shows the vast majority of '*C

were in the SMTFA fraction.
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The remaining AMS plasma, urine and feces samples were measured with little or
no extraction or processing. '‘C-Folic acid was labeled in a manner that ensured the
radiocarbon would always remain with folic acid or its catabolites. '*C concentrations
measured by AMS were converted to '“C-folate concentration that included folate
metabolites and catabolites in a sample. Major folate molecules in plasma (5-
methyltetrahydofolate), red blood cells (polyglutamates of reduced folic acid), urine
(para-aminobenzoylglutamate, or their acetamido- derivatives) and feces (combination of
metabolites and catabolites) were therefore expressed as moles of '*C-folate, facilitating
the kinetic tracing and distribution of the original dose. This was a reasonable approach
since mathematical modeling of the data treated various folate metabolites and catabolites

as one.

MC-Folic acid bioavailability and kinetics

Plasma '*C-folate concentrations are shown in Figure 5. The top figure shows plasma
'4C-folate concentrations in the first sixteen hours after the dose and the bottom figure
shows the concentrations over the entire 200-day study period. '*C-Folate was detected
in the first plasma sample taken just ten minutes after oral ingestion of the radiolabeled
dose. Plasma '*C-folate concentrations continued to climb rapidly and reached a peak at
one hour after the dose. '*C-Folate concentration remained at this peak for two hours
before declining rapidly. '*C-Folate exhibited a biphasic elimination process from plasma
comprised of fast and slow elimination processes. This data was analyzed
mathematically to describe the dynamics of '*C-folate in plasma and is described later in

the chapter.
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Table 2a. Recovery of *H-folic acid added to plasma and extracted by solid-phase
extraction. Fasting and post-prandial plasma recoveries were determined independently.

Sample  *H-FA Fasting Recovery Post-prandial Recovery
Spike plasma (%) plasma (%)
(DPM) (DPM) (DPM)
1 7334.8 7503.7 102.3 8703.6 118.7
2 7334.8 7664.5 104.5 7500.4 102.3
3 7334.8 8220.2 112.1 6265.3 85.4
4 7334.8 8289.4 113.0 7368.7 100.5
5 7334.8 9555.6 130.3 6705.1 91.4
Mean 8246.7 112.4 7308.6 99.6
S.D. 807.3 11.0 927.2 12.6

Table 2b. Recovery of folic acid (FA) and 5-methyltetrahydrofolate (SMTFA) added to
plasma and extracted by solid-phase extraction and affinity-chromatography. Recovery
was determined by HPLC with detection at 292 nm.

FA FA FA SMTFA SMTFA SMTFA
spike recovered recovery spike recovered  recovery

(AU) (AU) (%) (AU) (AU) (%)
P2 1248.136 670.46 53.7 1353.46 768.53 56.8
P5 1248.136 754.09 60.4 1353.46 835.25 61.7
P11 1248.136 779.96 62.5 1353.46 849.03 62.7
P30 1248.136 805.80 64.6 1353.46 943.17 69.7
Mean 752.58 60.30 848.99 62.73
S.D. 58.67 4.70 71.95 5.31
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The unabsorbed portion of the dose appeared in the first two feces samples. The
first two feces samples, collected one day and three days after ingestion of the dose,
contained 4.7 and 4.2 nmol "*C-folate, respectively (Figure 6). This value dropped to
0.27 nmol "*C-folate in the third sample and continued to drop thereafter. The sum of the
first two samples represented the portion of the dose that was not absorbed.

The bioavailability of '*C-folate administered as folic acid in ~150 mL water was
calculated as the difference between the dose administered and the amount recovered in
the first two feces samples. The bioavailability was determined to be 89%. The
complete collection of feces for 42 continuous days allowed presentation of feces '*C-
folate data as cumulative loss. The bottom portion of Figure 6 shows the cumulative
losses in feces. Unabsorbed tracer contributed to the majority of the '*C-folate recovered
in the feces, while much smaller amounts, representing endogenous losses, were
recovered in the feces after the fourth day. After day seven, '*C-folate excretion in the
feces reached a steady-state loss of 0.033 nmol *C-folate/day.

C-Folate in urine exhibited an early spike in the first day amounting to 0.635
nmol '“C-folate. This corresponded to 0.9% of the absorbed dose. C-Folate recovered
in the urine remained low for the remainder of the study with minor peaks on days 9, 15
and 16. The cumulative recovery of '*C-folate in urine is shown in the bottom of Figure
7. An average daily loss of 0.16 nmol of '*C-folate was observed resulting in a total loss
of 6.9 nmol '“C-folate by day 42. Urine and feces represented the major routes of tracer
elimination because the folate radiocarbon could not be exhaled in the breath as '*CO,.
The cumulative recovery (urine and feces) of '*C-folic acid from the body by day 42 was

17.7 nmol '*C-folate, representing 22% of the administered dose.
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Red blood cell '“C-folate concentration was measured by AMS and the data
expressed as fmol '*C-folate/gram hemoglobin. This approach eliminated differences in
cell dilution after washing in buffer by normalizing folate values against the hemoglobin
concentration. The data for the first eight days and for the entire study period are shown
in the top and bottom of Figure 8, respectively. Samples collected in the first 24 hours
possessed a small amount of '“C above the background. However, this returned to
background by 36 hours after the dose and remained low until day 3. Samples collected
after day 4 showed a rapid rise in red blood cell '“C-folate concentration and reached a
maximum of 1650 fmol '*C-folate/gram hemoglobin by day 19.

Using the subject’s hemoglobin concentration and reference values for total blood
volume, the total amount of hemoglobin in circulation was estimated to be 6.6 g (13.3 g
hemoglobin/dL, 5 L blood). The total amount of '*C-folate in red blood cells by day 19
was approximately 10.9 pmol 14C-folate or about 0.014 % of the administered bolus.
This value corresponded to 2.18 fmol '*C-folate/mL blood, well above the detection limit

of AMS.
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Figure 5. Plasma 14C-folate concentration 24 hours (top) and 200 days (bottom) after
ingestion of tracer. [Error bars represent + 1 standard deviation of triplicate
determinations of '“C by AMS.
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Figure 6. 14C-Folate recovered in each feces collection (top) and cumulative excretion
for the first 42 days postdose(bottom). Recovery in the first two samples represented
unabsorbed '“C-folic acid. Error bars represent + 1 standard deviation of triplicate
determinations of '“C by AMS and cumulative standard deviation of unabsorbed and
endogenous 4C-folate losses.
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Figure 7. 14C-Folate recovered in daily urine collections (top) and cumulative recovery
for the first 42 days postdose(bottom). Error bars represent + 1 standard deviation of

triplicate determinations of '*C by AMS and cumulative standard deviation.
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Figure 8. Red blood cell *C-folate concentration for the first 8 days (top) and 200 days
(bottom) postdose The three-day delay before appearance of '*C-folate represented the
time required for '“C-folate incorporation into cells in the marrow during maturation.

Error bars represent + 1 standard deviation of triplicate determinations of 14C by AMS.
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Linear models

Plasma '*C-folate concentration and cumulative losses in urine and feces were analyzed
by linear models using linear regressions of the data. Plasma folate kinetics exhibited an
early absorption phase and fast and slow elimination phases. Each phase was fitted using
a linear regression model and is shown in Figure 9. '“C-Folate was absorbed rapidly into
plasma at a rate of 434 fmol '*C-folate/mL/hr. After one hour there was a decline in
plasma concentration at a rate of 31 fmol '*C-folate/mL/hr. This elimination remained
linear for seven hours after which it exhibited a slower phase of elimination. The rate of
increase was about 14 times greater than the rate of the fast elimination phase. A slow
elimination phase followed with a rate of 0.15 fmol '*C-folate/mL/day and lasted for the
remainder of the study. The linear fit of the slow phase had the lowest regression
coefficient since there was greater uncertainty regarding plasma values after about 50
days.

YC-Folate recovered in the feces comprised unabsorbed tracer as well as
endogenous losses, possibly of biliary origin. 14C-Folate excretion reached a steady rate
by day 9. A linear regression of cumulative fecal excretion after day 9 is shown in the
top portion of Figure 10. '“C-Folate was excreted in the feces at a rate of 0.033 nmol '*C-
folate/day.

Cumulative '*C-folate excretion in the urine exhibited a linear pattern for the
entire 42 days of collection with the exception of a larger amount being excreted in the
first day. The cumulative excretion rate in the urine, shown in the top portion of Figure

10, was 0.157 nmol '“C-folate/day. This predicted a total excretion of 6.66 nmol '*C-
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folate by day 42. The actual measured excretion in urine after 42 days was 6.4 nmol '*C-
folate and compared well with the linear model prediction.

Red blood cell "C-folate concentration exhibited a pattern governed by the red
blood cell lifespan. Linear regressions models were used to describe the rise and fall of
red blood cell '*C-folate concentration, representing the introduction of labeled cells into
circulation and their removal as they aged, respectively. Values from days 3 through 19
were used for the rise period and days 96 to 173 for the fall period. After an initial 3-day
delay, red blood cells '*C-folate concentration increased at a rate of 94.4 fmol '“C-
folate/g hemoglobin/day and reached a plateau of about 1.5 pmol fmol '*C-folate/g
hemoglobin. After about 100 days, the concentration fell with a rate of 13.4 fmol '‘C-
folate/g hemoglobin/day. After 200 days the '“C-folate concentration was still above the
baseline, possibly due to recycling of the tracer, or introduction of labeled red blood cells
after the initial surge on day 4. A summary of the linear regression model parameters is

shown in Table 2.

Table 2. Kinetic parameters of the linear model

Parameter Slope R? Units
Plasma absorption 434.8 0.96 fmol/mL/hr
Plasma elimination (fast) -31.16 0.97 fmol/mL/hr
Plasma elimination (slow) -0.153 0.79 fmol/mL/day
Urine cumulative loss 0.160 0.99 nmol/day
Feces cumulative loss 0.033 0.98 nmol/day
Red blood cells (rise) 94.4 0.91 fmol/g Hb/day °
Red blood cells (decline) -13.3 0.91 fmol/g Hb/day °
> Hb-hemoglobin
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Figure 9. Linear regression models of '“C-folate concentration in plasma. The three
equations describe the absorption and fast and slow elimination phases observed after a
single oral dose.
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were not used in the regression analysis.
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Non-linear models

Complete urine and feces were collected for 42 days after the initial dose. These samples
provided a solid basis for determining total excretion from the body over that time period.
Several urine and feces samples were also collected 75 days and 175 days postdose. All
had detectable amounts of the tracer. Excretion data for the 175-day period was modeled
using non-linear regressions and the results are shown in Figure 11. Urinary excretion
was described by the following exponential equation: pmol '‘C-folate excreted/day =
187.2 ¢ “%'%*, Feces excretion was described by the following equation: nmol '*C-folate
excreted/collection = 0.0809 e “>%'***', When the slopes of these equations were divided
into 0.693, half-lives of 63 and 55 days were obtained for urine and feces, respectively.

Non-linear modeling of the daily excretion over a long period provided t;,; values
that linear modeling of cumulative excretion over a 42-day period could not provide.
However, these models allowed calculation of whole-body turnover and half-lives.
Although urine and feces excretion amounts differed by as much as five-fold, their half-
lives were quite similar. This suggested that feces and urine were drawing on the same
pool of body '“C-folate and that this pool was being depleted with a half-life close to 60
days.

Although the linear regression models provided a quick means for describing the
data, including rates of appearance and disappearance from plasma and losses from the
body, little information could be extracted regarding dynamic processes over longer
periods.  Nevertheless, these simple linear models provided valuable information
regarding bioavailability and whole-body turnover rates. A simple improvement to this

initial approach was to describe the plasma data using non-linear regression models.
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Figure 11. Non-linear regression models of 14C-folate excreted in urine (top) and feces

(bottom) over the entire study period.
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Using a simple one pool model, plasma data were fitted to a non-linear model
using the method of residuals (Bourne, 1986). This approach is commonly used in
pharmacokinetics to fit drug kinetic data (Bourne, 1995). The appearance and
disappearance of drugs in plasma resembled the kinetics of '*C-folate in this study
(Rowland, 1995). When plasma data were expressed as a logarithm of the concentration,
the fast elimination phase became a straight line whose slope could be determined by
exponential regression analysis. The intercept and slope of this line were used to define a
two-term exponential equation that described the data for the first sixteen hours. The
process, depicted in Figure 12, predicted absorption and fast elimination rates of 1.692
and —0.0917 fmol '*C-folate/mL/hour, respectively. These terms were divided into 0.693
resulting in t;» values of 0.4 hours for absorption and 7.5 hours for fast elimination.
These terms were more representative of folate plasma kinetics than the linear model
since inherent in rates of absorption and elimination were decay elements that a linear
model could not describe. The two-term exponential model, therefore, described the data
points better than the linear model. Interestingly, absorption and fast elimination half-
lives in this model and their slopes in the linear model differed by about the same factor
of 15, reinforcing the results obtained by each model.

The residual method to fit a two-term exponential equation to the data was only
valid for the first sixteen hours. After that time the logarithmic plot of plasma
concentration was no longer linear and the model was unable to predict the
experimentally determined values. Since the simple one-pool two-term model could not

describe the plasma data beyond sixteen hours a more sophisticated model was necessary.
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Figure 12. Single compartment model of the absorption and elimination of '*C-folate
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concentration, D-dose absorbed, V-volume of distribution (see text).
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Plasma data were modeled beyond sixteen hours by adding a third term to the
equation. Using a data analysis software package (SigmaPlot) the plasma data were fitted
to give the following equation: fmol 4C_folate/mL = 511.3e ~ %1078 _ 584.8¢ " 194t +
49.52¢ 00006422t This three-term equation described the plasma data for the entire 200-
day sampling period and is shown in Figure 13. This equation predicted the plasma
concentration of '“C-folate but provided little information about exchanges between body
pools and excretion rates of '“C-folate from the body. Compartmental modeling was

employed to provide these parameters.

500
450 o fmol '“C-folate/mL = 511.3¢*'7%"- 584.8¢" 554" + 49 52¢ 0000422
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Figure 13. Three-term polyexponential model describing C-folate concentration in
plasma. The equation described the data obtained over the entire 200-day study period
(data for the first 50 days is shown).
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Compartmental model: components, provisions and assumptions

A compartmental model determines the transfer rates between body compartments by
dividing the body into discrete pools. These pools may or may not represent actual
organs with biological correlates. The model was built on the simple schematic depicted
in Figure 14. The simplest model consisted of a single body pool with input for the tracer
and an output for all excretions. It was essential to know the amount of tracer

administered. The bioavailability of the tracer, however, complicated quantification

Figure 14. A simple model depicting the uptake and loss of tracer

of the amount of tracer that actually entered the body pool. This problem has been
traditionally resolved by intra-venous administration of a second tracer to determine the
bioavailability and make the appropriate adjustments. The bioavailability of the tracer in
this study was measured directly and no such adjustments were necessary. Once the
tracer was absorbed it was distributed to various tissues and eventually excreted from the
body in the urine and feces. If the tracer could be lost through the lungs, expired air
should also be collected and included as a route of excretion. Skin may could also
represent a route of excretion for some compounds. In this study, urine and feces were

considered to be the major routes of folate excretion from the body (Krumdieck, 1978).
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Blood is an easily accessible pool in the body. Whole blood was sampled
frequently and separated into plasma and red blood cells, each representing a discrete
pool. Red blood cells represented a tissue pool that could be easily sampled. The main
components of the model are shown in Figure 15. This schematic depicts major pools
involved in folate metabolism. The amount of tracer was measured in all pools shown
with a solid line. The tissue pool, shown with a dotted line, was the only pool whose 'C-
folate concentration was not measured. Compartmental modeling allowed the

distribution of the tracer into this pool to be determined by simple difference.

Figure 15. A multi-compartment model of folate distribution in humans.
Compartments that were measured are shown with solid lines, and the inaccessible
tissue compartment is shown with a dotted line.

Once the main components of the model were identified, biologically relevant

components were added. These components were based on current knowledge of folate
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metabolism in humans and animals. For example, '*C-folic acid in the gut had to pass
through intestinal cells before entering the plasma. An intestinal pool was added to
account for this process. It was known that maturing red blood cells in the marrow
incorporated folate before being released into circulation (Bills, 1992). A compartment
representing the marrow was added as well as a delay element to provide the necessary
delay observed experimentally (Strumia, 1968). Since the red blood cell folate dynamics
was governed by the cell’s lifespan in circulation, a delay element was added to provide
for this biological process. The 24-hour transit time of material through the
gastrointestinal tract also necessitated a delay element to be incorporated into this portion
of the model.

Compartmental modeling made certain assumptions regarding fluxes of the tracer
between compartments. Initially, the model assumed that all fluxes were governed by
first-order processes, mathematically represented as flux(2,1)=k(2,1)*q1, where 1 was the
donating pool, 2 was the receiving pool, k(2,1) was the transfer coefficient between the
pools, and q1 was the concentration of the tracer. The flux, therefore, varied as the
concentration in pool 1 changed. In most cases, the assumption that a first-order process
governed flux was valid, however, the equation could be altered to meet the system’s
needs.

Another assumption made in the modeling was that the tracer paralleled the
behavior of the endogenous compound being studied. Isotopically labeling folate
permitted discrimination of the tracer from endogenous sources. The assumption was
made that biological processes, such as absorption, protein binding and enzymatic

conversion to metabolites, were not affected by isotope labeling. In this study, *C-
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labelling of folic acid ensured minimal or no isotope effects. In previous models of
nutrient kinetics the ratio of labeled and nonlabeled nutrient was used to derive the
specific activity of the tracer. This value was then used to model the nutrient dynamics
between various compartments since the specific activity was a measure of tracer
enrichment in that compartment. In this study, '*C-folate concentration alone was used to
build the compartmental model. The assumption that '*C-folate dynamics represented
folate dynamics is discussed later.

Since modeling treated body compartments as pools, the concentration data in
plasma and red blood cells were converted to total amounts of '“C-folate in each pool
using reference values for plasma volume and total grams of hemoglobin in circulation.
These amounts, as well as cumulative '*C-folate excreted in the urine and feces, were
associated with their respective pools in the model. All values, in femtomoles '*C-folate,
were assigned a fractional standard deviation of 0.025 to represent the uncertainty in the
AMS measurements.

The time of collection for each sample was converted to hours after ingestion of
the bolus. The gut compartment received a bolus of 8.0 x 107 fmol *C-folic acid at time
zero. The colon compartment received the experimentally measured portion of the bolus
that was not absorbed equaling 9.39 x 10° fimol '“C-folate. The colon to feces transfer
contained a delay element of 24 hours. The marrow to red blood cells transfer contained
a delay element of 100 hours while the degradation delay was one hour. Compartments
were added to represent tissue folate distribution consisting of fast and slow turnover

pools. The fast turnover tissue contained a delay element of 20 hours. The model was
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generated using the SAAM II software package (Saam Institute, University of
Washington).

The model, shown in Figure 16, was an expansion of the basic model shown
earlier. The entire 80 nmol '“C-folate bolus entered the gut compartment at time zero.
Exactly 9.39 nmol '*C-folate of this was lost to the colon compartment and represented
the portion of the bolus that was not absorbed, as determined experimentally. The
remainder of the bolus entered the intestine compartment. This pool represented the
intestinal cells which absorbed folic acid and reduced and methylated it before passing it
on to plasma (Whitehead, 1972) .

The plasma compartment distributed folate to urine and colon, for excretion, and
to tissues for storage. Two compartments represented tissue storage, a fast-turnover
tissue pool and a slow-turnover tissue pool. The red blood cell pool received the tracer
through a marrow compartment which was added to represent folate incorporation into
maturing leukocytes before their release into circulation (Bills, 1992).

Initial coefficients were assigned for each parameter based on a best guess. The
differential equations were solved simultaneously using algorithms in the software
package. The algorithm adjusted these coefficients with every iteration in order to
minimize the sum squares of errors between predicted and experimental values in the
four compartments where data was available. Transfer coefficients were finally derived
that satisfactorily predicted experimentally determined values.

The earlier assumption that fluxes in the compartmental model were driven by
first-order processes was not applicable to transfer of the tracer to the red blood cell and

urine pools. For simplification, it was assumed that '“C-folate was incorporated into the
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red blood cell pool in a discrete pulse. This assumption was incorporated into the model
by forcing the transfer coefficient from plasma to marrow, k(9,3) to 0 after 24 hours.
This allowed *C-folate to enter the marrow pool by a first-order process for the first 24
hours. The 0.030 hr'' transfer coefficient within that period permitted '*C-folate uptake
into the marrow pool that reflected the red blood cell pool’s influx of '*C-folate
determined experimentally. The model was unable to predict the red blood cell '*C-folate
data when this provision was removed.

The red blood cell pool presented a special case in compartmental modeling since
flux out of the red blood cell pool was governed by the lifespan of these cells in
circulation. Once folate entered this pool, it became unavailable for removal due to
polyglutamation, until the cells themselves were removed from circulation (Rothenberg,
1974; Ward, 1990; Brown, 1990). This was evident in the approximately 100-day
presence of 4C-folate in the red blood cell pool, closely matching the known lifespan
these cells (Strumia, 1968). This process was incorporated into the model by adjusting
the transfer coefficient of the flux out of the red blood cell pool. This transfer coefficient
was changed from 4 x 10~ hr”' to 0.00072 hr™' at 2300 hours.

Aged red blood cells were removed from circulation by a macrophage-mediated
process that engulfed the cells and returned them to the spleen and liver for degradation
(Rosse, 1966). The degradation pool, q10, represented this process. Although the c.
folate in these cells was capable of being recycled, their removal to a dead-end
degradation pool did not affect the model since the total amount of '*C-folate in the red

blood cell pool represented just 0.014 % of the bolus.
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Urine output of '“C-folate was not governed by first-order processes.
Experimental data showed that there was a constant output of the tracer into the urine
over the 42-day period. Since plasma '*C-folate was highly dynamic in the first 24 hours,
flux to the urine pool could not depend on plasma concentration. Output of *C-folate in
as metabolites or catabolites was driven by selective processes of renal glomerulii. These
included active transport mechanisms which concentrated '*C-folate against a gradient
(Das, 1970; Henderson, 1988; Pristoupilova, 1986). It was therefore unjustifiable to use
first-order flux equations to describe transfer of '*C-folate from plasma to urine. Instead,
the linear regression model that described the cumulative excretion of '*C-folate in urine,
shown in Figure 10, was used to mathematically model the flux of '*C-folate to the urine
pool.

Transfer coefficients, shown in Table 3, were derived that successfully predicted
the amounts of '*C-folate in the various pools. Figure 17 shows predicted and measured
amounts of '*C-folate in the plasma pool in the first 20 hours (top) and 200 days
(bottom). The model was able to predict the measured plasma values for the entire study
period.

Cumulative excretion of '*C-folate predicted by the model is shown at the top of
Figure 18. The feces pool received 9.39 nmol of unabsorbed '*C-folate followed by
endogenous losses to produce the predicted line. '*C-Folate in the urine pool was
predicted by the following equation: fmol '*C-folate = 6525 * hours + 85500. This was
the same linear regression model shown in Figure 10 in units of femtomoles and hours.

The predicted losses of '*C-folate in the urine pool closely matched the measured values.
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Figure 16. Comaprtmental model of folate kinetics in a human volunteeer.
Compartments are numbered 1 through 11 and transfer coefficients shown as
k(recipient,donor).
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Table 4. Transfer coefficients from donor to recipient pools
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Parameter From To Transfer Coefficient, hr ™!
k(8,1) Gut Colon 0.000?
k(2,1) Gut Intestine 3.800
k(3,2) Intestine Plasma 0.094
k(4,3) Plasma Fast tissue 2.300
k(3,4)" Fast tissue Plasma 0.059
k(5,3) Plasma Slow tissue 1.900
k(3,5) Slow tissue Plasma 0.0022
k(9,3) Plasma Marrow 0.030°

k(10,9)' Marrow RBC 0.210*
k(11,10)" RBC Degrade 0.00004°
k(6,3) Plasma Urine 0.026°
k(8,3) Plasma Colon 0.020
k(7,8)" Colon Feces 1.300

! Transfer to recipient pool via a delay element
2 Transfer determined by the bioavailability of the bolus
* Forced to 0 after 24 hours

4 Forced from 0 to 0.21 after 58 hours
5 Forced to 0.00072 after 2300 hours

8 Forcing function used to describe transfer to the urine pool (see text)
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Figure 17. Model-predicted fmol '“C-folate in the plasma pool for the first 20 hours
(top) and 200 days (bottom) after the dose. Measured values are shown by the squares.
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Figure 18. Model-predicted cumulative fmol 4C-folate excreted in the urine and feces
(top) and fmol 4C-folate in the red blood cell pool (bottom). Measured values are

shown by the squares. See text for description of modeling parameters.
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Predicted '“C-folate in the red blood cell pool is shown in the bottom of Figure
18. The model contained a 100-hour delay before allowing flux of tracer into the red
blood cell pool. The marrow transferred its entire content of “C-folate to the cell
compartment with a coefficient of 0.21 hr'' resulting in a rapid rise of the tracer in this
pool. The model then predicted a flux out of the red blood cell with a coefficient of
0.00004 hr! increasing to 0.00072 hr''at 2300 hours.

The plots shown in Figures 17 and 18 depict the model’s success at predicting the
amounts of '“C-folate in the four compartments where experimental data was available.
Modeling also allowed prediction of tracer transfer into and out of compartments not
measured experimentally. These inaccessible compartments represented pools with
biological correlates based on current understanding of folate metabolism. However, a
compartment may not always represent a discretely identifiable pool, but rather a virtual
pool representing tissues or organs that behave in the same manner. The fast and slow-
turnover tissue pools were such an example where several organs such as liver, muscle
and kidney may be involved. It would be impossible to measure tracer concentration in
these organs experimentally; compartmental modeling overcame this limitation.

The predicted distribution of the tracer into the tissue pools not measured is
shown in Figure 20. The top figure shows the C-folate content of the fast (q4) and
slow-turnover (q5) pools. As expected, the fast-turnover tissue 14C-folate content rose
and fell rapidly while the slow-turnover tissue rose to about three times the content of the
slow pool and declined to 45 nmol 14C-folate by day 200. Surprisingly, it was predicted

the slow pool had retained approximately 57% of the bolus by day 200.
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The amount of tracer in compartments that donated to and received '*C-folate
from the red blood cell compartment is shown in the bottom of Figure 20. These
consisted of the marrow pool and a degradation pool which received and accumulated
14C-folate from degrading red blood cells. This pool represented liver and spleen since
these were the major organs involved in the macrophage-mediated removal and
degradation of red blood cells from circulation (Magnani, 1991; Rosse, 1966). As
mentioned earlier, transfer of '*C-folate into the marrow occurred in the first 24 hours,
while there was a 100-hour delay before subsequent transfer of the tracer to the red blood
cell pool. The predicted marrow '“C-folate content (q9) is shown at the bottom of Figure
20. Degraded “C-folate appeared slowly at first in the degradation pool (q11) and then
rapidly after 2300 hours. The change in the transfer coefficient between the red blood
cell pool to the degradation pool represented the approximate 100-day lifespan of red
blood cells in circulation (Brouillard, 1974, Garby, 1971; Rodvien, 1974, Strumia, 1968).

Insight into the dynamics of the tracer during absorption was provided by
predicting the amount of tracer in the gut and intestinal pools. Figure 19 shows the
model-predicted behavior of '*C-folate in the gut (q1) and intestine (q2). The gut
compartment initially contained an amount equal to the portion of the bolus that was
actually absorbed. There was then a rapid decline as '*C-folate was taken up into cells of
the intestine with a transfer coefficient of 3.8 hr'. The amount of tracer in the intestinal
cells reached a maximum at one hour and declined slowly as the tracer was transferred to
plasma with a coefficient of 0.094 hr.

- Cumulative excretion of the tracer in urine and feces were measured for the first

42 days. The model-predicted total excretion is shown at the top of Figure 18 (first 42
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days is shown). The model predicted a total excretion of 15 nmol '“C-folate in the feces
and 27 nmol "*C-folate in the urine by day 200. This resulted in a discrepancy since the
sum of these losses, 42 nmoles '*C-folate, and the predicted amount remaining in the
body (mostly in the slow-turnover compartment, q5), 48 nmoles '*C-folate, equaled 90
nmoles '“C-folate. This value was greater than the 80 nmol '*C-folate bolus. The model-
predicted cumulative excretion in the urine was based on a linear regression model of
data for the first 42 days of the study. This model was not validated for days beyond this
range. This resulted in an overestimation of urinary excretion since a decline in the daily

excretion rates was expected over the 200 days.
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Figure 19. Model-predicted fmol '*C-folate in inaccessible pools. The figure shows
predicted amounts in the gut (q1) and intestine (q2) pools.
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Figure 20. Model-predicted fmol '*C-folate in inaccessible pools. The top figure
shows predicted amounts in the fast (q4) and slow (q5) pools. The bottom figure shows

predicted amounts in the marrow (q9) and degradation (q11) pools.
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Discussion

This study represented the first major biomedical study in humans using AMS. A critical
review of the analytical procedures must be made because the procedures used in this
study may have far reaching implications to nutrition research. The validity of the AMS
measurements has already been established (Creek, 1994; Vogel, 1992a; Vogel, 1992b;
Vogel, 1995; Vogel, 1997). These measurements provide a ratio of '*C/'2C and absolute
concentration of '*C can be calculated if the *C concentration is known.

In a recent study, total carbon was not measured and the radiocarbon data was
presented as moles '‘C/g carbon (Stenstrom, 1996). In this study, the carbon
concentration in every sample was measured using an improved protocol based on
published methods (Pella, 1990). Urine samples had the lowest carbon concentration and
the mean of three measurements was used for the calculations. Using the carbon
concentration for each sample ensured calculation of the actual concentration of *C in
each sample.

The carbon data, shown in Table 1, provided evidence that the subject was in
carbon balance throughout the study. Since total carbon concentrations remained steady
across samples, changes in the '*C/"’C ratio measured by AMS were due to 'C
enrichment of the sample by *C-folate. In future studies, absolute concentrations of a
'4C.tracer may be calculated using reference values of '?C concentration with minimal
introduction of error since measured deviations in '>C concentration were small relative
to responses generated by the MC-tracer. This will significantly simplify the workload

required to calculate 14C concentration but must be applied on a case-by-case basis.
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The folate concentration in every sample was measured by the standard
microbiological assay. This assay, as in most biological assays, has good sensitivity but
poor reproducibility. These problems were reviewed in Chapter 2 and include variability
in sampling, assay conditions and specificity problems. Three determinations were made
and the mean value used to evaluate the subject’s overall folate balance.

The folate concentration in plasma and red blood cells over a 200-day period is
shown in Figure 2. No significant trend was observed in the folate concentration
supporting the notion that the subject’s folate status was maintained throughout the study.
The folate concentration in urine and feces is shown in Figure 3. Under normal
conditions very little intact folate is lost in the urine (McNulty, 1987; McPartlin, 1992).
Significant amounts of intact folate, however, were found in the urine when saturating
amounts of folic acid, in the range of one milligram or more, were ingested (Kownacki-
Brown, 1993). Urine samples collected on days 15, 16 and 30 contained significantly
higher amounts of intact folate. Urine collected on days 15 and 16 also had elevated
amounts of '*C-folate (Figure 7). This reinforced the urine folate data and indicated that
the increase in intact folates excretion on those days was real. The subject’s diet record
did not indicate any change in the foods consumed on those days. The possibility that
large amounts of folate were ingested on those days was therefore ruled out. The
subject’s diary indicated that days 15, 16 and 30 were bad allergy days. This may
indicate that aggravation of the subject’s sensitivity to allergens may have resulted in
folate excretion in the urine. It is known that febrile conditions increase the amount of
retinol and retinol binding protein excreted in the urine (Stephensen, 1994). The urine

data in this study provided the first evidence that an interaction may exist between the
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acute phase response mechanism and increased urinary folate excretion. Further studies
should be conducted in subjects susceptible to allergies using AMS to directly address
this issue. If such an interaction exists, there could exist a population of individuals at
risk for folate deficiency because of increased folate turnover because of allergies.

The bioavailability of the dose was determined by measuring '“C in the feces.
The first two stool samples collected one day and three days postdose contained a total of
8.8 nmol '*C-folic acid. The transit time of material through the gastrointestinal tract was
approximately 24 hours and it would be expected that the majority of unabsorbed folic
acid would be lost in the first stool collection. However, about an equal amount appeared
in the feces between one and three days postdose.

Animal studies have shown rapid cycling of absorbed folate through enterohepatic
circulation (Shin, 1995). It was possible that a portion of '*C-folic acid recovered in the
feces after one day was absorbed tracer that was lost in the bile. Nevertheless, the sum
of 8.8 nmol "*C-folic acid was considered to be unabsorbed or unavailable folic acid and
equated to an 89.5% bioavailability. This compared well with previous studies that
showed nearly complete absorption of folic acid in healthy humans (Gregory, 1990;
Bhandari, 1992; Gregory, 1997, Pfeiffer, 1997; Wei, 1996).

Folate compounds found in nature are typically reduced and polyglutamated.
Folate polyglutamates must undergo enzymatic chain-length reduction that might affect
their bioavailability. Food folate exists in a complex matrix of protein and carbohydrate.
Incomplete extraction of this folate during digestion may also reduce its bioavailability.
Future studies can be conducted to identify food folate bioavailability using AMS. These

studies must use intrinsically labeled '“C-folate, rather than simply adding '*C-folate
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polyglutamates to various food matrices. Intrinsically labeled '*C-folate can be obtained
by labeling plants or animal tissues with '*C-precursors of folate.

The amount of '*C-folate in red blood cells remained low for the first three days
and rapidly increased until day 19. This clearly suggested that the red blood cells did not
incorporate folate while in circulation. The slight increase in '“C-folate concentration in
the first 24 hours may have represented non-specific interactions between plasma '‘C-
folate and red blood cell membranes, even after rigorous washing. This occurred during
a period when plasma '“C-folate concentrations were at their maximum. Once plasma
14C-folate concentration dropped after 24 hours, red blood cell '“C-folate also dropped.
The four-day delay before appearance of any significant amount of '*C-folate in red
blood cells reflected the time required for folate incorporation into maturing reticulocytes
in the marrow. These labeled cells were then released into circulation and retained the
majority of their folate throughout their lifespan. They were then subjected to the normal
macrophage-mediated removal from circulation. As these cells were removed from
circulation, so was their labeled-folate, resulting in the observed decline in 14C-folate
after about 110 days.

The kinetic parameters describing folate dynamics were determined by a variety
of mathematical modeling tools. As described earlier, the 14C-folate concentration in
plasma and red blood cells, and '*C-folate output in urine and feces were used for the
modeling. The models presented here described the absorption, distribution and
elimination of *C-folic acid given as a single oral dose. Since there is no known
biological discrimination between 14C-folic acid and non-labeled folic acid, the models

also described the behavior of ingested folic acid. The amount of *C-folic acid in the
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dose, 35 g or about 1/6™ of the current RDA for folate, was equivalent to typical intakes
of folate under physiologic conditions. The mechanisms for folate absorption, plasma
transportation, tissue storage and renal clearance (i.e. intestinal brush border folate
receptors, folate binding proteins, glutamate transferase and kidney folate receptors) were
perturbed only to the same degree as a typical intake of folate. Therefore, models that
described '*C-folic acid dynamics also described folic acid dynamics under the same
conditions.

The simplest approach for describing the data was linear regression modeling.
Plasma and red blood cell rates of folate appearance and disappearance were described by
the slopes of the linear regression fits. Folate appeared in plasma as early as ten minutes
after ingestion of the dose. Folate has previously been shown to enter the portal vein in
humans 10 minutes after a 1 mg oral dose of folic acid (Whitehead, 1967). Others have
shown reduced folate was converted to 5-methyltetrahydrofolate during absorption
(Perry, 1970). This was confirmed in this study by HPLC-AMS of plasma collected one
hour after ingestion of '*C-folic acid. There was no evidence of any significant amount
of "*C co-eluting with folic acid. This suggested that the reduction and methylation of
folate at the intestinal level was very fast and efficient. The possibility that folic acid
may be absorbed from the stomach should also be considered.

Plasma folate concentration increased rapidly at a rate of 434.8 fmol/mL/hr and
decreased with fast and slow rates of 31.2 fmol/mL/hr and 0.153 fmol/mL/day,
respectively. These rates suggested that folate was cleared from the plasma rapidly and
by 10 hours postdose, a significant amount was transferred to other compartments. The

slow elimination rate suggested that folate may be partitioned into two different pools in
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plasma, perhaps a large proportion binding to plasma folate binding protein for fast tissue
delivery, and a small proportion binding non-specifically to other plasma proteins such as
albumin. This non-specifically bound folate might have a longer residence time in
plasma with a slow elimination rate of about 0.153 fmol/mL/day.

The rates of '*C-folate appearance and disappearance into and out of red blood
cells were 94.4 and 13.3 fmol/gram hemoglobin/day, respectively. The four-day delay
before significant incorporation of '*C-folate represented the time for red blood cell
synthesis and maturation in the marrow (Bills, 1992). During this period, folate taken up
by the marrow was packaged into reticulocytes during colony-forming erythroid unit
stage. It was presumed that marrow folate originated from the plasma, and as described
above, received a pulse if '*C-folate for the first day postdose. Plasma '*C-folate had
dropped significantly after 24 hours and there would not have been any substantial
amount of '*C-folate transferred to the marrow from plasma.

Mature red blood cells already in circulation did not take up plasma folate as
evidenced by the '“C-folate concentration in the first three days postdose. During this
period, AMS measurements showed a slight rise in red blood cell 14C-folate which
dropped back to baseline by day 3. It is suggested that the small amounts of *C-folate
detected in the red blood cell fraction during the first 2 days were the result of either
small amounts of plasma '“C-folate that remained in the cell pellet even after four wash
cycles, or might represent non-specific “C-folate interactions with red blood cell
membranes or membrane proteins. Nevertheless, these minor effects or interactions
disappeared by day 3, after which long-term labeling of the red blood cells with '“C-

folate was observed.
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The rate of this increase suggested that '*C-folate was incorporated into cells over
a short time-span after which the cells were released into circulation reaching a peak by
day 19. This level was maintained for about 100 days followed by a slow decline. This
pattern was similar to the pattern observed in the lifespan of red blood cells. In fact, '*C-
folate dynamics in red blood cells was dictated by the lifecycle of red blood cell
synthesis, release into circulation and eventual removal and degradation. The sharp rise
in the red blood cell labeling and the shallow decline suggests that cells entered
circulation as a cohort, but were removed over a wide timeframe perhaps due to
differences in the survival of some cells.

It is known that damage to red blood cells triggers a macrophage-mediated
response resulting in their removal from circulation and degradation in the spleen and
liver (Magnani, 1991; Rosse, 1966). The average lifespan of human red blood cells is
estimated to be around 120 days (Brouillard, 1974; Garby, 1971; Rodvien, 1974; Strumia,
1968). This matches closely the observations made in this study. '*C-Folic acid may be
used in future studies for the purpose of studying red blood cell lifespan and survival.
This would be an important contribution to the field of hematology since current methods
of assessing cell lifespan have inherent limitations (Mock, 1997a; Mock, 1997b). The
possibility existed that '“C-folate from degraded cells was recycled back into newly
formed cells to produce a tailing effect in the '*C-folate concentration in circulation. It
was thought that this would be minor effect since the total amount of '“C-folate in the red
blood cell pool was less than 0.014 % of the administered bolus.

Linear modeling was a useful tool for describing the rates of '‘C-folate

appearance and disappearance from the various pools but should not be used to estimate
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the flux of "*C-folate between pools. If we assume plasma has a total volume of 3 L, the
rates of absorption and fast elimination would be 1.3 nmol “C-folate/hr and 0.093 nmol
14C-folate/hr, respectively. This is misleading since we know 71 nmol '“C-folic acid was
absorbed and the calculated absorption rate could not account for the amount of *C-folic
acid absorbed.

The area under the plasma concentration curve should not be used to determine
the total amount of absorbed '*C-folic acid. The plasma concentration curve, in fact,
represented multiple dynamic processes of absorption and distribution to various tissues.
During the first hour, the rate of influx into the plasma pool exceeded the rate of removal
from the pool and a positive slope was observed. After about one hour, the rate of efflux
from the plasma pool exceeded the rate of influx and a decline in plasma '‘C-folate
concentration was observed with a negative slope. The peak concentration represented
the time when the rates of influx and efflux were equal and there was no net change in the
concentration of plasma '“C-folate. These flux rates should not be used directly to
interpret bioavailability unless estimation of the relative differences between subjects or
dosing regimens is desired.

4C-Folate was eliminated from the body by excretion in the feces and urine. As
described earlier, the first two feces samples represented loss of unabsorbed or unretained
folate and were used to calculate the dose bioavailability. When feces '*C-folate
excretion was plotted as cumulative excretion, a linear pattern was observed after about
day seven. This excretion corresponded to 0.033 nmol '“C-folate/day. This represented

less than 0.05% of the absorbed dose and demonstrated that feces was not a major route
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of "*C-folate excretion. The excretion probably represented losses of biliary '*C-folate or
perhaps sloughing of epithelial cells of the gastrointestinal tract containing '*C-folate.

Urine exhibited excretion of about 600 pmol '‘C-folate in the first day
corresponding to less than 0.9% of the absorbed dose. Urine output dropped to
approximately 150 pmol '“C-folate/day thereafter. The early loss of '‘C-folate may
represent loss of degradation products of C-folic acid which were not retained. The
dose may have also contained impurities that were absorbed but not retained. The
possibility that renal reabsorption of '*C-folate may have been saturated also existed but
was unlikely due to the small size of the administered dose.

Other studies have shown that human subjects must undergo a saturation regimen
of daily intakes of greater than 1 mg folic acid before appearance of a 200 pg dose of
folic acid can be detected in the urine. Even under these saturating conditions, less than
20% of the dose appeared in the urine after 48 hours (Rogers, 1997; von der Porten,
1992). It was, therefore, unlikely that the 14C-folate was lost in the urine in the current
study as a result of a saturation effect since the subject was not supplemented with folic
acid and the administered dose contained only 35 ug folic acid. Overall, the urine
represented the major route of 1C-folate excretion with a rate of 0.16 nmol/day for the
first 42 days.

Total excretion rate through urine and feces equaled approximately 0.2 nmol/day.
At this rate, it would take one year to eliminate the 71 nmol '*C-folate that was absorbed.
This suggested that folate was highly retained in the body under these conditions. Liver
represents the organ with the largest capacity to store folate with polyglutamate chains up

to seven in length (Blair, 1976; Clifford, 1990; Connor, 1980; Connor, 1977; Hoppner,
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1980; Houlihan, 1972). This suggests that polyglutamation of folate is an efficient
mechanism for retention and storage of folate.

The three linear models described above provided a reasonable assessment of the
dynamic parameters of '“C-folate in plasma. However, a more elegant approach would
be to describe the dynamics with a single model and a single equation. This was
achieved by non-linear modeling. At first, a two-term polyexponential equation was
derived as shown in Figure 10. The approach assumed that plasma was a single
compartment with one input and one output. The two terms of the equation corresponded
to the rate of '*C-folate absorption and elimination from this compartment. The
following two-term equation was derived: fmol '*C-folate/mL = 546e%%'7 ! - 550.4¢
16921t This equation described '*C-folate concentration in plasma for the first 20 hours
postdose but failed to predict concentrations thereafter.

A three-term polyexponential equation was derived using curve-fitting software to
describe '*C-folate concentrations in plasma for the entire 200-days. This single equation
predicted that the plasma compartment was more complex than a single compartment
with a single input and output. This information was used to develop a compartmental
model of folate dynamics.

The modeling techniques described so far were simple descriptive models that
predicted '*C-folate concentration in the sampled compartments. Compartmental
modeling was able to describe folate dynamics into compartments that were inaccessible
and to simulate folate dynamics in hypothetical experiments.

Most compartmental modeling in the past has used the specific activity and not

the absolute concentration of the tracer (House, 1997; Johnson, 1996; Novotny, 1995;
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Stites, 1997; Lowe, 1997; Scott, 1994a; Scott 1994b). However, measuring the specific
activity by a ratio method, such as isotope ratio mass spectrometry, after isolating the
nutrient can give misleading results. If the tracer concentration in a compartment does
not change over a time period when there is an influx of nonlabeled nutrient, occurring as
a result of dietary intake of the nutrient, for example, a decline in the specific activity will
be observed. @ Without knowing the specific activity in all connecting pools,
compartmental modeling will be unable to determine whether the observed decline in
specific activity was due to an influx of non-labeled nutrient, or a loss of labeled nutrient
from that pool. This dilemma can be rectified in the mind of the experimenter by
measuring total nutrient concentration in all samples. However, if specific activity is

used in the modeling process, the dilemma will persist.

Table 5. Comparison of stable isotope and AMS detection methods

Deuterium Radiocarbon
Method of detection FAB-MS/MS AMS
Limit of detection picomole attomole
Plasma sample needed 1 mL 20 uL
Sample preparation complex minimal
Dose pharmacologic (mg) physiologic (ug)
Dynamic range narrow ( ~ 10°) wide (~ 10%)
Isotope exchange possible if in labile position not possible
Biologic isotope effect possible not possible
Sample matrix plasma plasma, RBC

urine, feces, tissues
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The concentration of '*C-folic acid in this study was used to mathematically
describe folic acid dynamics in a human subject. The phenomenal sensitivity of
accelerator mass spectrometry permitted the study to be conducted under physiological
conditions with minimal exposure to radiation. Table 5 summarizes the advantages of
using *C-labeled nutrients or drugs to study the dynamics of such compounds in humans.
The extreme sensitivity permits administration of much smaller doses as well as
collection of smaller samples. Blood collected by finger-stick is typically all that is
required for most AMS measurements. This permits collection of multiple samples in a
short time without affecting the subject or perturbing the system. Once the sample is
collected, little or no sample preparation is required. The dynamic range of tracer
enrichment can be tremendously broad in AMS studies. This has a great advantage over
stable-isotope methods whose dynamic range is largely limited by higher levels of
background isotope. The major disadvantages of AMS methodology is the great care that
must be taken to prevent contamination with radiocarbon in the environment and the cost
of the analysis. The advantages, however, surpass the drawbacks and make AMS ideally

suited for study of nutrients and drugs in humans.
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Conclusions

This study represented the first major application of accelerator mass spectrometry to
human nutrition research. The phenomenol sensitivity of the instrument permitted the
bioavailability and dynamics of a single oral dose of '“C-folic acid to be safely studied in
a human subject. The bioavailability of the dose was found to be 89%. The dynamics of
the absorbed dose was described by linear, non-linear and compartmental modeling. The
excretion data showed that 78% of the administered dose remained in the body by day 42
indicating that folic acid was highly retained. Red blood cell labeling by '*C-folic acid
permitted the analysis of red blood cell lifespan in circulation.

Advancements in elucidating the dynamics of vitamin metabolism in the past have
been severely hampered due the lack of suitable methodologies. As a sensitive analytical
tool, accelerator mass spectrometry will help to significantly advance our understanding

of the fundamental interactions between nutrient kinetics in health and disease.
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Calculations

'4C data (Moderns)

Total Folate data

Plasma calculations

Red blood cell calculations
Urine calculations

Feces calculations
Radiation exposure
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APPENDIX I - Calculations

13.56dpm  6.11 fCi 97.9 amol radiocarbon

gcarbon  mg carbon mg carbon

1 modemn =

1 mol *C = 14g'C
1.24 fCi "C-folic acid =1 fmol *C-folic acid

6.2741 x 107* g *C = 1 g "*C-folic acid

Samples with carrier

radiocarboncarrier + radiocarbonsampie
carboncarrier + CarbONsample

modem =

Carrier: Tributyrin (80 uL, 20 mg/mL)
Carbon composition: 59.6%
Carbon mass: 0.9536 mg
Moderns: ~ 0.1014 (example)

97.9 1 radiocarb
radiocarboncarie- = 0.1014 modern x o OB « 0.9536 mg carbon
mg carbon

= 9.466 amol radiocarbon

Sample:

radiocarbonsampie =

97.9 amol radiocarbon

moderns x x (carboncarrier + carbonsampie ) - radiocarboncarrier
mg carbon

Example:

radiocarbonsampie

97.9 amol radiocarb
— 1.2345 modem x ———20 T2CI0CTNOR | (09536 mg + 0.0464 mg) - 9.466 amol
mg carbon

=111.4 amol radiocarbon
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Samples without carrier

Example: Plasma (P1)

-either-

97.9 1 radiocarb
radiocarbons.mpie = moderns x amo ocabon X carboNsampie
mg carbon

(1.4180 modems) — (1.0986 modems) = 0.3194 moderns (adjusted)

(0.3194 moderns) x (97.9 amol *C/mg C) = 31.2692 amol '*C/mg C

(31.2692 amol "“C/mg C) x (44.38 mg C/mL plasma) = 1,387.7 amol '*C/mL plasma
(387.7 amol "*C/mLplasma) x (14 ag '*C/amol *C) = 19,428.2 ag '*C/mL plasma

(19,4282 ag “C/mL) x (1 ag '4C-folic acid/6.2741 x 10™*ag '*C)
=3.0965 x 10’ ag "“C-folic acid /mL

(3.0965 x 10" ag "*C-folic acid /mL) x (1 amol **C-folic acid/441.4 ag '*C-folic acid)
=70,151 amo41 14C-folic acid/mL plasma
-folic aci

-or-

6.11 fCi radiocarboi
radiocarbonsempie = moderns x a X carboNsampie
mg carbon

(1.4180 moderns) — (1.0986 moderns) = 0.3194 moderns (adjusted)
(0.3194 moderns) x (6.11 fCi/mg C) = 1.9515 fCi/mg C

(1.9515 fCi/mg C) x (44.38 mg C/mL plasma) = 86.61 fCi/mL plasma

(86.61 fCi/mL plasma) x (1 fmol **C-folic acid/1.24 fCi '*C-folic acid)
= 69.9 fmol "*C-folic acid/mL plasma
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Example: Red blood cells (R1)

-either-

. 97.9 amol radiocarbon
radiocarbonsampie = modems x X carboNsampie
mg carbon

(1.1525 moderns) — (1.1137 moderns) = 0.0388 modems (adjusted)
(0. 0388 moderns) x (97.9 amol "*C/mg C) = 3.7985 amol *C/mg C
(3.7985 amol '“C/mg C) x (53.0 mg C/mL RBC) = 201.32 amol "*C/mL RBC
(201.32 amol '“C/mL RBC) x (14 ag *C/amol *C) = 2,818.5 ag '“C/mL RBC

(2,818.5 ag '*C/mL RBC) x (1 ag *C-folic acid/6.2741 x 10" *ag C)
=4.49 x 10° ag "*C-folic acid /mL RBC

(4.49 x 10° ag '*C-folic acid /mL) x (1 amol *C-folic acid/441.4 ag '*C-folic acid)
= 10,177.3 amol "C-folic acid/mL RBC

(10,177.3 amol "*C-folic acid/mL RBC) x (1 mL RBC/0.090 g hemoglobin)
=113,081 amlo41 C-folic acid/g hemoglobin

=113.1 fimo]l "C-foljc acid/g hemoglobin
-or-
6.11 fCi radiocarb
radiocarbonsempie = modems x - ocebor X carboNsampie
mg carbon

(1.1525 moderns) — (1.1137 moderns) = 0.0388 moderns (adjusted)
(0. 0388 moderns) x (6.11 fCi/mg C) =0.23707 fCi/mg C

(0.23707 fCi/mg C) x (53.0 mg C/mL plasma) = 12.565 fCi/mL RBC

(12.565 fCi/mL plasma) x (1 fmol *C-folic acid/1.24 fCi "*C-folic acid)
= 10.13 fmol "*C-folic acid/mL RBC

(10.13 fmol "C-folic acid/mL RBC) x (1 mL RBC/0.090 g hemoglobin)
= 112.6 fmol "*C-folic acid/g hemoglobin
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Example: Urine (US)

-either-

97.9 1 radiocarbo
radiocarbonsempie = moderns x amo oc n X CarboNsampie
mg carbon

(5.8687 modems) — (1.1657 moderns) = 4.7030 moderns (adjusted)

(4.7030 moderns) x (97.9 amol *C/mg C) = 460.4 amol '*C/mg C

(460.4 amol "*C/mg C) x (5.88 mg C/mL urine) = 2,707.3 amol '*C/mL urine
(2,707.3 amol "“C/mL urine) x (14 ag '*C/amol '*C) = 37,902.1 ag '*C/mL urine

(37,902.1 ag "*C/mL urine) x (1 ag "*C-folic acid/6.2741 x 10™* ag '*C)
= 6.041 x 10’ ag '*C-folic acid /mL urine

(6.041 x 107 ag "*C-folic acid /mL) x (1 amol '*C-folic acid/441.4 ag '*C-folic acid)
= 136,861 amol '*C-folic acid/mL urine

(136,861 amol "*C-folic acid/mL urine) x (1,368.6 mL urine/collection)
= 187,307,947 amol 1C-folic acid/collection

=187.3 pmol C-folic acid/collection
_or.
6.11 fCi radiocarb
radiocarbonsampie = moderns x - ocathon X carboNsampie
mg carbon

(5.8687 moderns) — (1.1657 moderns) = 4.7030 moderns (adjusted)
(4.7030 modems) x (6.11 fCi/mg C) = 28.735 fCi/mg C

(28.735 fCi/mg C) x (5.88 mg C/mL urine) = 168.96 fCi/mL urine

(168.96 fCi/mL urine) x (1 fmol '*C-folic acid/1.24 fCi "*C-folic acid)
= 136.25 fimol *C-folic acid/mL urine

(136.25 fmol *C-folic acid/mL urine) x (1,368.6 mL urine/collection)
= 186,471.7 fimol '*C-folic acid/collection
= 186.5 fmol *C-folic acid/collection
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Example: Feces (F5)

-either-

97.9 1 radiocarb
radiocarbonsempte = moderns x amo locarbon X CarboNsampie
mg carbon

(3.2027 modemns) — (1.1247 moderns) = 2.0780 moderns (adjusted)
(2.0780 moderns) x (97.9 amol *C/mg C) = 203.44 amol "*C/mg C
(203.44 amol '*C/mg C) x (9.38 mg C/mL urine) = 1,908.2 amol "“C/mL feces
(1,908.2 amol "*C/mL feces) x (14 ag '*C/amol C) = 26,715 ag '*C/mL feces

(26,715 ag "*C/mL feces) x (1 ag '*C-folic acid/6.2741 x 10~ * ag *C)
=4.260 x 10’ ag "*C-folic acid /mL feces

(4.260 x 107 ag *C-folic acid /mL) x (1 amol '*C-folic acid/441.4 ag '*C-folic acid)
= 96,513 amol *C-folic acid/mL feces

(96,513 amol "*C-folic acid/mL feces) x (1,120.4 mL feces/collection)
= 108,133,223 amol '“C-folic acid/collection

= 108.1 pmol *C-folic acid/collection
-or-
6.11 fCi radiocarb
radiocarbonsampie = moderns x - 2 x carbonsampie
mg carbon

(3.2027 modems) — (1.1247 moderns) = 2.0780 moderns (adjusted)
(2.0780 modems) x (6.11 fCi/mg C) = 12.697 fCi/mg C

(12.697 fCi/mg C) x (9.38 mg C/mL feces) = 119.09 fCi/mL feces

(119.09 fCi/mL feces) x (1 fmol *C-folic acid/1.24 fCi "*C-folic acid)
= 96.04 fmol '*C-folic acid/mL feces

(96.04 fmol *C-folic acid/mL feces) x (1,120.4 mL feces/collection)
= 107,607 fmol "*C-folic acid/collection
= 107.6 pmol "*C-folic acid/collection
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Appendix II-Radiocarbon Data (Moderns)

Sample Replicate | Fraction Modern S.D. of Mean S.D. of mean | Date Measured
measurement
PLASMA
PO A 1.1049 0.0132 1.0986| 0.0166 3/3/97
PO B 1.1070 0.0132 3/3/97
PO C 1.0720| 0.0121 5/12/97
PO | D 1.0853 0.0172 5/12/97
PO J A 1.1210 0.0114 3/3/97
PO ! B broke 3/3/97
PO C 1.1089 0.0094 3/24/97
PO C 1.0913 0.0111 5/12/97
P1 A 1.4146 0.0146 1.4180 0.0204 3/397
P1 B 1.3995 0.0160 3/3/97
P1 C 1.4399 0.0164 5/12/97
P2 A 2.1318 0.0209 2.1278 0.0237 3/3/97
P2 B 2.1024 0.0230 3/3/97
P2 C 2.1493 0.0235 5/12/97
P3 A 2.6218 0.0282 2.6242 0.0188 3/3/97
P3 B 2.6441 0.0254 3/3/97
P3 C 2.6068| 0.0282 5/12/97
P4 A 2.9639 0.0317 2.8869 0.0038 3/3/197
P4 B 2.9585 0.0317 3/3/97
P4 C 2.7385 0.0227 5/12/97
P5 A 3.0831 0.0474 3.0623 0.0228 3/3/97
PS5 B 3.0379 0.0289 3/3/97
PS5 C 3.0659 0.0329 5/12/97
P6 A 2.9631 0.0319 2.9019 0.1410 3/397
P6 B 3.0020 0.0321 3/3/97
P6 C 2.7407 0.0241 5/12/97
P7 A 3.1301 0.0350 3.1218 0.0666 3/3/97
P7 B 3.1839 0.0501 3/3/97
P7 C 3.0514 0.0533 5/12/97
P8 A 3.1301 0.0334 3.1381 0.0561 3/397
P8 B 3.1978 0.0342 3/3/97
P8 C 3.0864 0.0330 5/12/97
P9 A 2.9747 0.0318 2.8664 0.1700 3/3/97
P9 B 2.9540 0.0282 3/3/97
P9 C 2.6704 0.0288 5/12/97
P10 A 29519 0.0315 3.0426 0.1062 3/3/97
P10 B 3.0164 0.0323 3/3/197
P10 C 3.1594 0.0315 5/12/97
P11 A 2.9341 0.0411 2.9428 0.0296 3/3/97
P11 B 29757 0.0374 3/3/97
Pi1 C 2.9186 0.0313 5/12/97
P12 A 2.9422 0.0314 2.9002 0.0587 3/3/97
P12 B 2.9252 0.0315 3/3/97
Pi2 C 2.8331 0.0304 5/12/97
P13 A 2.8207 0.0304 2.7992 0.0616 3/3/97
P13 B 2.8472 0.0307 3/3/97
P13 C 2.7298 0.0294 5/12/97
P14 A 2.7202| 0.0387 2.7446 0.0214 3/3/97
P14 B 2.7539 0.0227 3/3/97
P14 C 2.7598 0.0295 5/12/97
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Appendix II-Radiocarbon Data (Moderns)

PI5 ' A ‘ 2.6450 0.0234 2.6178 0.0251 3/3/97
P1S | B ' 2.6130 0.0320 313197
P15 C 2.5955 0.0280 5/12/97
P16 ' A 2.6194 0.0282 2.6030 0.0433 3/3/97
P16 B 2.6357 0.0237 3/3/97
P16 C ! 2.5538 0.0226 5/12/97
P17 A | 2.4141 0.0214 24172 0.0084 3/3/97
P17 B 2.4108] 0.0233 3/3/97
P17 C 2.4268| 0.0452 5/12/97
P18 A 22133 0.0466 2.2015 0.0285 3/3/97
P18 B 2.1690 0.0237 3/3/97
P18 C 22223 0.0242 5/12/97
P19 A 2.0393 0.0201 2.0439 0.0312 3/397
P19 B 2.0152 0.0182 3/3/97
P19 C 2.0771 0.0371 5/12/97
P20 ! A | 1.9949 0.0358 2.0449 0.1199 31397
P20 B i 1.9580 0.0182 3/397
P20 | C 2.1817 0.0378 5/12/97
P21 A broke 1.8132 0.0333 3/3/97
P21 ! B broke 3/3/97
P21 . C 1.8128 0.0234 3/24/97
P2t | D 1.8468 0.0155 3124/97
P2t C 1.7801 0.0223 512197
P22 A 1.6521 0.0166 1.6402 0.0385 3/3197
P22 . B 1.6713 0.0147 313197
P2 c 1.5971 0.0183 5/12/97
P23 A 1.5991 0.0179 1.6121 0.0116 3/3/97
P23 B 1.6215 0.0151 3/3/97
P23 C 1.6157 0.0223 5/12/97
P24 A 1.5865 0.0148 1.5534 0.0502 31397
P24 B 1.5781 0.0133 3/3/97
P24 C 1.4956 0.0128 5/12/97
P25 A 1.5500 0.0157 1.5352 0.0232 3/3/97
P25 B 1.5472 0.0157 3/3/97
P25 | C 1.5084 0.0143 5/12/97
P26 | A 1.4389 0.0148 1.4758 0.0819 3/3/97
P26 B 1.4188 0.0155 3/3/97
P26 C 1.5696 0.0177 5/12/97
P27 A 1.3968 0.0127 1.3652 0.0394 3/3/97
P27 | B 1.3777 0.0149 31397
P27 . C 1.3210 0.0153 5/12/97
P28 A 1.3562 0.0152 1.3752 0.0245 31397
P28 B 1.3665 0.0141 3/3/97
P28 | C 1.4028 0.0160 5/12/97
P29 | A 1.3292 0.0153 13147 0.0137 313197
P29 | B ! 1.3020 0.0151 3/3/97
P29 C | 1.3129 0.0137 5/12/97
P30 | A : 1.2522 0.0146 1.2417 0.0232 3/3/97
P30 B 1.2577 0.0123 3/3/97
P30 C 1.2150 0.0120 5/12/97
P31 A | 0.9411 0.0095 1.2506 0.0212 3/24/97
P31l | B | 1.2656 0.0107 3/24/97
P31 . C | 1.2356 0.0144 5/12/97
P32 | A | 1.2176 0.0103 1.2350 0.0151 3/24/97
P32 | B | 1.2433 0.0108 3/24/97
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Appendix II-Radiocarbon Data (Moderns)

P32 | C 1.2441] 0.0126| 5/12/97
P33 A 1.1750 0.0111] 1.1899 0.0146|  3/24/97
P33 B 1.1906 0.0108 3/24/97
P33 C 1.2041 0.0109 3/24/97
P34 | A 1.2084 0.0109 1.2016 0.0181 324/97
P34 | B 1.2153 0.0110] 3/24/97
P34 | C 1.1811 0.0151 3/24/97
P35 A 1.2902 0.0213 1.2703 0.0197|  4/28/97
P3S | B 1.2699 0.0148 4/28/97
P35 C 1.2507 0.0180| 4/28/97
P36 A 1.2640 0.0187 1.2391 0.0217| 4728197
P36 B 1.2248 0.0123 4/28/97
P36 C 1.2284 0.0143 4/28/97
P39 A 1.1540 0.0126 1.2142 0.0791 27197

P39 B 1.3038 0.0118 11197

P39 C 1.1849 0.0107 711197

P42 A 1.1662 0.0108 1.1680 0.0026 711197

P42 B 1.1698 0.0138 27197

P45 A 1.1451 0.0171 1.1545 0.0126]  6/23/97
P45 | B 1.1497 0.0104 6/23/97
P45 | C 1.1688 0.0106 6/23/97
P46 | A 1.3313 0.0191 1.2018 0.0878]  6/23/97
P46 B 1.1740 0.0103 6/23/97
P46 C 1.2909 0.0159 6/23/97
P46 | A 1.1593 0.0107 71197

P46 | B 1.1373 0.0105 197

P46 | C 1.1177 0.0124 111197

P47 A 1.1539 0.0128 1.1480 0.0084 17197

P47 | C 1.1420 0.0125 771197

P48 A 1.1471 0.0106 1.1208 0.0473 197

P48 B 1.0662 0.0101 11197

P48 C 1.1491 0.0106 111197

P49 A 1.1582 0.0112 1.1478 0.0222 217197

P49 B 1.1629 0.0132 11197

P49 C 1.1223 0.0165 777197

P50 A 1.1780 0.0108 1.1813 0.0098)  7/28/97
P50 B 1.1923 0.0109 1128/97
P50 C 1.1736 0.0107 7/28/97
P5t A 1.1315 0.0104 1.1310 0.0016] 7728197
P51 B 1.1323 0.0120 1128/97
P51 C 1.1293 0.0151 7/28/97
P52 A 1.2255 0.0109 1.1759 0.0508]  7/28/97
P52 B 1.1240 0.0100 7/28/97
P52 C 1.1782 0.0105 112897
P53 A 1.1107 0.0132 1.1196 0.0077|  8/11/97
P53 B 1.1241 0.0154 8/11/97
P53 C 1.1240 0.0134 8/11/97
P54 A 1.0866 0.0130 1.1225 0.0406|  8/11/97
P54 B 1.1665 0.0125 8/11/97
P54 C 1.1145 0.0150 8/11/97
P55 A 1.1264 0.0134 1.1200 0.0123]  8/11/97
P55 B 1.1278 0.0165 8/11/97
P55 C 1.1057 0.0132 8/11/97
P56 A 1.1133 0.0124 1.1035 0.0139]  9/29/97
P56 B 1.0936 0.0122 9/29/97
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Appendix II-Radiocarbon Data (Moderns)

P57 A 1.0988 0.0122 1.1153 0.0233]  9129/97
P57 B 1.1317 0.0154 9/29/97
PS8 | A 1.0755 0.0170 1.0946 0.0244]  10/12/97
P8 | B 1.1220 0.0120 10/12/97
PS8 C 1.0863 0.0116 10/12/97

RED BLOOD CELLS
RO | A 1.0922 0.0131 1.1137 0.0267]  3/10/97
RO | B 1.0929 0.0140 3/10/97
RO | C 1.1130 0.0133 3/10/97
RO | D 1.1134 0.0121 3/1097
RO | A 1.1160 0.0133 3/10/97
RO B 1.1698 0.0138 3/10/97
RO C 1.0985 0.0131 3/10/97
RO D broke 3/10/97
RI A 1.1235 0.0134 1.1525 0.0410]  3/10/97
Rl B 1.1815 0.0238 3/10/97
R2 A 1.1665 0.0125 1.1585 0.0113]  3/10/97
R2 B 1.1506 0.0110 3/10/97
R3 A 1.1392 0.0135 1.1459 0.0094]  3/10/97
R3 B 1.1526 0.0136 3/10/97
R4 A 1.1321 0.0114 1.1480 0.0225|  3/10/97
R4 B 1.1639 0.0117 3/10/97
RS A 1.1564 0.0125 1.1535 0.0041]  3/10/97
RS B 1.1506 0.0106 3/10/97
R6 A 1.1539 0.0110 1.1624 0.0119]  3/10/97
R6 B 1.1708 0.0112 3/10/97
R7 A 1.1631 0.0138 1.1631 0.0001]  3/10/97
R7 B 1.1632 0.0182 3/10/97
R8 A 1.1714 0.0138 1.1714 3/10097
R8 B broke 3/10/97
RY A 1.1324 0.0135 1.1418 0.0132]  3/10/97
R9 B 1.1511 0.0228 3/10/97
R10 A 1.1548 0.0136 1.1657 0.0154]  3/10/97
RIO B 1.1766 0.0138 3/10/97
RIl A 1.1449 0.0135 1.1505 0.0079|  3/10/97
RIl B 1.1561 0.0136 3/10/97
RI12 A 1.1794 0.0139 1.1588 0.0290]  3/1097
RI2 B 1.1383 0.0156 3/10/97
RI13 A 1.1355 0.0180 1.1395 0.0057]  3/10/97
RI3 B 1.1435 0.0176 3/10/97
R14 A 1.1651 0.0137 1.1807 0.0220]  3/10/97
R14 B 1.1962 0.0140 3/10/97
RIS A 1.1306 0.0134 1.1465 0.0225]  3/10/97
RIS B 1.1624 0.0125 3/10/97
R16 A 1.1578 0.0137 1.1456 0.0173]  3/10/97
R16 B 1.1333 0.0148 3/10/97
R17 A 1.1397 0.0207 1.1460 0.0089]  3/10/97
R17 B 1.1523 0.0124 3/10/97
RIS A 1.1295 0.0153 1.1347 0.0073|  3/10/97
RIS B 1.1398 0.0135 3/10197
R19 A 1.1318 0.0161 1.1244 0.0103]  3/10/97
R19 B 1.1171 0.0142 3/10/97
R20 A 1.1815 0.0139 1.1560 0.0360]  3/10/97
R20 B 1.1306 0.0134 3/10/97
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Appendix II-Radiocarbon Data (Moderns)

R21 A broke 1.1723 3/1097
R21 B 1.1723 0.0138 3/10/97
R22 A 1.1329 0.0135 1.1338 0.0013 3/10/97
R2 | B 1.1347 0.0135 3/10/97
R23 A 1.1544 0.0136 1.1507 0.0052 3/10/97
R23 B 1.1470 0.0136 3/10/97
R24 I A 1.1218 0.0133 1.1259 0.0058 3/10/97
R24 B 1.1300 0.0104 3/10/97
R25 A 1.1418 0.0135 1.1526 0.0153 3/10197
R25 B 1.1634 0.0144 3/1097
R26 ! A 1.1353 0.0122 1.1278 0.0105 3/10/97
R26 | B 1.1204 0.0133 3/10/97
R27 | A 1.1464 0.0123 1.1229 0.0332 3/10/97
R27 B 1.0994 0.0131 3/10/97
R28 A 1.1239 0.0134 1.1210 0.0041 3/10/197
R28 B 1.1182 0.0122 3/10/97
R29 A 1.2139 0.0142 1.1993 0.0206 3/10/97
R29 B 1.1848 0.0126 3/10/97
R30 A 1.2673 0.0147 1.2933 0.0368 3/10/97
R30 B 1.3193 0.0152 3/10/97
R31 A 1.4269 0.0162 1.4246 0.0032 3/10/97
R31 B 1.4223 0.0207 3/1097
R32 A 1.5437 0.0158 1.5313 0.0174 3/10197
R32 B 1.5190 0.0169 3/10/97
R33 A 1.5393 0.0190 1.5608 0.0305 324197
R33 B 1.5824 0.0142 ' 324197
R34 A 1.6040 0.0136 1.6726 0.0487 3/24/97
R34 B 1.7149 0.0224 3/24/97
R34 E 1.6864 0.0205 4/28/97
R34 F 1.7157 0.0209 4/28/97
R34 G 1.6418 0.0199 4/28/97
R35 A 1.6125 0.0245 1.6240 0.0162 4/28/97
R35 B 1.6355 0.0190 4/28/97
R36 A 1.6656 0.0179 1.6568 0.0124 4/28/97
R36 B 1.6481 0.0200 4/28/97
R37 A 1.7367 0.0173 1.6610 0.0790 5/12/97
R37 B 1.6671 0.0242 5/12/97
R37 C 1.5791 0.0253 /1297
R38 A 1.7113 0.0302 1.6883 0.0999 5/12/97
R38 B 1.7747 0.0197 5/12/197
R38 C 1.5789 0.0177 5/12/97
R39 A 1.7625 0.0162 1.6940 0.0599 5/12/97
R39 B 1.6515 0.0284 5/12/97
R39 | C 1.6680 0.0167 5/12/97
R4O A 1.6498 0.0269 1.6462 0.0157 5/12/97
R40 B 1.6597 0.0208 SNYU97
R40 C 1.6290 0.0190 5/12/97
R41 A 1.5515 0.0194 1.5601 0.0215 511297
R41 B 1.5846 0.0287 5/12/97
R41 C 1.5442 0.0145 5/12/97
R42 A 1.5859 0.0279 1.6028 0.0338 5N2U97
R42 B 1.6417 0.0184 5/12/97
R42 | C 1.5808 0.0160 5/12/97
R43 A 1.5091 0.0154 1.5293 0.0272 5/12/97
R43 B 1.5186 0.0172 5/12/97
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Appendix II-Radiocarbon Data (Moderns)

R43 C 1.5603 0.0147 5/12/97
R44 A 2.4502 0.0205 1.5700 0.0309]  6/9/97

R44 B 22118 0.0161 6/9/97

R44 8 1.5856 0.0197 6/9/97

R4 ! A 1.5815 0.0137 7/28/97
R4 | B 1.6133 0.0140 7128/97
R44 c 1.6004 0.0138 7/28/97
R4 | A 1.5318 0.0194 6/23/97
R4 B 1.5443 0.0139 6/23/97
R44 | C 1.5485 0.014 6/23/97
R4S | A 1.5593 0.0131 1.5414 0.0156(  6/9/97

R4S B 1.5337 0.0152 6/9/97

R4S C 1.5311 0.0177 6/9/97

R46 A 1.5820 0.0138 1.6016 0.0490[  6/9/97

R46 B 1.6581 0.0156 6/9/97

R46 C 1.5666 0.0136 6/9/97

R47 A 1.4941 0.0168 1.4933 0.0080( 728197
R47 B 1.5026 0.0130 7/28/97
R47 c 1.4935 0.0170 7/28/97
R47 D 1.4830 0.0132 7/28/97
R48 A 1.4472 0.0121 1.4553 0.0155 711197

R48 | B 1.4455 0.0132 711197

R48 | C 1.4732 0.0107 1197

R49 A 1.4092 0.0206 1.4116 0.0053] 777197

R49 B 1.4176 0.0123 771197

R49 C 1.4078 0.0118 711/97

RS0 A 1.4165 0.0121 1.4133 0.0071]  7/28/97
RS0 B 1.4130 0.0227 712897
RS0 c 1.4036 0.0128 7128/97
RS0 D 1.4200 0.0130 7/28/97
RS1 A 1.4245 0.0130 1.3742 0.0349] 72897
RS1 B 1.3701 0.0129 7128097
RSI C 1.3547 0.0140 7/28/97
RS1 D 1.3472 0.0132 7/28/97
RS2 A 1.3406 0.0116 1.3397 0.0091] 7128197
RS2 B 1.3301 0.0117 7/28/97
RS2 C 1.3483 0.0129 7/28/97
RS3 A 1.3064 0.0198 1.2976 0.0082[  8/11/97
RS3 B 1.2962 0.0150 8/11/97
RS3 C 1.2903 0.0149 8/11/97
RS54 A 1.2890 0.0141 1.2880 0.0113[ 81197
RS4 B 1.2987 0.0150 8/11/97
RS54 C 1.2762 0.0113 8/11/97
RSS A 1.2525 0.0137 1.2692 0.0366]  8/11/97
RSS B 1.3112 0.0137 8/11/97
RSS C 1.2439 0.0148 8/11/97
RS6 A 1.2428 0.0167 1.2505 0.0221]  9129/97
R56 B 1.2754 0.0175 9/29/97
R56 C 1.2333 0.0170 9/29/97
RS7 A 1.1820 0.0227 1.2202 0.0366]  9/29/97
RS7 B 1.2236 0.0168 9/29/97
RS7 C 1.2549 0.0173 9/29/97
RS8 A 1.2237 0.0148 1.2229 0.0012[  10/12/97
RS8 | B no current 10/12/97
RS8 | C 1.2220 0.0120 10/12/97
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Appendix II-Radiocarbon Data (Moderns)

URINE |
u | A 1.1820 0.0119 1.1657 0.0231 5127197
vo | B 1.1493 0.0098 5/27/97
Ul A 29.3337 0.5981 31.6966 0.1850  7114/97
Ul B 29.5953 0.6014 7/14/97
ur C 36.1609 0.2969 7/28/97
U2 A 9.8138 0.2024 10.2944 0.6641 7/14/97
U2 | B 11.0522 0.2227 7/14/97
U2 ! C 10.0173 0.0841 7/28/97
U3 A 8.4895 0.1729 8.3004 0.2911 7/14/97
U3 B 8.4465 0.1705 7/14/97
U3 C 7.9652 0.0652 7/28/97
U4 A 8.1210 0.1659 7.6853 0.6161|  7/14/97
U4 B 71.2497 0.1478 114/97
Us A 6.1644 0.1261 5.8687 02907 714197
Us B 5.8584 0.1212 7/14/97
Us C 5.5833 0.2472 7/28/97
U6 A 4.4588 0.0626 4.4984 0.0561| 52797
U6 B 4.5381 0.0537 527197
U7 A 4.2766 0.0898 4.4061 0.1819]  714/97
U7 B 4.6141 0.0950 7/14/97
u7 C 4.3276 0.0636 7/28/97
Us A 3.7019 0.0760 3.9608 0.2400|  7/14/97
Us B 4.0044 0.0827 7/14/97
Us C 4.1759 0.0412 7/28/97
U9 | A 3.7913 0.3161 4.1438 03133 71497
w9 B 42494 0.0874 714/97
U9 C no current 7/28/97
U9 D 4.3906 0.0438 10/12/97
U9 E no current 10/12/97
U10 A 4.0186 0.0825 4.1560 0.1351 714/97
ul10 B 4.1607 0.0855 7/14/97
U10 C 4.2887 0.0550 728/97
Ull A 4.3752 0.1483 4.5597 04513  7/14/97
Ull B 4.2298 0.3685 714/97
U1l C 5.0740 0.0425 7128/97
U12 A 5.8623 0.0541 6.2084 03459 512797
u12 B 6.6206 0.0600 527197
u12 A 6.3584 0.1239 9/29/97
U12 B 5.9923 0.1183 9/29/97
U13 A 3.8954 0.0806 3.9737 0.1696|  7/14/97
U13 B 3.8575 0.0800 7/14/97
U13 C 4.1684 0.0350 7128197
Ul4 A 3.9407 0.0882 4.0764 0.1420{  7/14/97
Ul4 B 4.1245 0.0849 7/14/97
Ul4 C 4.2542 0.0778 7/28/97
Ul4 D 3.9862 0.0499 7/28/97
uls A 4.3041 0.0887 42110 0.0824|  7/14/97
ul1s B 4.1476 0.0853 7/14/97
ul5 C 4.1811 0.0352 7128/97
uUlé6 A poor current 3.9737 0.0603 714197
U16 B 3.9153 0.0807 7/14/97
Ul16 C 4.0357 0.0618 7/28/97
U16 D 3.9700 0.0576 7/28/97
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Appendix II-Radiocarbon Data (Moderns)

U7 | A 4.6465 0.2404 4.7551 0.1590|  7/14/97
u17 | B 4.6811 0.0964 714197
u1? i C 4.9376 0.0415 7/28/97
uig | A 6.0971 0.0646 6.5613 0.6383 527197
Uls B 13974 0.0677 5/27/97
Ul | A 6.1087 0.1210 9/29/97
uis B 5.8832 0.1927 9/29/97
Ulg | D 6.6491 0.0802 10/12/97
Uls E 7.2322 0.0729 10/12/97
U19 A 7.0690 0.1445 7.0118 0.3618] 7714197
U19 B poor current 7/14/97
ul9 | C 7.0088 0.1686 7128/97
U9 | D 73237 0.0610 1128/97
ul9 | E 6.3444 0.1257 9/29/97
U9 | F 6.7585 0.1340 9/29/97
uU19 D 7.1856 0.0638 10/12/97
u19 E 1.3927 0.0786 10/12/97
U20 A 4.6032 0.0955 4.5922 0.1935|  7/14/97
U20 B 4.6176 0.0949 114/97
U20 C 46112 0.0385 7/28/97
U20 D 4.2933 0.0541 7728197
U20 E 4.8357 0.0494 7/28/97
v21 A 4.3629 0.0891 4.4936 0.1174]  7114/97
v21 B 4.5901 0.0935 7/14/97
U2l [ 4.5277 0.0397 128/97
u22 A 44184 0.0907 4.5284 02293  7/14/97
u22 B 4.2489 0.1093 7/14/97
U2 C 47271 0.0672 7728197
u22 D 4.4469 0.0786 10/12/97
U22 E 4.8006 0.0803 10/12/97
Uu23 | A 40923 0.0843 45571 0.4143 7/14/97
u23 | B 41182 0.0846 7/14/97
u23 C 4.8177 0.0419 7/28/97
U23 D 4.8400 0.0483 10/12/97
u23 E 49175 0.0596 10/12/97
U24 A 4.4656 0.0410 4.4209 0.0633|  527/97
U24 B 4.3761 0.0407 527/97
U2s A 4.2185 0.0870 42073 0.0158]  7/14/97
U2s B 4.1961 0.0860 7/14/97
U25 C poor current 7/28/97
U26 A 44512 0.0914 4.0257 0.4185|  714/97
U26 B 4.0115 0.0827 7/14/97
U26 C 3.6145 0.0585 728197
U27 A 4.0462 0.0830 3.9403 0.0943| 714197
u27 B 3.8652 0.0795 7/14/97
U27 C 3.9097 0.0478 7/28/97
U28 A 45737 0.0933 4.5924 0.1714]  714/97
U28 B 44312 0.0909 7/14/97
U28 C 4.7725 0.0419 7/28/97
U29 A 4.4892 0.0449 4.3957 0.1322] 512797
U29 B 4.3023 0.0355 5127/97
U30 A 42622 0.0484 4.2291 0.0468|  6/18/97
U30 B 4.1960 0.0475 6/18/97
U3l A 3.8551 0.0483 3.8592 0.0059|  6/18/97
U3l B 3.8634 0.0427 6/18/97
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Appendix II-Radiocarbon Data (Moderns)

U322 | A 3.9059 0.0457 3.8994 0.0091 6/18/97
U3 | B 3.8930 0.0450 6/18/97
U3l A 3.7043 0.0445 3.7043 6/18/97
U33 B no current 6/18/97
U34 A 4.3466 0.0503 4.3986 0.0735 6/18/97
U34 B 4.4505 0.0515 6/18/97
u3s A 3.9128 0.0453 3.8963 0.0233 6/18/97
U35 B 3.8799 0.0917 6/18/97
N A 4.4804 0.0636 4.5799 0.1407 6/18/97
U36 B 4.6794 0.0572 6/18/97
u37 A 4.1448 0.0496 3.8027 0.4839|  6/18/97
U37 B 3.4605 0.0514 6/18/97
U38 A 3.7668 0.0448 3.7164 0.0713 6/18/97
U38 B 3.6660 0.0436 6/18/97
U39 A 3.9174 0.0466 3.9222 0.0068 6/18/97
U39 B 3.9270 0.0492 6/18/97
U40 A 3.4747 0.0413 3.6252 0.2128 6/18/97
U40 B 3.7757 0.0448 6/18/97
U4l A 2.9556 0.0431 3.1148 0.2252]  6/18/97
U4l B 3.2741 0.0433 6/18/97
U42 A 2.8033 0.0439 2.8955 0.1303 6/18/97
U42 B 2.9877 0.0416 6/18/97
U43 A 3.5267 0.0468 3.4908 0.0508] /18097
U43 B 3.4549 0.0459 6/18/97
Us4 A 3.2653 0.0444 3.0848 0.2552]  6/1897
U44 B 2.9043 0.0421 6/18/97
U4s A 3.3328 0.0441 3.3575 0.0349|  6/18/97
U45 B 3.3821 0.0450 6/18/97
U46 A 3.7018 0.0509 3.8719 0.2406| 6/18/97
U46 B 4.0421 0.0507 6/18/97
u47 A 2.6139 0.0291 2.7443 0.1845|  6/18/97
U47 B 2.8747 0.0256 6/18/97
U48 A 26712 0.0307 2.5551 0.1642| /18197
U48 B 2.4390 0.0411 6/18/97
U49 A 2.1549 0.1070 2.3471 02717  6/18/97
U49 B 2.5392 0.0291 6/18/97
U50 A 2.7656 0.0342 2.8860 0.1703 6/18/97
U50 B 3.0064 0.0292 6/18/97
Us1 A 3.0719 0.0427 3.0684 0.0049{  6/18/97
Us1 B 3.0650 0.0332 6/18/97
Us2 A 3.2501 0.0386 3.3579 0.1525|  6/1897
Us2 B 3.4657 0.0411 6/18/97
Us3 A 2.7157 0.0376 2.9125 0.2783 6/18/97
U53 B 3.1092 0.0369 6/18/97
Us4 A 3.3290 0.0395 3.3845 0.0786|  6/18/97
U54 B 3.4401 0.0409 6/18/97
Uss A 29171 0.0365 2.9417 0.0349] /18197
UsS B 2.9664 0.0394 6/18/97
Usé6 A 2.7549 0.0382 2.7819 0.0382 /18197
US6 B 2.8089 0.0437 6/18/97
uUs? A 2.7027 0.0339 2.7384 0.0505 6/18/97
Us? B 2.7741 0.0347 6/18/97
U58 A 2.6980 0.0338 2.8243 0.1786]  6/18/97
US8 B 2.9506 0.0405 6/18/97
Us9 A 1.7589 0.0298 1.8244 0.0673 9/29/97
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Appendix II-Radiocarbon Data (Moderns)

Us9 B | 1.8934 0.0321 9/29/97
Us59 c 1.8209 0.0263 9/29/97
U60 A 1.8737 0.0247 1.8473 0.0387] 9729197
U60 B | 1.8029 0.0335 9/29/97
U60 c 1.8654 0.0213 9/29/97
U61 A 1.8302 0.0241 1.7977 0.0313|  9129/97
U6l B ; 1.7952 0.0241 929197
U6l [ 1.7678 0.0286 9/29/97
U62 A i 1.7715 0.0234 1.7492 0.0541]  9/29/97
u62 | B ' 1.6875 0.0225 9/29/97
U62 C 1.7886 0.0253 9/29/97
|
FECES |
FO | A 1.1378 0.0204 1.1247 0.0319 3/3/97
FO | B 1.1601 0.0205 3/3/97
FO C 1.1258 0.0285 3/10/97
FO D 1.0734 0.0294 3/10/97
FO E . 1.1264 0.0200 3/10/97
Fl | A [ 79.9755 0.8315 84.4337 3.5446 3/3/97
Fl B 85.1443 0.8792 3/3/97
FI C 88.4429 1.2861 3/10/97
Fl | D 81.6790 0.8551 3/10/97
Fl | E 86.9265 0.6658 3/10/97
F2 A 56.8834 0.5916 63.0700 8.8154 3/3/97
F2 B 48.4194 0.7017 3/3/97
F2 C 68.3159 0.6962 3/10/97
F2 D | 68.5271 0.5346 3/10/97
F2 F 64.4634 0.6805 3124197
F2 G 71.8105 0.5591 3/24/97
F2 E 36.1668 0.3800 3/10/97
F3 | A 5.2040 0.0661 5.2519 0.4509 3/3/97
F3 | B 5.0120 0.0789 3/3/97
F3 C ; 5.6727 0.0487 3/10/97
3 |, D | 4.6527 0.0695 3/10/97
F3 . E | 5.7179 0.0459 3/10/97
F4 A 5.0209 0.0616 5.3858 0.2857]  3/10/97
F4 B 5.4325 0.0511 3/10/97
F4 C broke 3/10/97
F4 D 5.3733 0.0573 3/24/97
F4 E 5.7165 0.0491 3/24/97
F5 | A 3.2263 0.0444 3.2027 0.0222|  3/1097
FS | B | 3.1996 0.0424 3/10/97
FS | C i 3.1823 0.0247 3/10/97
F6 | A 3.1707 0.0439 3.0809 0.1434]  3/10/97
F6 B 29155 0.0314 3/10/97
F6 C 3.1565 0.0344 3/10/97
F1_ | A 23437 0.0297 2.3421 0.0363]  3/10/97
1| B 2.3051 0.0270 3/10/97
F7_ | C 23776 0.0267 3/10/97
F§ A 2.6571 0.0256 2.6449 0.0313]  3/10/97
F8 |, B 2.6682 0.0289 3/10/97
F8 C 2.6093 0.0386 3/10/97
F9 A 2.3468 0.0374 2.2047 0.2718] 3724197
F9 B 23761 0.0237 3/24/97
F9 C 1.8913 0.0247 3/24/97
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Appendix II-Radiocarbon Data (Moderns)

F10 A 1.9832 0.0286 2.0478 0.0780 3/24/97
F10 ! B 2.0257 0.0323 3/24/97
F10 C 2.1345 0.0213 i 3/24/97
F11 A 1.8374 0.0184 1.8610 0.0333] 3/24/97
Fl1 B error error 3/24/97
Fi1 C 1.8845 0.0295 3/24/97
F12 ' A 1.9027 0.1324 1.9702 0.0706| 3124197
F12 B 1.9645 0.0185 3/24/97
F12 C 2.0435 0.0190 3/24/97
F13 A 2.2659 0.0237 2.3730 0.1394 4/28/97
F13 B 2.3224 0.0377 4/28/97
F13 C 2.5306 0.0369 | 4/28/97
F14 A 2.3400 0.0293 2.3495 0.1061 4/28/97
F14 B 2.4601 0.0310 4/28/97
F14 C 2.2485 0.0298 4/28/97
F15 A 2.4569 0.0321 2.1959 0.2374 4/28/97
F15 B 1.9929 0.0282 4/28/97
F15 C 2.1378 0.0336 4/28/97
F16 A 2.0430 0.0267 2.0292 0.0166 4/28/97
F16 B 2.0108 0.0462 4/28/97
F16 C 2.0338 0.0266 4/28/97
F17 A 1.7656 0.0278 1.8067 0.0644 5/12/97
F17 B 1.7736 0.0310 51297
F17 C 1.8810 0.0206 511297
F18 A 1.8870 0.0393 1.8554 0.0441 5/12/97
F18 B 1.8050 0.0183 5/12/97
F18 C 1.8743 0.0207 5/12/97
F19 A 1.8068 0.0209 1.6864 0.1104 5/12/97
F19 B 1.5900 0.0326 512/97
F19 C 1.6624 0.0299 5/12/97
F20 A 1.6245 0.0183 1.6342 0.0231 5/12/97
F20 B 1.6175 0.0163 51297
F20 C 1.6606 0.0217 5/12/97
F21 A 1.6716 0.0171 1.6787 0.0068 5/12/97
F21 B 1.6851 0.0157 5N297
F21 C 1.6793 0.0217 5112/97
F22 A 1.6311 0.0183 1.8190 0.3132 5112/97
F22 B 2.1806 0.0298 5/12/97
F22 C 1.6454 0.0153 5/12/97
F23 A 1.5675 0.0178 1.5858 0.0356 §/12/97
F23 B 1.5631 0.0147 5Ny97
F23 C 1.6268 0.0223 5/12/97
F24 A 1.5978 0.0180 1.6805 0.0150 5sNnNy97
F24 B 1.5800 0.0179 5/12/97
F24 B 1.5680 0.0143 5127197
F24 D 1.9762 0.0193 6/9/97

F25 A 1.6422 0.0138 1.5389 0.1139 5127197
F25 B 1.4488 0.0258 5127197
F25 C 1.4321 0.0242 5127197
F25 D 1.6323 0.0160 6/9/97

F26 A 1.6667 0.0140 1.7626 0.0675! 5127197
F26 C 1.5713 0.0216 ) 5/27/97
F26 D 1.9926 0.0208 6/9/97

F26 E 1.8200 0.0284 6/9/97

F27 A 1.6814 0.0122 1.6674 0.0167 5127197
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Appendix II-Radiocarbon Data (Moderns)

F27 | B 1.6720 0.0140 5127/97
F27 | C 1.6489 0.0223 5/27/97
F28 | A 1.5855 0.0212 1.6015 0.0926 6/9/97
F28 B 1.7010 0.0163 6/9/97
F28 C 1.5179 0.0305 6/9/97
F29 A 1.7278 0.0168 1.7224 0.0151 6/9/97
F29 B 1.7054 0.0268 6/9/97
F29 C 1.7341 0.0159 6/9/97
F30 A 1.6076 0.0148 1.6167 0.0568 6/9/97
F30 B 1.6774 0.0154 6/9/97
F30 ! C 1.5650 0.0144 6/9/97
F31 A 1.6166 0.0148 1.6530 0.0401 6/9/97
F31 B 1.6465 0.0151 6/9/97
F31 C 1.6959 0.0163 6/9/97
F32 A 1.6222 0.0161 1.6078 0.0139 6/9/97
F32 B 1.5945 0.0240 6/9/97
F32 C 1.6068 0.0158 6/9/97
F33 ! A 2.1613 0.0314 1.8942 0.3777 6/9/97
F33 C 1.6271 0.0260 6/9/97
F34 A 1.5697 0.0177 1.5848 0.0282 8/11/97
F34 B 1.5796 0.0270 8/11/97
F34 C 1.5468 0.0175 8/11/97
F34 A 1.5912 0.0173 6/23/97
F34 B 1.5898 0.0235 6/23/97
F34 C 1.6317 0.0137 6/23/97
F35 A 1.2370 0.0170 1.2231 0.0135 9/29/97
F35 B 1.2224 0.0168 9/29/97
F35 C 1.2100 0.0167 9/29/97
F36 B 1.5500 0.0251 1.2546 0.0337 9/29/97
F36 A 1.2337 0.0169 9/29/97
F36 C 1.2180 0.0207 9/29/97
F36 | D 1.1515 0.0113 10/12/97
F36 | E 1.2030 0.0117 10/12/97
F36 F 1.1712 0.0115 10/12/97
F37 A 1.2101 0.0206 1.1901 0.0195 9/29/97
F37 B 1.1891 0.0202 9/29/97
F37 C 1.1711 0.0199 9/29/97
F38 | A 1.1811 0.0201 1.1714 0.0225 9/29/97
F38 | B 1.1457 0.0195 9/29/97
F38 C 1.1875 0.0202 9/29/97
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Appendix ITI-Total Folate Data - Plasma

folate 1 folate 3 mean mean

D aymy |OWe2EEmD| omy | egmly | pmovayy | S

PO 7.46 10.80 728 8.51 19.29 4.49
Pl 932 14.47 11.86 11.88 26.92 5.83
P2 10.07 14.30 14.76 13.04 29.55 5.86
P3 8.8 14.95 10.53 11.43 25.89 7.19
P4 9.95 16.73 12.94 1321 29.92 7.70
PS5 9.47 14.18 12.33 11.99 27.17 5.38
P6 11.41 15.14 1278 13.11 29.70 427
P7 11.93 1134 13.77 12.35 27.97 2.87
P8 10.53 12.00 11.41 11.31 25.63 1.68
P9 11.62 15.74 14.76 14.04 31.81 4.88
P10 12.32 15.63 12.69 13.55 30.69 4.11
PIl . 12.79 16.32 15.12 14.74 33.40 4.07
P12 | 13.19 14.52 14.95 1422 3222 2.08
P13 | 10.05 17.03 10.03 1237 28.02 9.14
Pl4 8.39 16.80 12.19 12.46 28.23 9.54
P15 7.96 14.97 11.47 1147 25.98 7.94
P16 10.28 13.96 11.40 11.88 26.91 427
P17 8.87 14.01 1421 12.36 28.01 6.86
P18 7.81 11.55 9.91 9.76 22.10 4.25
P19 6.32 9.52 9.25 8.36 18.95 4.02
P20 572 12.37 7.61 8.57 19.41 7.76
71N 6.79 11.87 7.56 8.74 19.80 6.20
P22 4.45 9.11 6.83 6.80 15.40 5.28
P23 521 8.32 6.53 6.69 15.15 3.54
P24 6.94 9.95 10.57 9.15 20.74 4.40
P25 8.48 13.96 10.63 11.02 2497 6.26
P26 7.03 10.24 9.68 8.98 20.35 3.88
P27 7.16 5.54 9.00 723 16.39 3.92
P28 6.68 9.09 5.03 6.93 15.711 4.63
P29 5.99 9.46 2.92 6.12 13.87 741
P30 3.82 5.60 239 3.94 8.92 3.64
P31 10.70 727 9.62 9.20 20.84 3.97
P32 11.09 8.50 10.43 10.01 22.67 3.05
P33 12.55 7.45 6.03 8.68 19.66 177
P34 11.38 8.58 11.11 10.36 2346 3.50
P35 10.12 10.31 8.69 9.71 21.99 2.01
P36 12.42 13.27 15.78 13.82 31.32 3.96
P37 9.51 10.48 16.08 12.02 2724 8.03
P38 17.46 13.75 15.10 15.44 34.97 425
P39 8.10 9.54 8.24 8.63 19.54 1.80
P40 10.28 9.80 8.82 9.63 21.82 1.69
P4l 12.10 10.40 9.60 10.70 24.24 2.89
P42 12.08 11.60 10.69 11.46 25.96 1.60
P43 14.90 15.90 10.93 13.91 31.51 5.96
P44 14.59 14.94 11.58 13.70 31.05 4.18
P45 13.36 10.69 6.82 10.29 2331 7.45
P46 10.74 10.53 11.83 11.03 25.00 1.58
P47 15.84 9.84 20.05 15.24 34.53 11.62
P48 14.67 9.78 11.83 12.09 27.40 5.56
P49 11.38 10.23 10.81 24.48 1.84
P50 16.61 14.69 15.65 35.46 3.08
P51 18.31 14.69 16.50 37.38 5.80
P52 15.02 16.89 15.96 36.15 3.00
P53 10.37 10.19 10.28 23.29 0.29
P54 11.44 12.32 11.88 26.91 1.41
P55 1125 9.79 10.52 2383 234
P56 | 11.45 13.36 12.41 28.10 3.06
P57 | 11.39 11.87 11.63 26.35 0.77
P58 ] 10.06 13.79 11.93 27.02 5.98
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Appendix ITI-Total Folate Data - Red blood cells

D folatel X folate2 folate 3 mean meaa sD
(ng/g Hb) (ng/g Hb) (ng/g Hb) | (ng/g Hb) | (nmel'g H) )

RO 337 1.79 1.33 2.16 4.90 243
Rl 2.81 222 1.90 231 5.24 1.05
R2 3.19 1.58 1.29 2.02 4.58 232
R3 231 2.18 1.83 21 4.77 0.55
R4 345 341 2.75 2 726 0.89
RS 1.96 235 1.78 2.03 4.60 0.67
Ré 4.78 2.54 2.53 3.28 744 2.94
R7 4.24 2.65 2.06 2.98 6.76 2.55
R8 3.10 2.67 2.36 2.71 6.14 0.84
R9 2.18 2.76 221 238 540 0.75
R10 2.78 2.06 1.61 2.15 4.87 1.34
R11 2.73 2.36 1.92 234 529 0.92
R12 2.73 237 2.03 238 539 0.80}
R13 2.38 2.09 2.15 221 5.01 0.35
R14 2.23 2.16 2.05 2.15 4.87 0.21
RIS 2.11 298 2.17 2.42 5.48 1.10
R16 1.58 2.13 1.70 1.80 4.08 0.66
R17 291 3.10 2.52 2.84 6.44 0.67
R18 134 2.94 2.60 229 5.19 191
R19 121 292 2.63 226 5.11 2.07
R20 1.00 1.93 1.96 1.63 3.69 1.24
R21 1.02 2.19 231 1.84 4.17 1.62
R22 1.54 2.90 2.87 2.4 5.52 1.76
R23 2.12 231 2.11 2.18 4.94 0.25
R24 2.51 2.06 1.85 2.14 4.85 0.76
R25 1.17 3.15 1.64 1.9 4.50 235
R26 2.35 3.66 2.71 291 6.59 1.53
R27 229 1.69 1.09 1.69 3.83 1.35
R28 1.78 225 1.55 1.86 4.21 0.81
R29 2.53 3.80 2.86 3.06 6.94 1.49
R30 2.97 2.03 2.50 5.67 1.50§
R31 2.36 225 2.11 224 5.08 0.29
R32 207 2.58 232 527 0.81
R33 2.00 2.71 2.36 5.34 1.13
R34 2.08 2.48 2.28 5.17 0.64
R3S 1.90 1.66 1.78 4.04 0.39
R36 1.79 221 2.00 4.53 0.67
R37 2.00 1.49 1.74 3.95 0.83
R38 1.99 1.4 1.71 388 0.89
R39 2.76 2.56 2.66 6.03 0.33
R40 344 3.20 332 7.53 0.39
R4l 2.46 2.71 2.58 5.85 0.40
R42 2.80 4.45 3.63 8.22 2.64
R43 2.36 4.01 3.19 7.22 2.64
R4 f 1.95 3.78 2.87 6.50 292
R45 i 3.98 3.55 8.04 1.40
R46 2.76 4.04 340 1.7 2.05
R47 2.93 3.69 331 7.51 1.22
R48 292 4.34 3.63 8.22 228
R49 2.89 4.02 3.46 7.83 1.81
RS0 2.90 2.54 272 6.17 0.58
RS51 2.62 235 2.48 5.63 043
RS2 3.13 2.55 2.84 6.43 0.93
R53 297 4.29 3.63 8.22 211
R54 3.58 4.41 4.00 9.05 1.32
RSS 2.56 3.9 3.28 742 230
R56 2.46 4.67 3.57 8.08 3.54
RS7 3.51 4.59 4.05 9.18 1.74
R58 3.04 4.84 3.94 8.93 2.89
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Appendix ITI-Total Folate Data - Urine

l
folate 1 folate 3 mean

P gmiy | OWEIORD |y | gml) | pmevmyy | ST

uo 39.54 38.16) 41.99 39.90 90.39 6.17

ul 0.96 0| 0 0.32 0.72 0.40)

u2 191 [] 0 0.64 1.44 0.40

U3 372 0] 0 1.24 2.31 0.40

us 1.34 0 0 0.45 1.01 0.40

us 8.82 6.87 5.03 6.91 15.65 5.88]
U6 8.1 6.38 472 6.40 14.50 5.68|
u7 2.93 0.71 0.52 1.39] 3.14 4.03

us 7.74 2.12 1.96 3.94 8.93 8.24

U9 12.02 9.85 6.89 9.59 21.72 6.43

u10 12.03 9.95 6.7 9.56 21.66 10.82

Uil 31.99 19.34 12.04 2112 47.86 31.64

Uiz | 56.67 29.15 23.38 36.40 82.46 44.54

U13 791 3.76 3.28 4.98 11.29 15.65

Ul4 9.92 2.09 1.79 4.60 10.42 10.72

uls 5.78 429 3.36 4.48 10.14 3.85

u16 7.32 3.18 2.54 435 9.85 9.82

u1? 13.93 12.53 7.19 11.22 25.41 11.33

uis 4338 76.15 89.62 69.72 157.94 97.37

U19 128.81 205.6 248.6 194.33 440.27 221.78)
v 9.95 15.48 11.49 1231 27.88 12.32

v21 i 6.97 1.96 1.57 3.50 793 7.89

U2 1.64 4.16 4.75 3.52 797 3.60)

U23 21.32 9.84 10.75 13.97 31.65 14.38|
[ 46 5.77 47 5.02 11.38 3.03

u2s | 1.46 2.73 237 2.19 4.95 2.21

u6 7 11.42 8.76 9.06 20.53 722

v27 241 8.64 5.65 5.57 12.61 18.42

v28 5.6 9.2 10.32 8.37 18.97 11.67)

U29 5.46 11.62| 11.25 9.44 21.39 11.47)

U30 5.59 4.15 3.63 4.46 10.10 2.10

U3l 7.86 5.97 6.24 6.69 15.16 2.51

U32 6.84 13.1 9.53 9.82 225 12.66

U33 56.5 55.56 49.34 53.97 122.26 18.40|
Ul 6.35 14.91 13.45 11.57 26.21 14.82

uls 7.2 4.41 3.42 5.01 11.35 5.09

U | 513 20.62 17.4 29.77 67.45 2.4

us? 8.06 4.19 2.99 5.08 11.51 5.39

[ 8.33 12.52 9.14 10.00 22.65 7.79)

U39 3.39 1.78 1.51 2.39 5.42 4.70

U4 1.03 2.33 2.06 1.81 4.09 2.23

U4l | 4.97 4.74 3.08 426 9.66 2.79)

uaz | 373 5.5 2.27 3.83 8.68 5.63

(Y 1.49 183 325 2.86 6.47 4.17

Uds 3.7 437 43S 4.14 9.39 1.30

uss 4.09 4.54 5.2 4.62 10.46 2.04

U6 13.64 16.77 11.78 14.06 31.86 7.21

U47 8.16 2.94 2.19 4.43 10.04 8.02

U4s 10.28 5.47 2.96 6.24 14.13 9.20}
U4 | 538 2,01 1.42 2.94 6.65 7.46

Uso | 3.68 1.47 1.31 2.15 4.88 5.76

ust . 9.2 2.71 1.99 4.63 10.50 14.97

usz | 38.32 314 20.03 29.92 67.78 28.49

Us3 43.47 55.6 4427 47718 108.25 23.94

US4 67.09 118.1 91.41 92.20 208.88 110.62

Uss 12.64 3.55 2.68 6.29 14.25 22.46

Usé 9.35 11.93 5.39 9.06 20.52 15.48]
us? 8.99 131 392 [ 12.25 6.93]
uss | 11.07 4.12 331 6.17 13.97 9.44)
usy | 3.22 1.62 2.42 5.48 3.62

uso ! 472 2.49 3.61 8.17 4.46

usl 11.77 467 822 18.62 20.44)

ue2 | 21.99 12.03 17.01} 38.54 2593
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Appendix ITI-Total Folate Data - Feces

folate 1 folate 3 mean mean

P (agmyy |fe20emb)) ont) | @gml) | (amomL) S-D-

FO 2539 106.0 77.78 145.89 0.331 0.214
F1 187.3 104.9 100.2 130.80 0.296 0.111
F2 367.4 2713 196.4 278.37 0.631 0.194
F3 3443 146.6 96 195.63 0.443 0.297
F4 261.9 92.2 58.64 137.59 0.312 0.247
F5 152.7 120.1 106.90 126.57 0.287 0.053
F6 431 207.5 133.5 257.33 0.583 0.351
F7 301.9 191.0 100.3 197.73 0.448 0.229
F8 290.2 342.2 2159 282.77 0.641 0.144
F9 329.2 277.6 175.3 260.70 0.591 0.177
F10 430.6 357.6 265.2 351.13 0.795 0.188
F11 222.6 191.4 109.2 174.40 0.395 0.133
F12 419.2 380.7 286.8 362.23 0.821 0.154
Fi3 3422 2229 1154 226.83 0.514 0.257
F14 380.1 229.6 95.5 235.07 0.533 0.323
F15 402.8 287.2 2225 304.17 0.689 0.207
F16 443.0 250.5 199.3 297.60 0.674 0.291
F17 280.9 100.5 314 137.60 0.312 0.292
F18 414.2 348.4 236.8 333.13 0.755 0.203
F19 254.8 263.2 234.2 250.73 0.568 0.034
F20 272.6 329.4 301.3 301.10 0.682 0.064
F21 262.9 150.3 86.8 166.67 0.378 0.202
F22 347.7 304.4 158.9 270.33 0.612 0.224
F23 293.4 229.7 183.1 235.40 0.533 0.125
F24 3343 296.7 354.5 328.50 0.744 0.066
F25 213.8 228.1 247.7 229.87 0.521 0.039
F26 265.2 218.0 221.1 234.77 0.532 0.060
F27 235.3 174.7 155 188.33 0.427 0.095
F28 3754 245.1 184.1 268.20 0.608 0.221
F29 394.6 3235 184.4 300.83 0.682 0.242)
F30 440.7 269.6 201.90 304.07 0.689 0.279
F31 435.7 371.8 217.90 341.80 0.774 0.254
F32 i 446.3 295.2 105.10 282.20 0.639 0.387
F33 | 417.3 308.7 242.50 322.83 0.731 0.200
F34 472.2 354.2 203.90 343.43 0.778 0.305
F35 438.7 415.40 427.05 0.967 0.037
F36 216.2 178.40 197.30 0.447 0.061
F37 4289 415.70 422.30 0.957 0.021
F38 312.7 274.80 293.75 0.665 0.061
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Appendix IV-Calculations for Plasma

14C-FA per
Sample Day Modera % Carbon | mL plasma |S.D. (fmol/mL)
(fmol)
0.000 1.0986 4.29 0.00 0.00
Pl 0.007 1.4180 444 69.84 1.00
P2 0.016 2.1278 4.49 227.63 2.53
P3 0.025 2.6242 4.24 318.99 2.28
P4 0.035 2.8869 4.28 377.25 0.50
PS 0.043 3.0623 447 432.50 3.22
P6 0.058 2.9019 4.61 409.82 19.91
P7 0.074 3.1218 4.38 436.42 9.32
P8 0.085 3.1381 4.53 455.18 8.14
P9 0.102 2.8664 4.83 420.47 24.94
P10 0.123 3.0426 451 432.00 15.08
P11 0.142 2.9428 4.31 392.02 3.94
P12 0.162 2.9002 427 379.24 7.68
P13 0.183 2.7992 437 366.29 8.06
P14 0.204 2.7446 434 351.85 2.74
P15 0.225 2.6178 433 324.35 3.11
P16 0.267 2.6030 4.36 323.41 5.39
P17 0.308 24172 4.33 281.64 0.98
P18 0.352 2.2015 4.43 240.70 3.12
P19 0.432 2.0439 4.31 200.89 3.06
P20 0.500 2.0449 4.36 203.40 11.93
P21 0.622 1.8132 4.24 149.14 2.74
P22 0.742 1.6402 4.23 112.87 2.65
P23 0.867 1.6121 3.97 100.47 0.72
P24 0.992 1.5534 4.31 96.62 3.12
P25 1.193 1.5352 4.41 94.84 1.44
P26 1.50 1.4758 4.60 85.50 4.74
P27 2 1.3652 4.32 56.69 1.64
P28 3 1.3752 4.74 64.57 1.15
P29 4 1.3147 4.26 45.32 0.47
P30 5 1.2417 4.15 29.23 0.55
P31 8 1.2506 4.33 32.42 0.55
P32 12 1.2350 4.37 29.37 0.36
P33 15 1.1899 429 19.30 0.24
P34 19 1.2016 4.39 22.28 0.34
P35 22 1.2703 4.42 37.42 0.58
P36 25 1.2391 4.63 32.02 0.56
P37 29 4.39
P38 33 4.50
P39 40 1.2142 4.52 25.77 1.68
P40 47 449
P41 54 4.65
P42 61 1.1680 4.40 15.03 0.03
P43 67 4.59
P44 74 4.40
P45 96 1.1545 447 12.31 0.13
P46 103 1.2018 4.45 22.61 1.65
P47 110 1.1480 4.56 11.09 0.08
P48 117 1.1208 4.50 4.93 0.21
P49 124 1.1478 444 10.77 0.21
PS50 130 1.1813 4.38 17.86 0.15
P51 139 1.1310 4.56 7.28 0.01
P52 145 1.1759 4.53 17.25 0.74
P53 152 1.1196 4.52 4.68 0.03
P54 159 1.1225 4.55 5.36 0.19
PSS 166 1.1200 4.38 4.61 0.05
P56 173 1.1035 4.46 1.07 0.01
P57 187 1.1153 4.38 3.60 0.08
P58 201 1.0946 4.55 -0.89 -0.02
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Appendix V-Calculations for Red blood cells

Sample Day Modern %C “:L mx‘:l f:n‘ﬁ',"""'“‘; SD.
RO 0.00 1.1137 7.07 0.137 0.0 69.7
R1 0.01 1.1525 5.23 0.090 113.6 120.0]
R2 0.02 1.1585 5.07 0.086 1328 33.4]
R3 0.03 1.1459 5.75 0.098 95.5 28.0|
R4 0.03 1.1480 4.89 0.084 102.0 66.9
RS 0.04 1.1535 5.99 0.104 114.2 11.8
R6 0.06 1.1624 5.41 0.093 139.7 343
R7 0.07 1.1631 5.01 0.086 145.0 0.2
R8 0.09 1.1714 4.93 0.085 166.1 0.0
R9 0.10 1.1418 4.99 0.086 81.4 38.4
R10 0.12 1.1657 5.63 0.096 150.6 447
RI11 0.14 1.1505 4.67 0.084 102.5 21.9
RI12 0.16 1.1588 5.74 0.096 130.4 83.8
R13 0.18 1.1395 4.96 0.087 76.7 16.8
R14 0.20 1.1807 4.46 0.076 199.4 65.4
R15 0.23 1.1465 5.01 0.087 933 63.9
R16 0.27 1.1456 5.34 0.091 90.5 49.2
R17 0.31 1.1460 4.58 0.077 94.7 26.1
R18 0.35 1.1347 5.28 0.091 61.9 214
R19 0.43] 1.1244 5.56 0.094 30.9 29.8
R20 0.50 1.1560 5.80 0.103 119.6 101.8
R21 0.62 1.1723 5.27 0.088 1737 0.0]
R22 0.74 1.1338 4.40 0.076 58.3 3.7
R23 0.87 1.1507 5.17 0.079 119.9 16.8
R24 0.99 1.1259 5.97 0.101 35.1 16.8
R2S 1.19 1.1526 5.55 0.093 113.6 44.6
R26 1.50 1.1278 4.72 0.078 412 30.7
R27 1.99 1.1229 6.95 0.119 26.9 97.1
R28 2.99 1.1210 6.63 0.113 21.4 11.9
R29 3.98 1.1993 5.41 0.093 252.6 60.7
R30 4.96 1.2933 5.69 0.098 529.7 108.4
R31 7.98 1.4246 6.01 0.088 1040.5 10.9
R32 11.98 1.5313 7.89 0.137 1228.8 51.2
R33 14.97 1.5608 6.41 0.110 1316.8 89.8
R34 19.00 1.6726 7.97 0.136 1650.9 143.9
R3S 21.99 1.6240 7.52 0.130 14927 475
R36 25.19 1.6568 10.01 0.169 1627.6 37.0|
R37 28.98] 1.6610 12.61 0.210 1650.1 2381
R38 3324 1.6883 8.97 0.152 1699.0 295.4
R39 40.19 1.6940 8.68 0.149 1723.4 177.9
R40 4720 1.6462 927 0.151 1558.0 45.8
R4l 54.20 1.5601 7.80 0.133 1575.2 76.0]
R42 61.19 1.6028 8.30 0.143 1339.2 92.5
R43 67.37 1.5293 9.75 0.165 1057.0 69.3
R44 7423 1.6004 9.39 0.159 1519.3 96.4
R45 96.23 1.5414 7.83 0.132 1505.2 54.9
R46 103.23] 1.6016 8.36 0.142 1333.1 133.9
R47 110.23] 1.4933 7.53 0.127 1234.1 26.1
R48 117.35 1.4553 7.79 0.135 942.5 429
R49 124.36 1.4116 7.29 0.120 953.3 17.0
RS0 130.35 1.4133 8.75 0.153 708.9 16.7
RS1 139.35 1.3742 10.62 0.141 802.5 107.5
R52 145.36 1.3397 8.64 0.155 765.2 30.9
RS3 152.35 1.2976 8.97 0.159 493 8 219
RS54 159.37 1.2880 7.63 0.127 609.9 39.6
RSS 166.35 1.2692 8.71 0.144 408.0 96.1
R56 173.36 1.2505 8.95 0.130 454.2 734
RS7 187.37 1.2202 7.87 0.110 42738 146.9
RS58 201.36] 1.2229 9.83 0.123 346.1 3.8
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Appendix VI-Calculations for Urine

Cumulative | Cumulative
Sample Day Modern Mass (g) %C 14C-FA pmol S.D. 14C-FA SD.

Uo 0 1.1657 1403.0 0.471 0.00 0.0 0.0 0.0)
Ul 0.25 31.6966 756.1 0.333 379.97 10.5 380.0 10.5
U2 0.50 10.2944 281.5 0916 116.46 7.2 496.4 17.7]
U3 0.75 8.3004 2344 0.885 73.26 6.5 569.7 242
U4 1 7.6853 772.1 0.265 65.96 4.6 635.7 28.8
Us 2 5.8687 1368.6 0.588 187.18 6.3 822.8 35.1
Ué 3 4.4984 1484.4 0.439 107.52 1.9 930.4 37.0
u? 4 4.4061 1327.5 0.702 149.34 3.8 1079.7 40.8
U8 5 3.9608 1104.3 0.899 137.39 11.2 1217.1 52.1
U9 6 4.1438 1101.9 0.953 154.69 16.4 1371.8 68.5
Ul10 7 4.1560 1777.4 0.490 128.77 6.0 1500.6 74.4
Ull 8 4.5597 1383.6 0.742 172.43 22.5 1673.0 97.0
uUl2 9 6.2084 1105.2 0.957 263.94 18.0 1936.9 114.9
U13 10 3.9737 27133 0.366 137.89 8.6 2074.8 123.5
Ul4 11 4.0764 1026.6 0.982 145.27 6.9 2220.1 130.4)
Ul1s 12 42110 1392.1 0.682 143.08 39 2363.2 1343
Ul16 13 3.9737 1670.2 0.586 136.00 2.8 2499.2 137.1
uU17 14 4.7551 1405.8 0.596 148.78 6.1 26479 143.2
Ul18 15 6.5613 1807.2 0.570 275.18 322 2923.1 175.4
uUl19 16 7.0118 1613.0 0.647 302.10 19.4 3225.2 194.8
U20 17 4.5922 1905.7 0.486 157.17 5.8 33824 200.6
U21 18 4.4936 1156.6 0.863 164.46 5.7 3546.8 206.3
U22 19 4.5284 963.3 1.019 163.39 11.5 3710.2 2179
U23 20 4.5571 994.4 1.095 182.72 22.5 3892.9 240.4
U24 21 4.4209 2059.0 0.491 163.01 3.3 4056.0 243.6
U25 22 4.2073 1490.0 0.684 153.50 0.8 4209.5 244.5
U26 23 4.0257 1432.8 0.634 128.64 19.3 4338.1 263.8
u27 24 3.9403 2609.0 0.409 146.57 5.3 4484.7 269.1
U28 25 4.5924 2088.1 0.496 175.69 9.4 4660.4 278.5
U29 26 4.3957 1466.0 0.673 157.78 6.4 4818.1 284.8
U3o0 27 4.2291 914.0 1.183 163.92 2.5 4982.1 287.3
U3l 28 3.8592 1082.5 0.881 127.20 0.3 5109.3 287.6
U32 29 3.8994 1779.6 0.532 128.04 0.5 5237.3 288.0|
U33 30 3.7043 2253.2 0.423 119.65 0.0 5357.0 288.0|
U34 31 4.3986 1428.5 0.631 14421 3.2 5501.2 2912
U35 32 3.8963 1147.2 0.959 148.61 1.2 5649.8 292.5
U36 33 4.5799 1000.9 1.017 171.93 7.3 5821.7 299.8
U3? 34 3.8027 897.2 1.093 127.94 23.1 5949.6 322.9
U38 35 3.7164 1548.1 0.688 134.55 3.8 6084.2 326.7
U39 36 3.9222 1592.2 0.586 127.19 0.3 6211.4 327.0}
U40 37 3.6252 1431.8 0.711 123.83 10.5 6335.2 337.5
U4l 38 3.1148 1192.6 0.983 113.14 12.8 6448.4 350.4
U42 39 2.8955 1536.0 0.801 105.26 7.9 6553.6 358.3
U43 40 3.4908 1509.0 0.773 134.27 2.9 6687.9 361.2
U44 41 3.0848 1532.7 0.777 113.11 14.6 6801.0 375.9
U45 42 3.3575 1579.7 0.778 133.35 2.1 6934.3 3779
U46 63 3.8719 1261.8 0.687 116.10 10.3
U47 64 2.7443 1088.9 1.003 85.30 9.7
U48 65 2.5551 1091.6 1.016 76.27 9.0
U49 66 2.3471 1540.9 0.735 66.24 153
Uso 67 2.8860 1919.7 0.516 84.32 8.0
Us1 68 3.0684 1663.8 0.609 95.42 0.2
Us2 69 3.3579 1361.6 0.671 99.18 7.0
Us3 70 2.9125 1557.4 0.655 88.17 139
Us4 71 3.3845 1913.8 0.521 109.54 3.8
USS 72 2.9417 1796.9 0.489 77.16 1.7
Usé6 73 2.7819 2254.0 0.375 67.68 1.8
Us7 74 2.7384 981.6 1.099 83.95 2.7
US8 75 2.8243 976.9 1.110 89.03 9.7
Us9 174 1.8244 1414.0 0.737 33.97 3.5
U60 175 1.8473 1248.0 0.742 31.24 1.8
U61 176 1.7977 1797.0 0.293 16.47 0.8
U62 177 1.7492 1625.0 0.716 33.60i 3.1
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Appendix VII-Calculations for Feces

Total 14C-folate cumulative
Massof | KOH !
Sample | Days | Modern | collection -M:d ﬂ" C.:‘b- ) “"'l SD. “ﬁ:-“f’” ' "‘"s':n".""‘
® (=L) ® (amel) (omel)
Fo 0.00 112471 1544]  1400] 15544 0.965 0.000] 0,002 0000 0002
F1 T04] 844337 1445] 1000 11445 1.003 4714|0201 2714 0203
2 305] 630700 2226|1000 12226 1.132 2223 0.601 $.937 0.804
P 2.10 525191 180.3] _ 1000] 11803 1125 0270 0.030 9207 0.030
F4 501 5.3858 1442] 1000] 11442 0.873 0210 0014 9417 0.044
Fs 6.45 320270 1204 1000 11204 0.938 0.108] 0,001 9.524 0.045
F6 797 3.0809]  189.8] __1000] _ 1189.8 1,088 0.125| __0.009 9,649 0.054
F7 $.99 23421] 2599|1000 1259.9 1.023 0.077] 0,002 9.726 0.056
F8 L1 76449 2333] _1000] 12333 1202 0.111] 0,002 9.838 0.058
9 13.04 220471 241.6] 1000 12416 1.189 0079 0020 9916 0.078
F10 15.08 20478]  2200] __1000] 12200 1.135 0.063] 0,005 9979 0.084
Fll 1624 18610] 1728|1000 11728 1.054 0.045] 0002 10.024 0.086
12 18.08 1.9702]  289.9] 1000 12899 1238 0.067] __0.006] 10090 0.091
3 19.95 23730 2544 1000] 12544 1147 0.089] 0010 10.179 0.101
Fla 21.40 23495 180.5] 1000] 11805 1299 0093 0008 10272 0.109
FIs 79 2.1959] 2320 1000 1232.0 1119 0.073] 0016 10344 0.125
Fi6 24.81 2.0292] 3225 1000 13225 1.186 0.070] __0001] 10414 0.126
17 36.79 180671 203.8] 1000 12038 1157 0.047] 0004 10461 0.131
FIS 78.90 1.8554]  2993]  1000] 12993 1.196 0.056] 0003 10517 0.134
F19 30.32 o864 1771]  1000] 11771 0.984 0.032] 0006 10549 0.141
F20 31.95 T6342]  2245]  1000] 12245 1262 0.039] 0002 10.588] _ 0.142
21 3391 1.6787] 1992|1000 11992 1147 0.038] 0000 10625 0.143
22 35.90 1.8190] 3065 1000 13065 1195 0053 0024 10679 0.167
F23 37.94 1.5858] 1824 1000] 11824 1.021 0.027] 0002 10.706 0.169
24 39.00 1.6805] 2393|1000 12393 1.035 0.035] 0001 10741 0.170
F25 4035 15389 219.1] 1000 _ 1219.1 1457 0036 __0010] __10.778 0.180
F26 21.39 1.7626] _ 205.0] __1000] 12050 1073 0.041] 0004 10818 0.184
727 4326 1.6674]  2039]  1000] 12039 0.928 0,030 0.001] __ 10.848 0.185
F28 65.03 1.6015| 2304/ __1000] 12304 1.365 0.039] _0.008 ;
F29 67.02 17224 1976 1000 11976 1.400 0.049] 0.001
F30 68.40 16167 1674] _1000] 11674 1115 0.032] 0004
il 70.08 16530 2079] 1000 12079 1.130 0036 0,003
72 72.03 T6078]  222.6]  1000]  1222.6 1397 0.041] 0001
33 73.36 1.8942]  1419] 1000 11419 0.965 0.042] 0021
34 75.08 1.5848] 3037 1000] 13037 1255 0.037] __0.002
F35 1744 12231 2260|1000 12260 3252 0.019] 0001
F36 176.1 1.1955 1840 1000] 11840 1.736 0.007] __0.003
37 1771 L1901 2430, 1000 __1243.0 1.532 0.006] 0002
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APPENDIX VIII - Radiation Exposure

Common Radiation Exposure (Natural & Human Made)

One Coast-to-Coast Airline Flight 3 mrem
Natural Background Radiation in the U.S. 150-300 mrem / yr
Chest Radiograph A/P View 15-25 mrem / view
Chest Radiograph Lateral View 50-65 mrem / view
Computerized Tomography 2,000-6,000 mrem

Radiation Exposure Limits and Guidelines

Target Regulatory Limit UC Davis Guidelines | 4C-folic acid study
Tissue (mrem / yr) (mrem / yr) (mrem)
Whole Body 5,000 2,500 1
Extremities 50,000 25,000 n/a

Fetus 500 50 n/a

Biologically Significant Radiation Exposures

Risk of Contracting Cancer Increases by 0.09 % 1,000 mrem
Temporary Blood Count Change 25,000 mrem
Permanent Sterilization in Women 250,000 mrem
Permanent Sterilization in Men 100,000 mrem
Cataract Formation 600,000 mrem
Skin Erythema 300,000 mrem

Source: UC Davis Environmental Health and Safety
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