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Abstract

Monitoring of folate status as part of population surveys requires accurate
laboratory methods. Although the microbiologic folate assay is considered a “gold
standard”, there is no standardised procedure. Laboratory-specific procedural
differences in the assay can result in considerable variation in blood folate results,
and reduce comparability over time and between laboratories. The aim of this
research was to evaluate some of the analytical issues that may influence the
accuracy of the chloramphenicol-resistant microbiologic assay procedure within
our laboratory. A secondary objective was to compare whole blood folate
concentrations

measured

by

the

microbiologic

method

with

liquid

chromatography-tandem mass spectrometry (LC-MS/MS).
EDTA blood samples were collected from 73 healthy adult participants aged 1865 years. Total folate in plasma and whole blood were measured by the
microbiologic assay using different calibrators (5-methyltetrahydrofolate [5methylTHF], Sigma folic acid and Merck folic acid), and sample dilutions of 1/40
and 1/80 for plasma folate and 1/800 and 1/1600 for whole blood folate. Whole
blood folate species (5-methylTHF, 5,10-methenylTHF, THF, and folic acid) in
the same samples were measured by LC-MS/MS. Ordinary linear regression and
Pearson correlations were used to compare dilutions and to compare the
microbiologic assay results with LC-MS/MS. Bland-Altman relative bias was also
calculated to compare the microbiologic assay results with LC-MS/MS.
5-MethylTHF produced the highest microbiologic assay calibration curve,
followed by Merck folic acid and then Sigma folic acid. The relationship between
dilutions was significantly non-linear, with a second order polynomial regression
best fitting the data (P < 0.01 for the b2 coefficient). Using 5-methylTHF as a
calibrator, the lowest median folate concentrations were obtained with the higher
plasma (1/80) and whole blood (1/1600) dilutions, compared with the Sigma folic
acid calibrator and lower plasma (1/40) and whole blood (1/800) dilutions, which
resulted in the highest median folate concentrations. Between these two
conditions, there was a 2.8 fold difference in the median plasma folate
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concentration (9.9 nmol/L versus 28.1 nmol/L) and a 2.1 fold difference in the
median whole blood folate concentration (220 nmol/L versus 467 nmol/L). No
significant difference between LC-MS/MS and microbiologic assay whole blood
folate values was found when 5-methylTHF was used as a calibrator and a
dilution of 1/1600 was used (slope 1.05, P = 0.308, and intercept -21, P = 0.159).
The poorest agreement between LC-MS/MS and the microbiologic assay was
found when the Sigma folic acid calibrator and a dilution factor of 1/800 were
used (slope 2.69, P < 0.001, and intercept -156, P < 0.001). In this case, the
Bland-Altman relative bias was 100% (95% limit of agreement 34% to 166%).
Differences in blood folate concentrations between dilutions indicate a sample
matrix effect, which may be another source of variation in blood folate
concentrations amongst laboratories. Such differences could lead to differences in
folate status interpretation. Overall, our whole blood folate results showed good
agreement between the LC-MS/MS and the microbiologic assay at higher
dilutions and with the use of 5-methylTHF as the microbiologic assay calibrator.
If the microbiologic assay is used, 5-methylTHF should be used as a calibrator,
given that it is the main form of folate in blood. Better harmonisation of methods,
and preferably standardisation of folate assays is needed in order to ensure
comparability amongst laboratories.
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Accuracy
Closeness of agreement between a measured quantity value and a true quantity
value of a measurand (1)

Higher-order reference method/procedure
A measurement procedure that has been accepted by the Joint Committee of
Traceability in Laboratory Medicine that provides unambiguous analyte
identification and confirmation.

Linearity
The ability (within a given range) to provide results that are directly proportional
to the concentration of the analyte in the test samples. Linearity does not require
the instrument response (e.g. change in absorbance with concentration) to be
linear, however it requires that measured quantity values generated from the
instrument response are linearly proportional to the actual concentration of the
measurand (2, 3)

Linear dynamic range
The concentration range for which the measurement procedure gives linear
(proportional to the concentration of the analyte) or acceptably linear results
(within a predetermined range of acceptable error) (3)

Matrix effect
Interference by a compound(s) specific to the composition of the specimen (e.g.
plasma, serum) that affects the relation between the quantity provided by the
measurement procedure and the actual quantity attributed to the measurand (1, 4)
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Measurand
Quantity intended to be measured (1)

Precision
Closeness of agreement between measured quantity values obtained by replicate
measurements on the same or similar objects under specified conditions (1)

Traceability
Property of a measurement result whereby the result can be related through to a
reference through a documented unbroken chain of calibrations, each contributing
to the measurement uncertainty (1)
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Introduction

Folate is an umbrella term used to describe a class of bioactive vitamin
compounds structurally similar to folic acid. These compounds are interconverted
through one-carbon metabolism pathways and can exist in a number of different
forms in biological samples (5-7). Folic acid is the most oxidised form and is
converted to tetrahydrofolate (THF) prior to entering one-carbon metabolism.
Folic acid is only found in the blood samples of individuals who consume high
amounts, either from supplements or fortified foods (8). Reduced folates are less
stable and can interconvert in samples dependent upon pH, temperature, and
oxygen and light exposure (6). Thus the analysis of folate in biological samples is
complex. There are a number of methods that have been developed for the
measurement of folate in biological samples, however comparability of results
generated by different methods has been poor (9-11).
Historically, the microbiologic method, introduced in 1959, was the first method
developed for the measurement of folate status (12). The development of a
chloramphenicol-resistant strain of Lactobacillus rhamnosus, formerly known as
L. casei, and use of a 96-well method has resulted in a more robust and efficient
assay (13, 14). Commercial radioassays and competitive binding assays were
introduced from the 1970s onwards as simpler methods for use in clinical
laboratories (15). They are known to bind to different folate species with different
affinities, adversely affecting the accuracy of these methods. The microbiologic
assay was shown to respond the same to all forms of folate by a number of
laboratories during the 1970s to ‘80s (16, 17). As a result, the microbiologic
method has long been considered the “gold-standard” for defining accuracy.
However, quality assurance schemes in which the same tissue samples are tested
by a number of different laboratories using laboratory-specific microbiologic
procedures have shown substantial differences in folate concentrations (9, 11).
This is problematic as the microbiologic assay is often employed by researchers
and has been used to establish values for optimal folate status and deficiency cutoffs (18, 19). Furthermore, inconsistencies between laboratories employing the
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microbiologic assay can lead to difficulties in interpreting folate status if these
assays are assumed to provide equivalent results. This is particularly concerning
for countries that use the microbiologic assay in national surveys for monitoring
of population folate status.
While a number of studies have investigated reasons for disagreement between
radioassay methods (17, 20, 21), only one study has been conducted to determine
potential sources of disagreement amongst laboratories using microbiologic
methods (11). In this study, variability in the microbiologic assay procedures was
noted. In particular, the use of different microorganisms (the wild-type and
chloramphenicol-resistant L. rhamnosus) and assay calibrators (5-methylTHF, 5formylTHF and folic acid) were concluded to be the main causes for considerable
differences in blood folate concentrations between laboratories. The results from
this study highlighted a need for guidance on specific microbiologic assay
procedures. The authors concluded that to ensure accuracy and comparability of
results across time and laboratories, better assay harmonisation is needed.
Recent advances in folate analytical methodology, including the development of
liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods, are
aimed towards the standardisation of folate measurement procedures. Moreover,
while the microbiologic assay measures only total folate, LC-MS/MS methods are
capable of measuring folic acid as well as other individual forms of folate in
serum and whole blood (22, 23). Data on folate species are useful for the study of
polymorphisms and their disease risk, and in monitoring the presence of
circulating unmetabolised folic acid associated with food fortification and
supplement use (24, 25). The Joint Committee of Traceability in Laboratory
Medicine (JCTLM) is an international organisation that assesses the suitability of
higher-order reference methods in the field of clinical chemistry. The LC-MS/MS
method developed by the Centers for Disease Control and Prevention (CDC) for
measurement of 5-methylTHF, 5-formylTHF, and folic acid in serum has been
approved by the JCTLM as a reference measurement procedure (26). The validity
of the whole blood folate LC-MS/MS method, however, has been questioned due
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to differences in whole blood folate concentrations derived using LC-MS/MS and
the microbiologic assay (25).
The primary aim of this research was to evaluate some of the analytical issues that
may influence the accuracy of the chloramphenicol-resistant L. rhamnosus
microbiologic assay and interpretability of plasma and whole blood folate results.
In considering the integral role of LC-MS/MS in standardisation, a secondary aim
was to compare the sum of whole blood folate species analysed by LC-MS/MS
with total whole blood folate measured by microbiologic assay.
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Literature Review

2.1 Folate chemistry and metabolism
2.1.1 Chemistry
Folate is a general term used for a family of related compounds which are made
up in structure of a pteridine ring, para-aminobenzoic acid (pABA) and one
(mono) or more (poly) glutamate residues (Figure 2.1) (27). Folic acid is a
structural isomer with one chiral centre. The L-configuration of folic acid is the
biologically active form. Folic acid is a synthetic form of folate, which is
converted to dihydrofolate (DHF) and then to tetrahydrofolate (THF) by
dihydrofolate reductase in order to be utilised. The addition of hydrogen to folic
acid to form THF results in a second chiral centre. Again, it is the L-configuration
at this centre that is biologically active (28). Addition of one-carbon units to
nitrogen at either the 5 and/or 10 positions of the pteridine ring of THF result in
the various forms of folate, also known as folate vitamers.

2.1.2 Sources and bioavailability
Dietary sources rich in folate include green leafy vegetables, citrus fruits, cereal
and cereal products, liver, kidney, and yeast extracts. Other foods containing some
folate that are eaten in large amounts such as potatoes and dairy products also
supply a substantial proportion of folate within the diet (27, 29). The predominant
forms of folate within foods are 5-methylTHF and its oxidated product 5-methyl5,6-DHF, 5- and 10-formylTHF, which are found in animal foods, and folic acid,
which is a stable, synthetic folate form found in fortified foods.
The bioavailability of folates naturally occurring in food is approximately 50%,
while the bioavailability of folic acid added to fortified food is estimated to be
85%. These differences in bioavailability have lead to the use of dietary folate
equivalents (DFE). A DFE of 1 µg is equivalent to 1 µg of naturally occurring
folate in food, or 0.5 µg of folic acid on an empty stomach, or 0.6 µg of folic acid
4

with a meal, or from fortified food. The recommended dietary intake for an adult
is 400 µg DFE per day (19).
Bifidobacteria within the colon are able to synthesise folate from pABA and may
supply a source of bioavailable folate (30-32). Labelled folate has been recovered
from liver and urine samples of piglets given a dose of labelled pABA delivered
to the caecum, indicating the absorbance of folate synthesised by bacteria in the
colon (30). In humans folate has been shown to be absorbable through the colon.
Labelled 5-formylTHF delivered to the caecum resulted in an increase in labelled
5-methylTHF in plasma with a rate of appearance of 0.6 ± 0.2 nmol/h (31).
Although the rate of absorption is slow, there may be large amounts of folate
present within the colon available for absorption, which unlike food folates that
are delivered only at meal times, are consistently available (31, 33). Consumption
of foods that promote the growth of folate producing bacteria, such as non-starch
polysaccharides may also increase folate status (34).

2.1.3 Absorption
The absorption of dietary folate occurs mostly within the proximal jejunum of the
intestine. Folic acid from fortified foods is in the monoglutamate form and can be
absorbed intact from the intestinal lumen into circulation. Naturally occurring
food folates are polyglutamylated and must be metabolised at the brush border of
the intestinal lumen prior to absorption. The enzyme glutamate carboxypeptidase
II is located on the brush border of the intestine and hydrolyses polyglutamylated
folates to monoglutamate forms. In the monoglutamate form, folate is taken up by
the proton coupled folate transporter (PCFT) and transported into the intestinal
cells. The PCFT is a transmembrane folate carrier located on the brush border of
the jejunum and duodenum and is responsible for most of the intestinal absorption
of folate. Much of the folate that is consumed is metabolised to 5-methylTHF
within the intestinal cells before crossing into the portal vein. However, at high
doses, folate can appear in circulation in the form that it was consumed (35, 36).
Once folate has entered circulation, the distribution and accumulation of folate
throughout the body occurs through transport via a number of different receptors.
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2.1.4 Transport
The protein coupled folate transporter (PCFT)
The PCFT is expressed not only in the intestinal tract, but is expressed at high
levels in the kidneys, liver, placenta and spleen, as well as in the brain, testis and
lungs (36, 37). The PCFT has a high affinity for both folic acid and reduced
folates and transport is most efficient at pH 5.5. Although the PCFT has a high
affinity for folates at pH 5.5, transport of folates also occurs at pH 7.4 (37).
Mutations that result in a loss of function of the PCFT are implicated in hereditary
folate malabsorption (HFM). HFM results in macrocytic anaemia, failure to thrive
and low folate levels in the cerebrospinal fluid causing seizures (37).

The reduced folate carrier 1 (RFC1)
The RFC1 is a transmembrane protein, which is ubiquitously expressed (36, 37).
The RFC1 has a fairly low affinity for reduced folates, in the micromolar range,
and a very low affinity for folic acid. Although the RFC1 has an affinity for
folates within the micromolar range, the concentration of folate within plasma is
in the nanomolar range and the RFC1 is not saturated under these conditions.
Transport of folate by the RFC1 is optimal at pH 7.4 and is essentially inactive
below pH 6.5. Transport occurs via the exchange of organic anions, particularly
adenine, making transport of folate by the RFC1 mostly unidirectional. The RFC1
is particularly important during embryonic development and loss of function of
the RFC1 is lethal (37).

The folate receptor (FR) family
The FRs are also known as folate-binding proteins. The FR family consists of
FR!, FR", FR# and FR!, which are high-affinity FRs with an affinity for folate in
the nanomolar range (36, 37). Unlike the transmembrane receptors, the FRs are
surface proteins (with the exception of FR# which is a secreted protein) that bind
to folate on the cell surface and form vesicles that become internalised within the
6

cell. Under acidic conditions the vesicles release folate into the cell. FR! is
expressed on the membrane of epithelial tissues in the placenta, the proximal
tubules of the kidney, retinal pigment epithelium, and the basolateral membrane
of the choroid plexus. It is also expressed in other epithelial cell types and in
erythropoietic cells. FR! is often upregulated in epithelial cell type cancers. FR"
is expressed in haematopoietic cells and tissues including the spleen and thymus
and is upregulated in some types of leukaemia. FR" is also expressed in the
placenta, however deletion of FR" is not embryonic lethal. FR! is expressed on
regulatory T cells.

The mitochondrial folate transporter
The mitochondrial folate transporter is a transmembrane protein that facilitates the
transport of reduced folates into the mitochondrion. The mitochondrial folate
transporter does not transport folic acid (36).

Multidrug resistance associated protein (MRP)
The MRP is family of membrane transporters that transport organic anions. They
may be responsible for transport of folate and monoglutamates and breakdown
products out of cells (36, 38). In mice, MRP3 has been identified as a transporter
of oxidised folates from the intestinal cell through the basolateral membrane into
portal circulation (37).

2.1.5 Tissue accumulation
After absorption through the intestinal lumen, folate is shuttled to the liver via the
portal vein. Folate is transported in plasma in the form of 5-methylTHF
monoglutamate. Approximately 30 – 40% of folate in plasma is bound to low
affinity binding proteins (27). Accumulation of folate within cells is dependent
upon the addition of glutamate chains by the enzyme folylpoly-#-glutamate
synthetase. The most effective substrates for folylpoly-#-glutamate synthetase are
THF and DHF. 5-MethylTHF is a poor substrate for folylpoly-#-glutamate
7

synthetase and must first be metabolised to THF for polyglutamylation to occur.
The addition of at least two glutamate chains to form a triglutamate is necessary
to retain folate within the cell, as folates that are mono- or di-glutamates can be
transported back out of the cell (36, 38). The mitochondrion also expresses
folylpoly-#-glutamate synthetase activity and folate within the mitochondrion
tends to have longer glutamate chain lengths than folate within the cytosol (36). In
some cell types, the mitochondria contain up to 50% of the cellular folate (36).
The remaining folate is found within the cytosol, and the nucleus contains very
small amounts of folate (39). The distribution of folate forms between the cytosol
and the mitochondria is different. In the cytosol the predominant form of folate is
5-methylTHF, while the mitochondria contain much higher amounts of
formylated THFs and THF (39).

Liver hepatocytes
The basolateral membrane of the liver expresses high levels of PCFT. At pH 7.4
the transport of 5-methylTHF by PCFT is considerably low, however it is possible
that the pH at the basolateral membrane of the liver hepatocytes is more acidic.
The basolateral membrane of the liver also expresses a Na+/H+ exchanger and
transport of 5-methylTHF has been shown to be dependent upon an H+ gradient
across the cell membrane (37, 40).
The liver takes up much of the folate that enters the portal vein after absorption.
Folate which enters the liver can be retained, enter enterohepatic circulation via
the MRP2 membrane carrier, or re-enter the circulatory system. It is estimated that
approximately 3 to 16 mg of folate is retained within the liver out of a total body
store ranging between 10 to 100 mg (36). The liver expresses high levels of folate
metabolising enzymes, which also act as intracellular folate-binding proteins.
Within the cytosol 5-methylTHF is bound to glycine N-methyltransferase and
THF is bound to 10-formylTHF dehydrogenase, and within the mitochondrion
THF is bound to sarcosine dehydrogenase and dimethylglycine dehydrogenase
(36).
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The choroid plexus
The choroid plexus is an epithelial tissue located within the ventricular spaces of
the brain, which separates the cerebrospinal fluid (CSF) from the blood. The
primary function of the choroid plexus is the production of CSF, however, the
choroid plexus also transports nutrients and metabolites from the blood to the CSF
and vice versa (41). Both the PCFT and FR! are expressed on the basolateral
(blood) membrane of the choroid plexus. Mutations causing non-functionality of
the PCFT and FR! both result in low CSF folate levels, suggesting that both
receptors are required for uptake of folate into the CSF. There is a possibility that
these two receptors act together to transport folate into the choroid plexus
epithelia (36, 37). The RFC1 is expressed on the apical (CSF) membrane of the
choroid plexus and may transport folate across the apical membrane of the
choroid plexus in a bidirectional manner (37).

Peripheral tissues
The transport of folate into peripheral tissues is dependent on the expression of
the RFC1 (36). The PCFT is often co-expressed with the RFC1, however
transport by the PCFT would be minimal at pH 7.4 (42).

The placenta
The placenta has a high demand for folate and intervillous blood folate
concentrations are approximately three times the concentration of circulating
maternal folate (43). The placenta expresses FR!, FR", the PCFT, and the RFC1
(36, 37). The FR! has been determined to be particularly important for placental
folate transport. In addition several types of MRP are expressed at the apical
membrane of the placenta, which may play a role in maintaining high placental
folate concentrations by opposing folate transport to the foetal circulation (37).
The placenta expresses folate metabolising enzymes and metabolism of folate
occurs within the placenta (44).
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2.1.6 Turnover and excretion
Folate that is not bound to low affinity-binding proteins in plasma (approximately
60 – 70% of plasma folate) is subject to filtration in the glomerulus of the kidney.
The kidney expresses a high level of the FR! along the apical membrane of the
proximal renal tubule, and under normal physiologic conditions most of the folate
is reabsorbed. Increased excretion of intact folate is only observed after
administration of high supplemental doses of folate and is due to saturation of
FR! within the kidney, limiting the rate of reabsorption. The RFC1 is expressed
on the basolateral membrane of the proximal tubule and returns folate from the
kidney epithelium into the bloodstream (37).
The main mechanism for folate turnover and excretion is by the catabolism of
folate to inactive folate derivatives, followed by their excretion into the urine (36,
38). The main excretion products are pterin derivatives, N-acetamidobenzoylglutamate (apABG), and p-aminobenzoyl-glutamate (pABG). The exact
mechanism for the generation of these oxidation products is unknown. However it
is apparent that formyl-THF folates and DHF are more susceptible to catabolism
than other folate forms (36, 38). Folate catabolism, specifically of 5-formylTHF
to pABG is induced by heavy-chain ferritin, which acts a storage molecule for
iron (46). Although excretion of folate and folate degradation products in urine is
a major route of excretion, it may only account for 50% of excreted folate (47).
Excreted folate and its degradation products in the faeces cannot be directly
measured because it is unknown to what extent bacteria in the colon synthesise
folate and contribute to folate within the faeces. Studies in which labelled stable
isotopes of folate have been administered either orally or injected have shown that
faecal excretion of folate or its degradation products contributes to between 20 –
30% and possibly up to 50% of folate excretion (47, 48).

2.1.7 Metabolism
An overview of the folate metabolic pathway is shown in Figure 2.2. Folate
metabolism is compartmentalised and occurs within the cytosol, the mitochondria,
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and nucleus of the cell (7, 39, 49). Within the cytosol, folate metabolism
contributes to de novo synthesis of purines, the production of thymidylate, and
homocysteine remethylation. Folate metabolism in the mitochondria contributes
to the generation of formate (used in one-carbon metabolism within the cytosol),
the metabolism of serine to glycine, and the synthesis of formylmethionyl-tRNA.
Folate metabolising enzymes involved in the production of thymidylate have been
located within the nucleus of some cells and it is possible that some of the
synthesis of thymidylate occurs within the cell nucleus (49).

Purine biosynthesis
Production of the purines adenine and guanine is mediated by the folate
dependent

enzymes

phosphoribosylglycinamide

formyltransferase

and

phosphoribosylaminoimidazole carboxamide formyltransferase which regulate the
third and ninth reactions to occur in a series of steps in which 10-fomylTHF is
converted to THF (49). De novo synthesis of purines is particularly important in
embryonic development, while differentiating cells can use purines salvaged from
DNA breakdown. Cancer cells also rely on de novo purine synthesis for
replication of DNA and growth (7).

Thymidine biosynthesis
The production of thymidine is mediated by the enzyme thymidylate synthase
(TS), which converts 5,10-methyleneTHF and deoxyuridine monophosphate
(dUMP) to DHF and deoxythymidine monophosphate (dTMP) (7, 49). TS is
upregulated in dividing cells during the G1 to S phase of the cell cycle when DNA
replication occurs. The rate of DNA synthesis is dependent on the expression of
TS (7, 27). Decreased expression of TS leads to a decrease in DNA synthesis and
increased incorporation of dUMP into DNA, which causes the DNA to become
unstable and susceptible to DNA strand breakage (7).
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Homocysteine remethylation
Homocysteine can be metabolised via transsulfuration or remethylation pathways
(50). The transsulfuration pathway involves the catabolism of homocysteine to
cystathionine by cystathionine !-synthase (CBS). This pathway acts to metabolise
excess homocysteine. There are two pathways in which homocysteine is
remethylated to methionine. The remethylation of homocysteine to methionine by
betaine-homocysteine methyltransferase (BHMT) occurs mainly in the liver and
kidneys, while methionine synthase (MS) is ubiquitously expressed and catalyses
the vitamin B12 dependent metabolism of homocysteine to methionine via the
oxidation of 5-methylTHF to THF (7). 5-MethylTHF comes either directly from
the diet, or is generated via the irreversible conversion of 5,10-methenylTHF to 5methylTHF by methylenetetrahydrofolate reductase (MTHFR). In order for cell
cycling of folate to occur, 5-methylTHF must be metabolised to THF. Deficiency
of vitamin B12 can result in build up of 5-methylTHF, increased plasma
homocysteine, and a reduction in intracellular folate concentrations due to the
inefficient polyglutamylation of 5-methylTHF (36, 50). Once formed methionine
is converted to S-adenosylmethionine (SAM), which acts as a methyl group
donor. Donation of a methyl group from SAM results in the production of Sadenosylhomocysteine.

S-Adenosylhomocysteine

is

metabolised

back

to

homocysteine and the methylation cycle can continue. The homocysteine
metabolism pathways are interlinked in that binding of SAM allosterically
induces CBS, and inhibits MTHFR. Thus when intracellular methionine is low,
homocysteine is metabolised to methionine and when intracellular methionine is
adequate excess homocysteine is degraded via the transsulfuration pathway (27,
50).

Conversion of serine to glycine
Serine hydroxymethyltransferase (SHMT) is the enzyme responsible for initiation
of the metabolism of serine to glycine and is present in both the cytosol (SHMT1)
and mitochondrion (SHMT2). The role of SHMT2 in the mitochondrion is
particularly important to the production of glycine, and cells lacking SHMT2 do
12
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Function of gene

Abbreviations are as follows: NCBI, National Centre for Biotechnology Information; rsSNP ID, reference single nucleotide polymorphism identifier; DHF, dihydrofolate;

Production of thymidylate by catalysis of 5,10methyleneTHF + dUMP ! THF + dTMP
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10-formylTHF " THF

5,10-methenylTHF " 10-formylTHF

5,10-methyleneTHF " 5,10-methenylTHF

MTHFD1 is a trifunctional enzyme which catalyses:

Regeneration of methionine synthase

Catalyses 5-methylTHF + homocysteine ! THF + methionine

Catalyses 5,10-methyleneTHF ! 5-methylTHF

Involved in intestinal absorption of folate by hydrolysing polyglutamates to monogluatamates

Catalyses DHF ! THF

Alternative pathway for remethylation of homocysteine ! methionine

THF, tetrahydrofolate; dUMP, deoxyuridine monophosphate; dTMP deoxythymidine monophosphate.

1

Thymidylate synthase (TS) 2R/3R repeat (rs45445694)

Serine hydroxymethyltransferase (SHMT1) 1420C!T (rs1979277)

Reduced folate carrier 1 (RFC1) 80A!G (rs1051266)

(rs2236225)

cyclohydrolase/formyltetrahydrofolate synthetase (MTHFD1) 1958G!A

Methylenetetrahydrofolate dehydrogenase/methenyltetrahdrofolate

Methionine synthase reductase (MTRR) 66A!G (rs1801394)

Methionine synthase (MTR) 2756A!G (rs1805087)

1298A!C (rs1801131)

677C!T (rs1801133)

Methylenetetrahydrofolate reductase (MTHFR)

Glutamate carboxypeptidase II (GCPII) 1561C!T (rs61886492)

Dihydrofolate reductase (DHFR) 19 base pair deletion (rs70991108)

Betaine-homocysteine methyltransferase (BHMT) 742G!A (rs3733890)

Gene polymorphism (NCBI rsSNP ID)

Table 2.1. Some commonly researched polymorphisms in folate metabolism1

not produce enough glycine to support growth (7). In the cytosol SHMT1
functions as a binding protein for 5-methylTHF, reducing its availability for
metabolism (7).

Histidine and purine catabolism
Catabolism of histidine and purines occurs within the cell cytosol and contributes
one-carbon units back into the folate one-carbon pool. The imidazole ring
structure of histidine and purines is converted to a formimino group, which
combines with THF to form 5-formiminoTHF (7).

2.1.8 Genetic variations in folate metabolism
There are hundreds of genetic polymorphisms that have been identified in genes
coding for enzymes and proteins involved in folate metabolism and homeostasis
(51). Of these hundreds of polymorphisms, only a few may have consequences
affecting

folate

metabolism

and

homeostasis.

The

MTHFR

677C$T

polymorphism was first identified in 1995 and is the most extensively studied
gene polymorphism in folate metabolism (51, 52). Some of the more commonly
researched polymorphisms in folate metabolism are listed in Table 2.1.

Methylenetetrahydrofolate reductase 677C!T
MTHFR is a flavin adenine dinucleotide (FAD) dependent enzyme, which
metabolises 5,10-methyleneTHF to 5-methylTHF via the oxidation of NADPH to
NADP (49). The 677C!T polymorphism is a mutation caused by a nucleotide
substitution of cytosine to thymine resulting in a change in the amino acid
sequence of alanine to valine within the enzyme’s catalytic domain (49, 52).
Individuals with a heterozygous genotype (CT) have an MTHFR activity
approximately 65% of those with the wild type polymorphism (CC), while
individuals with the homozygous mutation (TT) have an MTHFR activity of
approximately 30% (52). The loss of activity of the enzyme is attributable to
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lower binding affinity and therefore loss of the FAD cofactor, which stabilises the
MTHFR enzyme (49).
The prevalence of the TT genotype ranges from 1 – 2% to 35% across different
ethnicities (51, 53, 54). The prevalence of the TT genotype is lowest amongst
African populations, with a prevalence of < 2% in West Africa and amongst
African Americans. Caucasian and Asian ethnic groups have an intermediate
prevalence of the TT genotype, ranging between 6 and 18%. In Europe there is a
higher prevalence of the TT genotype in the South ranging from 15 to 24% while
the prevalence of the TT genotype in Northern Europe ranges from 6 to 14%. The
prevalence of the TT genotype is highest amongst Hispanic groups and ranges
from 15 to 35%. It is possible that the prevalence of the TT genotype may be
increasing. Significantly higher proportions of the TT genotype have been
observed in younger participants in some studies (53, 55).
In many studies, TT groups have lower blood folate status as well as increased
levels of homocysteine compared to CC and CT genotype groups. CT groups
often have an intermediate folate status with folate and homocysteine
concentrations between those of TTs and CCs (52, 54, 56-65). The relationship of
folate status between genotype groups appears to be dependent upon the total
folate status of the group studied. In populations with higher folate status, there is
often little difference in blood folate levels and homocysteine between genotype
groups (51, 65). Higher concentrations of folate may stabilise the variant MTHFR
enzyme (66). Additionally, riboflavin status can alter the relationship between
MTHFR genotype and homocysteine concentrations (67-70). McNulty et al.
showed that mean increased level of homocysteine in a group of TTs compared to
the CC and CT groups were due to a subgroup of the TTs who also has low
riboflavin status (70). Those in the top two tertiles of riboflavin status who had the
TT genotype did not have increased homocysteine levels compared to CCs and
TTs. Riboflavin makes up part of the FAD structure which stabilises the MTHFR
enzyme.
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The TT mutation in MTHFR also causes a change in the distribution of blood
folate forms. In erythrocytes, 5-methylTHF is the primary form of folate, however
in TTs, formylated forms of folate are also present in the erythrocytes (45, 71).

Other genetic polymorphisms
There is limited research on the effect of other genetic polymorphisms in relation
to folate metabolism and associated disease risks in comparison with the MTHFR
677C$T polymorphism. Of the gene polymorphisms listed in Table 2.1, there is
some evidence to suggest that MTR 2756A$G, MTRR 66A$G, MTHFD1
1958G$A, SHMT1 1420C$T, TS 2R/3R repeat, and RFC1 80A$G may
influence some health outcomes associated with folate metabolism and
homeostasis (51). The MTR 2756A$G polymorphism may result in decreased
homocysteine levels and may be protective against Alzheimer’s disease. MTRR
66A$G, MTHFD1 1958G$A, and RFC1 80A$G have all been associated with
increased neural tube defect (NTD) risk and possibly increased risk of congenital
heart defects (CHD). Often these associations are dependent on other factors. In
the case of MTRR 66A$G, NTD and CHD risk increases particularly when
vitamin B12 status is also low and for RFC1 80A$G, NTD and CHD risk is
increased when folate status is low. The 2R variant of the TS 2R/3R repeat
polymorphism may be associated with lower colorectal cancer risk compared to
expression of the 3R variant, particularly when folate status is low, or in
combination with the SHMT1 1420C$T polymorphism. Both the RFC1 80A$G
polymorphism and the TS 2R/3R repeat polymorphism modify drug responses to
methotrexate and flouropurimidines, respectively.

2.2 Folate status
2.2.1 Serum and plasma folate
Folate can be measured either in the serum or plasma and reflects recent intake
and short-term folate status (13, 72). Ideally, samples should be collected after an
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overnight fast as folate concentrations increase shortly after consumption of folate
containing foods (73). An accepted cut-off for deficient folate status determined
by serum or plasma folate is < 7 nmol/L. This cut-off is based on negative folate
balance, i.e. a plasma folate concentration below 7 nmol/L indicates that folate
intake is less than folate losses via catabolism and excretion (19, 72). Marginal
folate status is between 7 and 10 nmol/L, and adequate folate status is > 10
nmol/L (72).

2.2.2 Red blood cell (RBC) folate
The incorporation of folate into RBCs occurs during erythropoiesis while the
RBC is an erythroblast. Mature, circulating RBCs (erythrocytes) do not contain
folylpoly-#-glutamate synthetase and thus are unable to retain folate that enters the
cell after erythropoiesis (36). The life span of an erythrocyte is approximately 120
days and RBC folate is considered an indicator of long-term folate status (19, 72).
Adequate folate status is required for the development of erythroblasts into
healthy erythrocytes. Impaired folate status can lead to megaloblastic anaemia
where the erythroblast, and in more advanced stages, the circulating erythrocyte
become enlarged and are underdeveloped due to reduced incorporation of DNA
into the developing erythroblast (74). An accepted cut-off for deficient folate
status based on RBC folate is < 305 nmol/L. This cut-off is based on development
of clinical abnormalities associated with megaloblastic anaemia (19, 72).
Marginal folate status is between 305 and 340 nmol/L and adequate folate status
is > 340 nmol/L (72). An erythrocyte folate concentration above 906 nmol/L has
been defined as an adequate folate status during preconception to achieve a
maximal reduction in the risk of NTDs (18, 72).

2.2.3 Plasma homocysteine
Plasma homocysteine is a functional marker of folate status and increases when
folate status is low. However, plasma homocysteine does not only reflect folate
status, but is also increased with low vitamin B12 status and can be influenced by
vitamin B6 and riboflavin status (24, 69, 72).
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2.3 Measurement of folate status
2.3.1 Stability of folates
Temperature, exposure to light, pH, exposure to oxygen and oxidative
compounds, the duration of sample storage, and the number of freeze-thaw cycles
can all affect folate stability (5, 6, 75-77). Preparative steps are required to prevent
the loss of folates before and during analysis and storage of samples. Folate is
susceptible to photochemical degradation and processing of samples should be
performed under subdued light conditions. Ascorbic acid is often used as an
antioxidant and markedly increases the stability of folates in solution. The
stability of folate protected by ascorbic acid is greater between pH 4 and 5
compared to a physiologic pH. "-mercaptoethanol can also prevent oxidative
degeneration of folate, particularly when a physiologic pH is required for analysis.
Degassing of samples and solutions with nitrogen also helps to prevent against
oxidative degradation of folates (5, 75).
THF is the most susceptible of the folates to degradation and large losses of THF
occur at increased temperatures. Up to 90% of THF can be lost when kept at
100˚C for 1 h and up to 50% can be lost when kept at 37˚C for 4 h, even when
protected from oxidation in a 1% ascorbic acid solution (5, 75). Oxidative
degradation of THF results in the formation of pABG. Oxidation of the most
abundant naturally occurring form of folate, 5-methylTHF, results in the
formation of 5-methyl-5,6,-DHF. The presence of ascorbic acid or "mercaptoethanol results in the conversion of 5-methyl-5,6,-DHF back to 5methylTHF. More severe oxidation of 5-methylTHF, for example in the presence
of hydrogen peroxide, results in the formation of a pyrazino-s-triazine compound
(75). The stability of formyl folates is pH dependent, and inter-conversions
between 10-formylTHF, 5-formylTHF, 5-formiminoTHF and 5,10-methenylTHF
occur at varying pHs (6). 10-FormylTHF can be oxidised to 10-formyl-folic acid,
which is measurable by the microbiologic assay and to a varying degree by
radioassay methods (17, 75).
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In the short term (<1 week), samples can be stored at 4˚C with minimal loss of
folate. However if longer-term storage (>1 week) is required then samples should
be stored at -20 or -70˚C (5). Samples can be stored either with or without
ascorbic acid added. Some studies have shown that the same or more folate can be
recovered from samples stored as undiluted whole blood compared to samples
diluted in ascorbic acid in both the short-term (22, 78) and at -20˚C for up to 16
months (79). In general, it has been observed that serum samples are more stable
than plasma samples collected into EDTA tubes (5). The rate of loss of 5methylTHF is faster in plasma samples collected into EDTA tubes compared to
plasma collected into heparin and citrate tubes and serum samples stored at room
temperature (77). Although 5-methylTHF is thought to only form its pyrazino-striazine derivative under strong oxidative conditions, the 5-methylTHF that is lost
during delayed freezing of serum and plasma samples can be recovered almost
completely in this form (77). Folate is particularly susceptible to freeze-thaw
cycles and it is recommended to keep the number of freeze-thaw cycles to less
than three, with minimal exposure to room temperature (5). There is limited
research available on the length of time that samples can be stored without an
appreciable loss of folate. Hannisdal et al. evaluated the recovery of folate from
samples stored at -25˚C for up to 29 years (76). A loss of microbiologically active
folate of 2.8% per year was observed. After 29 years 60% of the folate was lost,
however, most of the folate could be recovered as pABG equivalents with only a
21% loss after 29 years. Serum and whole blood haemolysate samples can be
stored for up to four years at -70˚C without major losses of measureable folate (5).

2.3.2 Preparation of samples
In RBCs and tissues, folates are polyglutamylated and most methods require
deconjugation to the monoglutamate form for analysis, while folates within serum
or plasma, urine, and the CSF are already in a monoglutamate form. Folate that is
found within cells needs to be released from the cell, for instance via haemolysis
of RBCs or homogenisation of tissues. Haemolysis of RBCs can be achieved
simply by dilution of whole blood or washed erythrocytes in 1% ascorbic acid,
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commonly at a sample:diluent ratio of 1:9 or 1:10. Unless the pH is adjusted, lysis
of whole blood in 1% ascorbic acid results in a haemolysate with a pH of
approximately 4.0. Plasma contains #-glutamyl hydrolase and incubation of whole
blood lysate at 37˚C for half an hour is adequate to deconjugate most of the folate
polyglutamates to di- and mono-glutamates for analysis using the microbiologic
assay. In order to deconjugate most of the folate polyglutamate completely into
the monoglutamate form, a longer incubation time of up to 4 hours at 37˚C is
required (22). Deconjugation of polyglutamates in erythrocyte lysates or tissue
homogenates requires the addition of conjugase enzymes from other sources, e.g.
hog kidney, chicken pancreas, or rat plasma. Although some tissues express
endogenous conjugase activity, inactivation of the endogenous conjugase is
preferable to prevent inter-conversions of folate forms and enzymatic degradation
of folates that occur at pH 4, where endogenous conjugase is most active (5).
Further sample preparation after release of folate from cells and deconjugation of
glutamate chain residues often involves dilution of samples into a measurable
range. For the microbiologic assay this is achieved by dilution of serum or plasma
samples and haemolysates in 0.5% sodium ascorbate (13). Sodium ascorbate is
used instead of ascorbic acid to keep the pH within an acceptable range for the
assay. An extraction step is required for chromatography methods. In newer
chromatography methods extraction and sample cleanup is achieved either
through solid-phase extraction (SPE) or solid-phase affinity extraction (SPAE)
(5).

2.3.3 Radioassay and chemiluminescence methods
Radioassay and chemiluminescence methods are commonly used amongst clinical
laboratories. The principle of these methods is the binding of folate to either
folate-binding protein or folate antibodies. There are a number of limitations to
these methods. Radioassay and chemiluminescence methods tend to respond
differently to different forms of folate and to poly- and mono-glutamates due to
differences in the affinity of folate forms to folate-binding protein (5, 17). Many
of these assays are conducted at a pH of 9.3 because folic acid and 5-methylTHF
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have been shown to give the same response at a pH of 9.3 (80). However, even
slight changes in pH can change the binding affinity of folate-binding protein to
these two forms. The range at which folic acid and 5-methylTHF are shown to
have the same affinity for folate-binding protein is only between pH 9.2 – 9.4 (5,
80). Another limitation of these methods is that they tend to have a limited linear
range (5).

2.3.4 Microbiologic assay
The microbiologic assay is the earliest method for the determination of folate in
biological samples (5) and is often considered the ‘gold standard’ (13, 15, 23).
The microbiologic assay relies on the concentration dependent growth response of
the bacterial microorganism Lactobacillus rhamnosus to folate (5). L. rhamnosus
has previously been referred to in the literature as L. casei, however, analysis of
the DNA sequence of L. rhamnosus has shown it to be a distinct species from L.
casei (81).
Originally the microbiologic assay was carried out under aseptic conditions by
specialised laboratories to prevent contamination of the assay. The introduction of
a chloramphenicol-resistant strain of L. rhamnosus derived from the wild-type
microorganism has simplified the assay by reducing the need for sterile equipment
and conditions (13, 82). However, it has recently been suggested that the
chloramphenicol-resistant microorganism may respond differently to folate forms
than the wild-type L. rhamnosus (11).
The wild-type L. rhamnosus has been shown to have the same growth response to
folate monoglutamates including folic acid, 5-methylTHF, 5-formylTHF, 10formylTHF, 10-formyl folic acid, DHF, and THF (15, 16). However, the growth
response may be dependent upon assay pH. Phillips and Wright showed that at pH
6.8 5-methylTHF resulted in a lower growth response compared with folic acid,
while at pH 6.2 the growth responses of 5-methylTHF and folic acid were
equivalent (83). The growth response of L. rhamnosus decreases with increasing
glutamate chain length, and polyglutamates with 5 or more glutamate residues
result in almost no growth (15, 17, 84).
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Early reports on the growth response of the chloramphenicol-resistant L.
rhamnosus have shown a similar growth response to 5-methylTHF, 5-formylTHF
and folic acid (14). However, more recently folic acid has been shown to result in
a lower growth response compared with the reduced folate forms 5-methylTHF
and 5-formylTHF (11, 23). Pfeiffer et al. conducted an investigation into the
extent of differences in serum and whole blood folate concentrations that can
occur amongst different laboratories performing the microbiologic assay (11). A
bias of 20% (proportional to folate concentration) was observed between two
laboratories using the chloramphenicol-resistant strain of L. rhamnosus. The main
difference between these two laboratories was the use of 5-methylTHF and folic
acid as calibrators respectively. Another laboratory used the wild-type L.
rhamnosus, which may also have contributed further to differences in folate
concentrations between the laboratories.

2.3.5 LC-MS and LC-MS/MS
Liquid chromatography-mass spectrometry (LC-MS) is an analytical technique
whereby analytes that are suspended in a liquid are separated out by
chromatography, usually through a porous column, which then feeds into a mass
spectrometer that detects the analytes based on their molecular mass. Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) involves an additional
step whereby the analyte (parent ion) is fragmented and the product (daughter ion)
is also detected based on its molecular mass. In the analysis of folate, these
methods allow the separation and measurement of individual folate forms and also
of folates with varying glutamate chain lengths. The coupling of mass
spectrometry to chromatography has enabled higher throughput of samples for
folate form analysis and the use of identical labelled folates as standards (referred
to as isotope-dilution) to improve analytical accuracy.

Sample preparation and extraction of folates
Most methods require folate to be converted to the monoglutamate form during
sample preparation for analysis. Incubation of whole blood lysates at 37˚C for 4 h
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is adequate to achieve this (22). However, it is necessary to add internal standard
before incubation to account for losses of labile folate forms (5). Bagley and
Selhub (85) have published a liquid chromatography method, coupled to
electrochemical detection rather than mass spectrometry, for the determination of
folates of varying glutamate chain lengths. In this method the extraction buffer pH
is 9.2, which prevents the deconjugation of glutamate residues by endogenous #glutamyl hydrolase.
Extraction of folates for analysis via LC-MS(/MS) is usually achieved via SPE or
SPAE (5). Both methods rely on the binding of folates to a column and the
subsequent elution or dissociation of folate from the column into solution. In
SPAE, the binder is often folate-binding protein, thus the recovery of folate is
dependent on the affinity of different forms of folate to the folate-binding protein.
Isotope-dilution methods account for differences in recovery between folate forms
and thus the use of folate-binding protein SPAE in LC-MS(/MS) methods can be
appropriately controlled for. Due to the high binding affinity and specificity of
folate to folate-binding protein, SPAE generally results in a higher recovery and
thus greater peak area as well as lower background noise improving the precision
and lower detection limit compared to SPE methods. SPE of folates in
physiological fluids is usually performed using reversed-phase (RP) phenyl and
octadecyl (C18) columns (5). RP cartridges offer the advantage of not having to
remove proteins from serum because they can be used under low pH conditions
that inhibit the re-binding of 5-methylTHF to proteins. Strong anion-exchange
(SAX) cartridges have been used mostly for extraction of food folates, however
one method has been published using SAX for LC-MS/MS detection of folates
and folate catabolites in physiologic fluids (86). The method avoids interference
of the mass spectrometry detection by the high salt concentrations necessary for
SAX extraction by flushing away the chromatography solution during the period
where mineral salts are high, before the elution time of folates and folate
catabolites.
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Table 2.2. Mean (SD) folate concentrations of pooled serum and whole blood
samples. Adapted from Gunter et al. 1996 (9) with permission.
Lab (method) 1

Serum folate (nmol/L)

Whole blood folate (nmol/L)

1 (M)

69.91 (1.69)

561.81 (28.53)

2 (M)

N/A

592.01 (44.73)

3 (M)

59.51 (12.42)

645.62 (130.58)

4 (M)

43.68 (1.65)

399.55 (30.07)

5 (M)

55.30 (3.81)

541.11 (63.25)

6 (M)

67.95 (5.78)

555.87 (29.87)

7 (M)

53.64 (3.46)

441.30 (46.56)

8 (M)

58.75 (3.30)

499.62 (40.50)

>45

2

470.44 (55.54)

10 (B-R)

>45

2

465.46 (22.43)

11 (B-R)

65.05 (12.01)

489.99 (44.72)

12 (B-R)

51.66 (5.21)

403.85 (23.40)

13 (B-D)

56.91 (3.10)

595.32 (25.95)

14 (B-D)

52.36 (10.19)

N/A

15 (B-D NB)

71.23 (3.64)

666.61 (34.58)

16 (DPC)

78.03 (8.00)

916.76 (61.30)

17 (ACS)

81.20 (9.72)

264.06 (37.67)

18 (ML)

63.19 (4.57)

436.01 (59.89)

19 (IC)

39.79 (1.18)

464.70 (33.87)

20 (HPLC)

24.12 (1.37)

101.68 (14.39)

All lab mean

58.37

500.62

All lab SD

14.18

165.57

All lab CV (%)

24.29

33.07

Range of means

24.12 – 81.20

101.68 – 916.76

2.4 – 20.9

4.4 – 20.2

9 (B-R)

Range of CVs (%)
N/A, results not available
1

Method codes: M, L. rhamnosus microbiological assay; B-R, Bio-Rad Quantaphase II 125I

radioassay; B-D, ICN/Becton-Dickinson Simultrac S 125I radioassay; B-D NB, ICN/BectonDickinson Simultrac S No-Boil 125I radioassay; DPC, Diagnostic Products SPNB Dual Count 125I
radioassay; ACS, Ciba-Corning ACS:180 chemiluminescence assay; ML, Ciba-Corning Magic
Lite chemiluminescence assay; IC, Abbott IMx ion-capture assay; HPLC, in-house assay.
2

Specimen not diluted for high value (45 nmol/L high standard).
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Measurement of folate forms
The presence of the various folate forms in the end solution that is detected by the
mass spectrometer is dependent upon the sample preparation conditions. For
example, at a low pH 10-formylTHF, 5-formylTHF, and 5-formaminoTHF are
converted to 5,10-methenylTHF, while at a higher pH, inter-conversions between
these forms favour the formation of 10-formylTHF (6). Due to inter-conversions
between folate forms, folates (excluding folic acid) are usually categorised into
methyl, and nonmethyl or formyl folates (5). In addition to physiologically active
folate metabolites, some methods measure breakdown products of folate (76, 86,
87). Hannisdal et al. have detected what is likely to be a pyrazino-s-triazine
oxidation product of 5-methylTHF in fresh serum samples (87). Fazili et al. may
also have detected this oxidation product in serum and whole blood using their
LC-MS/MS method misidentified as 5-formylTHF (25, 26, 88). Although there is
evidence that delayed sample freezing can result in conversion of 5-methylTHF to
its pyrazino-s-triazine oxidation product in plasma and serum samples (77), there
is still an interest as to whether or not this product occurs in vivo or only occurs
during the processing of samples (25). In addition, Hannisdal et al. have also
detected very small amounts of the folate catabolites, pABG and apABG in fresh
serum from healthy donors (87). Much higher concentrations of pABG and
apABG can be detected in urine samples (86).

2.3.6 Comparisons between folate assays
There are many studies in which comparisons between folate assays have been
made. These studies demonstrate substantial disagreement in folate results
obtained by different laboratories, and using different assays (9, 89, 90). Results
presented by Gunter et al. (9) in a study comparing serum and whole blood folate
concentrations reported from 20 different laboratories using 7 different folate
assays are re-presented in Table 2.2. Not only was there considerable interlaboratory variation, there was also considerable variation amongst laboratories
only using the same assays.
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133 – 137%
106 – 107%

95 – 106% 1

96% 2

100% 2

40 – 44% 1

Folic acid

l-5-methylTHF

dl-5-methylTHF

9 – 10%

Inhibitory 1
-

55%

-

110%

66%

-

72%

48%

-

NEN, New England Nuclear

-

99% 2

21%

-

2%

3

-

97% 2

-

56%

-

Data is reproduced from Shane et al. 1980 (17) with permission from Elsevier. Values are of percentage activity of l-5-methylTHF for each assay.

57 – 69%

92 – 95% 1

19%

-

102%

-

100%

121%

-

-

8%

NEN 2, 3

Data is from Leeming et al. 1990 (91) with permission.

-

51% 2

-

96%

-

100%

95%

-

-

10%

Bio-Rad 2

2

26%

20 – 29% 1

55%

-

100%

26%

-

-

10%

Amersham 2

1

Methotrexate

l-10-formylTHF

10-formyl folic acid

dl-THF

dl-5-formylTHF

-

18 – 42%

0% 1

Pteroic acid

49%

4 – 16%

0% 1,2

Pterin

2

Becton-Dickinson 1

Microbiologic assay

Folate form

Radioassays

Table 2.3. Relative activities of folate forms on the microbiologic assay and some radioassays.

-

198%

34%

-

95%

-

127%

-

100%

93%

-

-

13%

Schwarz-Mann 2

One of the reasons for the disagreement between assays is because of a
differential response by radioassay methods to various folate forms (17). Table
2.3 shows the relative responses of the microbiologic assay and some radioassays
to different folate forms. The microbiologic assay only responds to
physiologically active forms of folate, while the radioassays show some activity
with inactive forms and other folate related compounds such as pterin, pteroic
acid, and methotrexate. This concept is referred to as cross-reactivity. There is
considerable variability in the recovery of different folate forms by different
radioassays. These differences in recovery explain much of the variation in results
between radioassays.
Inconsistencies in measured folate concentrations with different methods have
been observed in specific subgroups of the population (71, 92, 93). In one study,
the mean RBC folate of pregnant women and non-pregnant women was
approximately equivalent with the microbiologic assay and gas chromatographymass spectrometry, while the radioassay and chemiluminescence methods gave a
mean RBC folate approximately 200 nmol/L higher for pregnant women,
although this was not significant for the radioassay (P = 0.07) (92). Differences
in whole blood folate between methods have also been shown in people with
different polymorphisms for the MTHFR 677C$T variant (93). In study by
Molloy et al. (93), the microbiologic assay gave significantly higher results than
the radioassay for CCs and CTs, while the radioassay gave significantly higher
results than the microbiologic assay in TTs. The probable cause of these
differences is due to over-recovery by the radioassay of some of the folate forms
present in RBCs of participants with the TT variant. Fazili et al. (71) conducted a
study into the agreement between folate concentrations obtained using three
methods. There was no difference in the relationship between LC-MS/MS and the
microbiologic assay with different MTHFR genotypes. However the relationship
between the microbiologic assay and the Bio-Rad radioassay was different
between TTs and CC/CTs.
Brown et al. (20) conducted an investigation into some of the reasons behind
variability in red cell folate measured by radioassays other than differences in
recovery of folate form. They observed that samples that were diluted between
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factors of 1/5 to 1/20 provided approximately equivalent calculated folate
concentrations, while greater dilution factors of 1/50 to 1/100 provided calculated
folate concentrations that increased as the dilution factor became greater. In
samples with low packed cell volume the increase was observed at lower dilution
factors compared to samples with normal packed cell volume. Additionally,
diluting the samples into a folate-poor lysate vs. water did not result in increased
folate concentrations at higher dilution factors. These results indicate that there is
an important matrix effect when using radioassays that can result in inconsistent
calculated folate concentrations if the dilution factor used is too high. In the
Quality Assurance Program (QAP) assessed by Brown et al. most labs used a
dilution factor of 1/20 or 1/21, however, dilution factors ranged from 1/10 to 1/51.
Laboratories that had used the highest dilution factors had higher calculated total
folate than other laboratories involved in the QAP.
In 2003 the College of American Pathologists (CAP) compared the use of fresh
frozen serum to traditional proficiency testing materials used in proficiency
testing schemes (94). While there was more intra-method variability with the
fresh frozen serum, overall there was less inter-method variability. The all method
coefficient of variation using fresh frozen serum was 17.9% compared to 37.2%
for the traditionally prepared proficiency testing material. Furthermore, the
method biases were different with fresh frozen serum compared to the traditional
proficiency testing material. The use of commutable samples (i.e. samples that
respond in the same way to a standard patient sample) for proficiency testing and
method comparisons is particularly important. The use of standard proficiency
testing materials up until the 2003 CAP proficiency testing survey may have
resulted in an overestimation of the variability amongst results obtained using
commercial radioassays.
In some method comparisons the microbiologic assay has been used as a gold
standard, and used to evaluate the accuracy of other methods (89, 95, 96).
Differences in folate concentrations obtained using microbiologic methods and
the imprecision of the assay make it unsuitable as a reference method. An isotopedilution-LC-MS/MS method has recently been established as a reference method
(26). Comparison of various radioassays and chemiluminescence methods with
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the LC-MS/MS method in an external quality control assessment showed that
there is still a wide range in values obtained using different methods. The Abbott
Architect assay displayed the best agreement with a median percentage bias
within 5% of the values assigned by LC-MS/MS. This assay has been calibrated
to an international standard with assigned values determined by a reference
method (26). Recalibration of results to an international standard with assigned
values via reference methods has been shown to reduce the coefficient of variation
between methods from approximately 17 – 20% to 6 – 9% for serum folate (97).
Similar results have also been seen with recalibration of whole blood folate results
to an international standard assigned a consensus value, with a reduction in the
inter-method coefficient of variation from approximately 34 – 41% to 9 – 17%
(98).

2.3.7 Standardisation of folate measurement
Due to the large variability in folate concentrations obtained by different
laboratories and with different methods, and the importance of folate in human
health, there is a need to standardise folate measurements. To date, efforts to
standardise folate measurements have relied on the development of reference
materials such as the National Institute of Standards and Technology (NIST)
Standard Reference Material (SRM) 1955 for folate and homocysteine in serum,
and the development of higher-order reference methods.
The International Organization for Standardization (ISO) is a federation
consisting of national standards organisations from 163 countries. The ISO is
responsible for producing consensus standards that guide procedures undertaken
to achieve standardisation in many areas including the clinical laboratory. The
Joint Committee for Traceability in Laboratory Medicine (JCTLM) is guided by
ISO standards and was set up to assist in standardisation through its two working
groups (99). The aim of the first working group is to identify and maintain lists of
higher-order/certified reference materials and reference measurement procedures.
The aim of the second working group is to establish criteria and identify reference
measurement laboratories. These approaches to standardise clinical measurements
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Measurand SI!
Substance
concentration!

Unit realisation of
reference material!

Gravimetry!
Primary
calibrator e.g.
NIST SRM!
Primary
reference
procedure!
Reference
calibrator!
Secondary reference
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Working
calibrators!
End-user
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Reported result!
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Figure 2.3. A general traceability chain. Reference materials are shown on the left
of the diagram and measurement procedures on the right. Each reference material
is used to calibrate the next measurement procedure. SI; International System of
Units. NIST, National Institute of Standards and Technology; SRM, Standard
Reference Material. Adapted from Bock and Eckfeldt, 2011 (4) with permission
from the American Society for Nutrition.
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are based on the concept of traceability. Traceability refers to a chain of
measurement procedures that start with a well-defined measurand with assigned
SI1 units that can be traced through to a routine sample measured by a standard
laboratory procedure (99, 100). In the traceability chain, primary and secondary
measurement procedures are used to assign values to standardised reference
materials. These materials are used in the clinical laboratory to calibrate the
method towards the reference material assigned values and obtain a more accurate
value for the concentration of the routine sample (4, 101). A general example of a
traceability chain is shown in Figure 2.3. The establishment of a traceability
chain can result in measurements that are comparable amongst laboratories. This
is depicted in Figure 2.4, which shows measurements of percentage glycated
haemoglobin (%GHB) from 1993 to 2008 in which time the National
Glycohemoglobin Standardization Program (NGSP) established traceability (102).
Currently standardisation of folate measurements has not been achieved and there
is no official standardisation program for folate measurements (5).

Reference measurement procedures
There are currently three reference measurement procedures for the determination
of various folate forms in human serum. These are an isotope-dilution LC-MS
method developed by the NIST for the measurement of 5-methylTHF (103), and
two isotope-dilution LC-MS/MS methods developed by the NIST and the CDC
respectively for the measurement of 5-methylTHF and folic acid (23, 104). The
CDC method is also listed as a reference procedure for the measurement of 5formylTHF. Although isotope-dilution LC/MS/MS methods have been developed
to measure folate forms in whole blood (22, 86, 88), none are currently listed as
reference measurement procedures.

1

SI: International System of Units
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Little and Rohlfing, 2009 (102) with permission from the American Society for Clinical Pathology.

HbA1c, diamonds are results reported as HbA1, and circles are results reported as total glycated haemoglobin (GHB). Reproduced from

National Glycohemoglobin Standarization Program/Diabetes Control and Complications Trial target value. Squares are results reported as

represent the mean result ±2 SD, respectively, of all laboratories using a particular method. The horizontal dotted line represents the

Figure 2.4. Laboratory performance data from the College of American Pathologists Glycated Hemoglobin 2 survey. Each point and bar

Reference materials and certified reference materials
The ISO defines a reference material (RM) as a:
“Material, sufficiently homogenous and stable with respect to one or more
specified properties, which has been established to be fit for its intended use in a
measurement process. Note 1: RM is a generic term; Note 2: Properties can be
quantitative or qualitative, e.g., identity of substances or species; Note 3: Uses
may include the calibration of a measurement system, assessment of a
measurement procedure, assigning values to other materials, and quality control;
Note 4: An RM can only be used for a single purpose in a given measurement.”
(105)
The ISO defines a certified reference material (CRM) as a:
“Reference material, characterized by a metrologically valid procedure for one
or more specified properties, accompanied by a certificate that provides the value
of the specified property, its associated uncertainty, and a statement of
metrological traceability. Note 1: The concept of value includes qualitative
attributes such as identity or sequence. Uncertainties for such attributes may be
expressed as probabilities; Note 2: Metrologically valid procedures for the
production and certification of reference materials are given in, among others,
ISO Guides 34 and 35; Note 3: ISO Guide 31 gives guidance on the contents of
certificates.” (105)
Currently the only CRM for the analysis of folate is the NIST SRM 1955 for
folate and homocysteine in serum. NIST SRM 1955 gives certified values at three
different levels for 5-methylTHF and homocysteine, and is only listed by the
JCTLM as a CRM for these two analytes. 5-MethylTHF concentrations were
determined by three NIST LC-MS/MS methods (104, 106, 107) and the CDC LCMS/MS method (23). Reference values are also provided for folic acid,
determined by LC-MS/MS methods at the NIST and CDC (23, 104), however the
agreement between these methods for folic acid was low and although uncertainty
values were given that conform to the ISO guidelines, values for folic acid could
not be supplied as certified reference values. Method specific values are also
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given for 5-formylTHF by LC-MS/MS, and total folate by LC-MS/MS,
microbiologic assay, and radioassay. Uncertainties for these values were unable to
be determined concordant with the ISO guidelines (107, 108).
The National Institute for Biological Standards and Control (NIBSC) in the UK
has developed RMs for the measurement of folate in serum (NIBSC 03/178) and
whole blood haemolysate (NIBSC 95/528). However the NIBSC develops RMs
based on guidelines set out by the World Health Organization (WHO) rather than
the ISO. The WHO guidelines were revised in 2004 and have incorporated some
of the ISO guidelines (109). For example, the WHO guidelines state that “where it
is appropriate for a WHO biological standard to calibrated in SI units, the
principles outlined in ISO 17511 should be followed” (109). The WHO whole
blood

haemolysate

International

Standard

was

developed

before

this

recommendation was made, and has an assigned value of 13 ng/ml, which was
decided upon as a consensus mean folate concentration as evaluated by 13
separate laboratories (98). Because of the way in which a folate concentration was
assigned to the whole blood haemolysate International Standard, it would only
fulfil the ISO criteria of a RM rather than a CRM. The WHO serum folate
International Standard however, was assigned values for 5-methylTHF, 5formylTHF, and folic acid by the CDC LC-MS/MS reference measurement
procedure as well as a total folate concentration of 12.1 nmol/L (97) and is
therefore metrologically traceable. While some WHO International Standards
have been submitted to the JCTLM to be approved as CRMs, for instance
haemoglobincyanide in blood lysate (110), none of the NIBSC developed WHO
International Standards for folate are listed as CRMs.
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3

Rationale and Objectives

Due to differences observed in microbiologic assay results amongst laboratories,
the current study was designed to investigate factors affecting the accuracy of the
folate microbiologic assay within our laboratory. Recent advances in folate
analytical methodology, including the development of liquid chromatographytandem mass spectrometry (LC-MS/MS) methods, are aimed towards the
standardisation of folate measurement procedures. In considering the integral role
of LC-MS/MS in standardisation, a secondary objective was to compare the
microbiologic assay with an established whole blood LC-MS/MS method (22).
The specific objectives of this study were:
1. To assess the effect of different folate calibrators and dilution factors on
calculated total folate in plasma and whole blood samples analysed using
the microbiologic assay
2. To evaluate the linearity of the microbiologic assay
3. To compare total whole blood folate results measured by the
microbiologic assay using different calibrators and dilutions with the sum
of whole blood folate species determined by LC-MS/MS
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4

Methods

4.1 Sample selection and study design
One hundred and eighty-seven healthy adult participants aged between 18 and 65
years were recruited from the staff and student population at the University of
Otago, Dunedin, New Zealand. Participants were excluded from the study if they
were pregnant or breastfeeding, or if they were taking medications that interfere
with the folate microbiologic assay. Demographic data including sex, age, and
ethnicity were collected, and participants were screened for the MTHFR677C$T
gene variant by analysis of a buccal cell DNA sample taken from a cotton swab
(52). Of the 187 screened participants, twenty-five participants of each genotype
were randomly selected and invited to provide a blood sample with a total of 73
agreeing to attend an early morning clinic. Venous blood samples (4 mL) were
collected in EDTA-treated tubes after the subjects had fasted overnight. Height
and weight measurements were performed and used to calculate Body Mass Index
(BMI; in kg/m2). Additional information on folic acid only and multivitamin
supplement use, including the brand name, dose, and frequency of consumption,
were collected using a self-administered questionnaire. All participants gave
informed consent and the study was approved by the Human Ethics Committee of
the University of Otago, New Zealand.

4.2 Microbiologic assay
Analysis of plasma and whole blood (WB) folate by microbiologic assay was
performed using the methods of O’Broin and Kelleher (14) and Molloy and Scott
(13) and using the chloramphenicol-resistant L. rhamnosus microorganism
(ATCC 27773, American Type Culture Collection, Manassas, VA).
Prior to the assay, EDTA WB samples were lysed by addition of 900 µL of 1%
ascorbic acid to 100 µL of WB followed by incubation at 37°C for 30 min to
allow cleavage of glutamate residues to form mono- or di-glutamate folates.
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The calibrators used for the assay were 5-methylTHF [(6S)-5-methyl-5,6,7,8tetrahydropteroyl-L-glutamic acid, sodium salt] and folic acid (pteroyl-L-glutamic
acid, sodium salt) (both Merck Eprova; Merck & Cie, Schaffhausen, Switzerland)
and folic acid (pteroyl-L-gltamic acid, free acid; Sigma; Sigma-Aldrich Co, St
Louis, Missouri). Calibrators were made up to a final working concentration of
500 pg/mL in 0.5% sodium ascorbate from stock solutions (see Appendix A). The
concentration of the stock solutions was verified by spectrophotometry before
dilution to the working standard (111). A standard curve was produced by
addition of 0, 5, 10, 15, 20, 25, 30, 40, 60, 80, and 100 µL of each calibrator in
triplicate on a 96 well plate (Costar, Corning Incorporated, Corning, NY). The
volume of each well was made up to 100 µL by addition of an appropriate amount
of 0.5% sodium ascorbate. Samples were added at total dilution factors of 1/800
and 1/1600 for WB and 1/40 and 1/80 for plasma. Eleven samples had a plasma
folate concentration that exceeded the standard curve at a dilution factor of 1/80
and were re-analysed using a dilution factor of 1/160. All sample dilutions were
made in 0.5% sodium ascorbate and were analysed in triplicate. NIST SRM 1955
(National Institute of Standards and Technology, Gaithersburg, MD) and a pooled
plasma or WB control was used on each plate (Supplemental Tables 8C.4 and
8C.5 in Appendix C). The L. rhamnosus broth was pre-warmed in an incubator at
37°C, and 100 µL of L. rhamnosus bacterium in a 40% glycerol/50% broth
solution was added per 25 mL of broth (57 g/L Difco folic acid casei medium
[Becton, Dickinson and Company, Franklin Lakes, NJ] with 0.03 mg/mL
chloramphenicol, 0.3 µL/mL Tween 80, and 0.75 mg/mL ascorbic acid) and
mixed using a magnetic stirrer. Using an 8-channel multipipette, 200 µL of the L.
rhamnosus/broth mix was added to each well and the plates were sealed using a
plastic plate sealer (SealPlate, Excel Scientific, Wrightwood, CA). The plates
were then placed in an incubator at 37°C to allow the bacterium to grow. After 42
h the growth of the bacterium was measured by measuring absorbance at 590 nm
using a microplate reader (Biochrom Asys UVM340, Cambridge, UK). A 3rd
order polynomial was fitted to the calibration curve. The concentration of the
samples was calculated from each of the calibration curves (5-methylTHF, folic
acid [Merck], and folic acid [Sigma]). The 5-methylTHF-calibration curve was
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used to calculate participants’ actual folate levels because it is the main form of
folate found in blood samples (45, 71).

4.2.1 Linearity and recovery assessment of the microbiologic assay
The linearity of the microbiologic assay was assessed according to the Clinical
and Laboratory Standards Institute guidelines (3). A WB sample with a low folate
concentration and a WB sample with a high folate concentration were identified.
Both samples were lysed in 1% ascorbic acid and incubated to deconjugate
polyglutamylated folates and then diluted in 0.5% sodium ascorbate to a final
dilution factor of 1/1600. The samples were then diluted against each other in
duplicate at the following ratios of low:high folate: 4:0, 3:1, 2:2, 1:3, 0:4.
The recovery of the folate microbiologic assay was assessed by spiking a low
folate WB sample with 5-methylTHF. The sample was first lysed in 1% ascorbic
acid and diluted to a final concentration of 1/1600 with 0.5% sodium ascorbate.
Duplicate samples were prepared, spiked with 5-methylTHF at 0.1 nmol/L
intervals giving a final expected recovery of baseline + 160, 320, 480, 640, 800,
960, 1120, and 1280 nmol/L.
All samples were then added to a 96 well plate in triplicate along with a 5methylTHF standard curve and the microbiologic assay was carried out in the
same way as for the participant samples.

4.3 LC-MS/MS
Analysis of folate forms by LC-MS/MS was performed using a method adapted
from Fazili et al. (22).
Calibrators and internal standards were obtained from Merck (Merck & Cie,
Schaffhausen, Switzerland). Stock solutions of the calibrators and internal
standards were made up according to Pfeiffer et al. (23) and Fazili et al. (22) (see
Appendix A). Five aqueous calibrators were prepared from stock solution III in
1% ascorbic acid (pH 4.0) to contain 50, 25, 12.5, 6.25 and 0 ng/mL respectively
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of

5-methylTHF

[(6S)-5-methyl-5,6,7,8-tetrahydropteroyl-L-glutamic

acid,

sodium salt] and 25, 12.5, 6.25, 3.125 and 0 ng/mL respectively of 5-formylTHF
[(6S)-5-formyl-5,6,7,8-tetrahydropteroyl-L-glutamic acid, sodium salt], 5,10methenylTHF

[(6R)-5,10-methenyl-5,6,7,8-tetrahydropteroyl-L-glutamic

acid,

sodium salt], THF [(6S)-5,6,7,8-tetrahydropteroyl-L-glutamic acid, sodium salt]
and folic acid (pteroyl-L-glutamic acid, sodium salt). The calibrators were
aliquoted into 1 mL volumes. WB lysates were prepared by diluting aliquots of
100 µL of EDTA WB with 900 µL of 1% ascorbic acid. An internal standard mix
was made up in 0.1% ascorbic acid containing 100 pg/mL

13

C5-5-methylTHF

[(6S)-5-methyl-5,6,7,8-tetrahydropteroyl-(13C5)-L-glutamic acid, sodium salt], 50
pg/mL
salt],

13

C5-THF [(6S)-5,6,7,8-tetrahydropteroyl-(13C5)-L-glutamic acid, sodium

and

25

pg/mL

of

13

C5-5-formylTHF

tetrahydropteroyl-(13C5)-L-glutamic acid, sodium salt] ,

[(6S)-5-formyl-5,6,7,813

C5-5,10-methenylTHF

[(6R)-5,10-methenyl-5,6,7,8-tetrahydropteroyl-(13C5)-L-glutamic

acid,

sodium

salt] , and 13C5-folic acid [pteroyl-(13C5)-L-glutamic acid, sodium salt] . 200 µL of
internal standard mixture was added to the calibrators and WB lysates. The
calibrators and WB lysates were incubated at 37°C for 4 h and then stored at 80°C until solid phase extraction (SPE).
Samples were thawed and centrifuged at 5900 g before SPE to reduce clogging of
the cartridges and optimise the method sensitivity. During method workup,
centrifugation of samples before SPE resulted in higher peak areas for 5methylTHF, 5,10-methenylTHF, and THF. Interestingly, in samples that were not
centrifuged before SPE the peak areas for 5-formylTHF and folic acid decreased
with an increase in the amount of WB lysate loaded onto the SPE column, while
the opposite occurred when samples were centrifuged before SPE. Higher peak
areas were observed for all analytes that were centrifuged before SPE when 1000
µL of WB lysate was loaded onto the column compared to 500 µL and 330 µL
(Supplemental Table 8B.2 in Appendix B).
Sample prep buffer was made up as 0.5% ascorbic acid in 1% ammonium
formate; wash buffer as 0.1% ascorbic acid in 0.05% ammonium formate; and
elution solvent as 0.5% ascorbic acid in 40% methanol, 10% acetonitrile, and
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25

36

36

70

70

38

38

28

28

DP

4

4

6.5

6.5

6.5

6.5

10

10

8

8

EP

23.461

23.296

20

20

20

20

24.517

26

24.055

23

CEP

30

30

27

27

40

40

29

29

27

27

CE

DP, declustering potential; EP, entrance potential; CEP, collision cell entrance potential; CE, collision energy; CXP, collision cell exit potential.

C5-folic acid

447.3 ! 295.2

442.3 ! 295.2

folic acid

13

451.2 ! 299.3

446.2 ! 299.3

C5-THF

13

THF

C5-5,10-methenylTHF

461.3 ! 416.2

456.3 ! 412.2

5,10-methenylTHF

13

479.3 ! 327.2

474.3 ! 327.1

465.3 ! 313.2

460.3 ! 313.2

C5-5-formylTHF

13

5-formylTHF

C5-5-methylTHF

13

5-methylTHF

m/z ! m/z transition

Table 4.1. Tandem mass spectrometry conditions for the analysis of folate forms in whole blood lysates1

15

15

6

6

8

8

10

10

22

22

CXP

0.5% acetic acid. 1 mL of sample prep buffer was added to 1 mL of WB lysate or
calibrator and stored at 4˚C for at least 20 min. SPE was performed using 1 mL
phenyl cartridges (Phenomenex, Torrance, CA). The cartridges were prepared by
running through 2 mL of acetonitrile, followed by 2 mL of methanol, and 2 mL of
1% ammonium formate. The entire 2 mL of sample + sample prep buffer was then
loaded on to the column followed by 3 mL of wash buffer. The folate was then
eluted into 2 mL tubes in 1 mL of elution solvent. The samples were then
centrifuged at 5900 g and filtered through a 0.45 µm syringe filter (Phenomenex,
Torrance, CA) into an amber vial.
Samples were analysed by LC-MS/MS on the same day using a Sciex API 3200
triple quadripole mass spectrometer (Applied Biosystems, Foster City, CA) linked
to an UltiMate 3000 high-performance liquid chromatography system (Dionex,
Idstein, Germany). The chromatography was performed using a Luna C8(2)
reversed phase analytical column (150 " 3 mm, 5µm particle size, Phenomenex,
Torrance, CA) with an isocratic mobile phase (40% methanol, 10% acetonitrile,
0.5% acetic acid) at a flow rate of 250 µL/min. The autosampler was set at 10˚C
and 30 µL of sample was injected onto the column. The column temperature was
30˚C. The ion source of the mass spectrometer was operated in positive ion mode
with an ion spray voltage of 5000 V and a source temperature of 450˚C. The
curtain gas was set at 30 psi, gas 1 (the nebuliser gas for the ion spray) at 55 psi,
gas 2 (the heater gas for the ion spray) at 45 psi, and the collisionally activated
dissociation gas at 5 psi. The quadripole unit dwell times were 150 ms. Analyte
specific settings for the mass spectrometry are listed in Table 4.1. The total run
time of the LC-MS/MS was 5 min for calibrators and 10 min for samples.
The analysis was performed in two batches over eight days. Duplicate samples for
each participant were analysed in the same batch on the same day. A calibration
curve was prepared for each batch and a blank and additional calibrator were
included on each day. Representative chromatograms from two participants are
shown in Figure 4.1.
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Figure 4.1. Chromatograms showing whole blood folate forms of two TT participants. The figure on the left is representative of a typical
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The limit of quantification (LOQ) was 11.1 and 4.5 nmol/L in WB for 5,10methenylTHF and THF, respectively. The LOQ was determined by plotting mean
concentration against the coefficient of variation (CV) for all of the raw data and
determining the concentration for which the CV was 20% (Supplemental
Figures 8B.4 and 8B.5 in Appendix B). Participants who had a 5,10methenylTHF or THF concentration below the LOQ were defined as having a
concentration of 0 nmol/L.

4.4 Statistical analysis
Statistical analyses were performed using Stata 11.2 (StataCorp, College Station,
TX).
Differences in blood folate between genotype groups were determined by
Kruskall-Wallis one-way analysis of variance. In variables which a P value of <
0.05 was obtained, Mann-Whitney U-tests were performed between each pair of
groups. There is some debate about the identity of the folate form 5-formylTHF as
to whether it is a degradation product of 5-methylTHF or a formylated folate.
Other formylated folates are 5,10-methenylTHF and THF, which are known to
interconvert during analysis. Pearson correlations between 5-formylTHF and the
forms 5-methylTHF, 5-10-methenylTHF, and THF were performed to assist in
identifying the form categorised as 5-formylTHF under the assumption that 5formylTHF would be positively correlated with either 5-methylTHF or 5-10methenylTHF depending on its identity.
Ordinary linear regression and Pearson correlations were performed to compare
microbiologic assay plasma and whole blood results between dilutions. The data
was associated in a non-linear fashion and second order polynomials were applied
in ordinary linear regression analyses.
The statistical assessment of the linearity of the microbiologic assay was also
performed in accordance to guidelines of the Clinical and Laboratory Standards
Institute (3). Linear, second order, and third order polynomial regression analyses
were performed on the data, and the assay was determined non-linear if a P value
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of < 0.05 was obtained for the second or third order coefficients in the regression.
The standard error of the regression (Sy|x) was calculated and the regression with
the lowest Sy|x was taken as the model best fitting the data.
The microbiologic assay was compared to LC-MS/MS by Pearson correlations,
ordinary linear regression, and Bland-Altman relative bias. LC-MS/MS analyses
were performed in duplicate and the assay has little imprecision (~ 3%) therefore
the microbiologic assay was compared to LC-MS/MS as the independent variable.
For the regression analyses P values were obtained for a slope of 1 and an
intercept of 0. Significant differences in the slope from 1 and the intercept from 0
were considered indicative of proportional bias and constant bias respectively. For
the Bland-Altman comparisons relative bias was calculated as:
Microbiologic assay result!!!LC-MS/MS assay result
!!!100
LC-MS/MS assay result
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5 % (4)
14 % (10)

Chinese

Other

No participants reported taking a folic acid only supplement, however use of multivitamins containing folic acid was reported. The median intake of folic acid from

multivitamins was 171 µg/day and ranged from 13 µg/day to 300 µg/day.

Values are presented as median (range)

3

4% (1)

21 % (5)

0 % (0)

4 % (1)

8 % (2)

67 % (16)
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79% (19)

TT (n = 24)

Values are presented as percentage (n)

17% (4)

13 % (3)

4 % (1)

0 % (0)

0 % (0)

83 % (20)

22.7 (19.2 – 32.5)

23 (20 – 61)

79% (19)

CT (n = 24)

2

24% (6)

8 % (2)

12 % (3)

0 % (0)

4 % (1)

76 % (19)

22.9 (18.4 – 30.1)

22 (20 – 64)

80% (20)

CC (n = 25)

Genotype groups

1

use1,3
15% (11)

1 % (1)

Samoan

Multivitamin containing folic acid

4 % (3)

75 % (55)

23.0 (18.4 – 33.3)

M!ori

New Zealand European

Ethnicity

1

22 (20 – 64)

Age2

BMI

79 % (58)

Female1

2

All (n = 73)

Characteristic

Table 5.1. Demographic characteristics of the genotype groups

5

Results

5.1 Participant characteristics
Baseline characteristics of the participants (n=73) are shown in Table 5.1. The
sample set was particularly homogeneous. Nearly 80% (58/73) of the participants
were female and three quarters (55/73) identified as New Zealand European. The
median age of the participants was 22 years (range, 20 to 64 years). Eleven
participants (15%) took a multivitamin containing folic acid with a median
supplemental intake of 171 µg folic acid/day (range, 13 to 300µg folic acid/day).
The sample was evenly distributed throughout the MTHFR 677C$T genotype
groups (CC, n=25; CT, n=24; TT, n=24).
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0.98), and Sigma folic acid (dashed line y = 0.1075 (± 0.010) + 0.8876 (± 0.083)x – 0.8425 (± 0.186)x2 + 0.3959 (± 0.111)x3, R2 = 0.97)

0.107)x3 R2 = 0.99), Merck folic acid (dotted line, y = 0.1185 (± 0.010) + 0.9488 (± 0.086)x - 0.6041(± 0.192)x2 + 0.1836 (± 0.115)x3, R2 =

Figure 5.1. Calibration curves for 5-methylTHF (solid line, y = 0.1213 (± 0.008) + 1.1460 (± 0.074)x - 0.6802 (± 0.172)x2 + 0.1234 (±

Absorbance at 590 nm!

5.2 Microbiologic assay
Evaluation of calibrators and dilution factor
The growth response of L. rhamnosus was greater for 5-methylTHF compared
with folic acid from Merck, which gave an intermediate response and folic acid
from Sigma, which gave the lowest response (Figure 5.1). These differences
resulted in calculated total folate concentrations being lowest using the 5methylTHF calibration and highest using the Sigma folic acid calibration. In
addition, the calculated total folate was higher using the lower dilution factor
compared with the higher dilution factor (1/40 vs. 1/80 for plasma and 1/800 vs.
1/1600 for whole blood). The relationship between calculated total folate
concentrations at the different dilutions was significantly non-linear (P < 0.01 for
the b2 coefficient1 in a second order polynomial) for plasma (Figure 5.2) and
whole blood folate (Figure 5.3). The effect of the calibrator and dilution factor on
the distribution of calculated total folate for participants who had no missing data
is shown in Table 5.2. The lowest median folate concentrations were obtained
with a dilution of 1/80 and 1/1600 for plasma and whole blood, respectively,
using 5-methylTHF as a calibrator. The highest median folate concentrations were
obtained with a dilution of 1/40 and 1/800 for plasma and whole blood,
respectively, using Sigma folic acid as a calibrator. Between these two conditions,
there was a 2.8 fold difference in the median plasma folate concentration (9.9
nmol/L versus 28.1 nmol/L) and a 2.1 fold difference in the median whole blood
folate concentration (220 nmol/L versus 467 nmol/L).

1

The equation for a second order polynomial is: y = b0 + b1x + b2x2
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Figure 5.2. Plasma folate measured at a 1/40 dilution vs. a 1/80 dilution on the
microbiologic assay. A, 5-methylTHF as a calibrator; B, folic acid (Merck) as a
calibrator; C, folic acid (Sigma) as a calibrator. Second order polynomial curves
are fitted (solid line) and the line of identity is shown (dashed line). SE of the
equation coefficients are in brackets. Sy|x; standard error of the regression.
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Figure 5.3. Whole blood folate measured at a 1/800 dilution vs. a 1/1600 dilution
on the microbiologic assay. A, 5-methylTHF as a calibrator; B, folic acid (Merck)
as a calibrator; C, folic acid (Sigma) as a calibrator. Second order polynomial
curves are fitted (solid line) and the line of identity is shown (dashed line). SE of
the equation coefficients are in brackets. Sy|x; standard error of the regression.
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Table 5.2. Folate concentrations derived using different calibrators and dilutions on the microbiologic assay
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order polynomial (y = 275 + 0.521x + 0.00171x2 – 9.88e-7x3; Sy|x = 31.9; P < 0.001 for the second and third order coefficients) fitting the

the sample duplicates are shown along with the expected recovery (dashed line = added – baseline by microbiologic assay) and a third

Figure 5.4. Recovery of folate from a low folate sample (159 nmol/L by LC-MS/MS) spiked with 5-methylTHF. Recovered total folate of

Recovered total folate (nmol/L)

Recovery of 5-methylTHF from whole blood and linearity of the microbiologic
assay
Significant non-linearity (P < 0.001 for the b2 and b3 coefficients2 in a third order
polynomial) was found in a whole blood sample spiked with 5-methylTHF at
levels extending over the entire range of the calibration curve (Figure 5.4). A
third order polynomial displayed the best fit (Sy|x for linear fit 67.6, for second
order polynomial fit 61.4, and for third order polynomial fit 31.9). The recovery
(mean [range]) of 5-methylTHF in a spiked whole blood sample was best at
concentrations below 800 nmol/L at the low to medium range of the calibration
(101% [88 – 116%]). However, at concentrations above 800 nmol/L, at the higher
end of the calibration range, 5-methylTHF was over-recovered (123% [109 –
131%]) (Figure 5.4). Significant non-linearity was also detected using the low
folate:high folate samples mixed at ratios of 4:0, 3:1, 2:2, 1:3, and 0:4
(Supplemental Figure 8D.1 in Appendix D).

2

The equation for a third order polynomial is: y = b0 + b1x + b2x2 + b3x3
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Table 5.3. Median folate concentrations in the genotype groups1
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Determined by the microbiologic assay using the highest dilution factor available of 1/80 (n = 62) or 1/160 (n = 11) for plasma folate and 1/1600 (n = 73) for whole blood folate

Calculated as the sum of 5-methylTHF, 5,10-methenylTHF, and THF

Calculated as the sum of 5-methylTHF, 5-formylTHF, 5,10-methenylTHF, and THF

4

4% (0 – 7%)

3

0% (0 – 0%)

9 (0 – 16)

31% (15 – 54%)

78 (44 – 175)

17% (14 – 21%)

41 (27 – 91)

48% (24 – 66%)

Values are presented as median (range) including median percentage (range) of whole blood folate for whole blood folate vitamers

0% (0 – 2%)

0% (0 – 2%)

0 (0 – 0)

0% (0 – 8%)

0 (0 – 26)

19% (13 – 22%)

48 (35 – 129)

80% (74 – 83%)

126 (50 – 318)

235 (188 – 484)

192 (156 – 393)

185 (144 – 429)

11.2 (4.9 – 57.3)

TT phenotype (n = 16)

2

0 (0 – 6)

1% (0 – 6%)

4% (0 – 9%)
0 (0 – 7)

6 (0 – 22)

19% (14 – 24%)

20% (16 – 25%)
13 (0 – 34)

61 (36 – 107)

62 (34 – 112)

79% (73 – 83%)

214 (141 – 517)

261 (176 – 667)

214 (141 – 537)

223 (151 – 709)

10.0 (7.0 – 46.4)

Normal phenotype (n = 8)

TT (n = 24)

1

THF

5,10-methenylTHF

5-formylTHF

5-methylTHF

348 (201 – 623)

75% (67 – 83%)

314 (180 – 593)

Whole blood folate (LC-MS/MS incl. 5-formylTHF) 4

274 (159 – 516)

272 (153 – 495)

251 (146 – 481)

Whole blood folate (LC-MS/MS excl. 5-formylTHF) 3

224 (133 – 544)

20.9 (4.0 – 80.8)

235 (142 – 441)

229 (141 – 485)

Whole blood folate (microbiologic assay) 2

Whole blood folate vitamer (nmol/L)

13.0 (5.3 – 42.4)

Normal Phenotype

Normal Phenotype

Plasma total folate 2

Total folate (nmol/L)

CT (n = 24)

CC (n = 25)

Table 5.4. Median folate concentrations by genotype and phenotype 1

5.3 LC-MS/MS
The folate vitamer 5-formylTHF was highly correlated with 5-methylTHF
concentration throughout the entire sample set (Pearson correlation 0.86, P <
0.001), and did not correlate with 5,10-methenylTHF or THF concentrations
(Pearson correlations -0.10, P = 0.384 and -0.17, P = 0.153 respectively)
indicating that the 5-formylTHF measured in the LC-MS/MS method is in fact the
pyrazino-s-triazine oxidation product of 5-methylTHF.
The median (range) total whole blood folate concentration by LC-MS/MS (excl.
5-formylTHF) was significantly lower in the TT individuals (201 [141 – 537]
nmol/L) than the CC (251 [146 – 481] nmol/L, P = 0.029) and CT individuals
(274 [159 – 516] nmol/L, P = 0.020) (Table 5.3). Folic acid was not detected in
any of the participant samples. The relative whole blood folate pattern (median
[range]) was similar for the CC and CT genotype groups: 75% (67 – 83%) and
79% (67 – 83%) respectively, for 5-methylTHF versus 58% (24 – 83%) for the
TT genotype group. The TT group had significantly lower 5-formylTHF, and
significantly higher 5,10-methenylTHF and THF concentrations. Moreover, TTs
displayed a wider range of folate vitamer species than the CC and CT genotype
groups. One third of the TT group (n=8 of 24) had a whole blood folate pattern
comparable to CC and CT individuals, with 80% (74 – 83%) 5-methylTHF and
less than 10% of total folate as 5,10-methenylTHF in their whole blood (Table
5.4).
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P values refer to a slope of 1.00 and an intercept of 0

(-30% to 25%)

2

(34% to 166%)

-3%

(P = 0.159)

-21 (-50 to 8)

(P = 0.308)

1.05 (0.95 to 1.16)

(P < 0.001)

0.92

(n = 73)

5-methylTHF

n in each group is variable due to samples having higher folate concentrations than the respective calibration curves

(-2% to 94%)

100%

(P < 0.001)

-156 (-212 to -97)

(P < 0.001)

2.69 (2.46 to 2.92)

(P < 0.001)

0.94

(n = 68)

folic acid (Sigma)

1

(-13% to 51%)

(95% limit of agreement)

46%

(P < 0.001)

(P < 0.001)
19%

-126 (-166 to -85)

(P < 0.001)

(P < 0.001)

- 57 (-86 to -29)

2.00 (1.85 to 2.14)

(P < 0.001)

(P < 0.001)

1.43 (1.33 to 1.54)

0.95

0.96

(n = 72)

(n = 72)

Bland-Altman relative bias

Regression intercept (95% CI)2

Regression slope (95% CI)2

Pearson correlation

folic acid (Merck)

5-methylTHF

1/800 dilution

(-19% to 46%)

14%

(P = 0.030)

-39 (-74 to -4)

(P < 0.001)

1.29 (1.16 to 1.41)

(P < 0.001)

0.93

(n = 73)

folic acid (Merck)

1/1600 dilution

Table 5.5. Comparison of whole blood folate results by microbiologic assay with LC-MS/MS excluding 5-formylTHF1

(3% to 96%)

49%

(P = 0.001)

-91 (-145 to -37)

(P < 0.001)

1.86 (1.67 to 2.05)

(P < 0.001)

0.92

(n = 73)

folic acid (Sigma)

5.4 Comparison of the microbiologic assay with LC-MS/MS
In all comparisons between the microbiologic assay and LC-MS/MS exclusive of
5-formylTHF there was a high correlation between whole blood folate
concentrations (Pearson correlation > 0.9) (Table 5.5; Supplemental Figure
8D.2 in Appendix D). In general, the 1/1600 dilution shows less bias compared to
LC-MS/MS than the 1/800 dilution and the use of 5-methylTHF as a calibrator
showed less bias compared to LC-MS/MS than the use of folic acid as a
calibrator. The best agreement was seen between LC-MS/MS and the
microbiologic assay at a dilution of 1/1600 and using 5-methylTHF as a
calibrator. Under these conditions there was no significant difference in the slope
from 1 (P = 0.308) and the intercept from 0 (P = 0.159) in the regression analysis,
indicating no significant proportional or constant bias. In all comparisons between
the microbiologic assay and LC-MS/MS inclusive of 5-formylTHF, there was also
a high correlation between whole blood folate concentrations (Pearson correlation
> 0.9) (Table 5.6; Supplemental Figure 8D.3 in Appendix D). The best
agreement was seen between LC-MS/MS and the microbiologic assay with 5methylTHF as a calibrator at a dilution of 1/800 and with Merck folic acid as a
calibrator and a dilution of 1/1600. The comparison with 5-methylTHF as a
calibrator at a dilution of 1/800 resulted in a Bland-Altman relative bias of -3%
(95% limits of agreement -30 to 24%). However, regression analysis gave a slope
significantly different to 1 (slope 1.19; 95% CI 1.11 to 1.28; P < 0.001) and an
intercept significantly different to 0 (intercept -63; 95% CI -93 to -33; P < 0.001)
indicating a proportional bias between the two methods. The comparison of LCMS/MS with the microbiologic assay using Merck folic acid as a calibrator and a
dilution of 1/1600 resulted in a Bland-Altman relative bias within 10% of LCMS/MS (8% [95% limits of agreement -35 to 20%]). Regression analysis gave a
slope that was not significantly different from 1 (slope 1.06; 95% CI 0.95 to 1.17;
P = 0.264), however the intercept was significantly different from 0 (intercept 42; 95% CI -79 to -6; P = 0.023), indicating a constant bias.
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(-44% to 2%)

P values refer to a slope of 1.00 and an intercept of 0

(7% to 118%)

-21%

(P = 0.103)

2

(-22% to 60%)

63%

(P < 0.001)

-25 (-55 to 5)

(P = 0.004)

0.87 (0.78 to 0.96)

(P < 0.001)

0.92

(n = 73)

5-methylTHF

n in each group is variable due to samples having higher folate concentrations than the respective calibration curves

(-30% to 24%)

(95% limit of agreement)

19%

(P < 0.001)

-164 (-228 to -101)

(P < 0.001)

2.21 (2.01 to 2.42)

(P < 0.001)

0.94

(n = 68)

folic acid (Sigma)

1

-3%

(P < 0.001)

-132 (-177 to -87)

(P < 0.001)

(P < 0.001)

- 63 (-93 to -33)

1.64 (1.51 to 1.78)

(P < 0.001)

(P < 0.001)

1.19 (1.11 to 1.28)

0.95

0.95

(n = 72)

(n = 72)

Bland-Altman relative bias

Regression intercept (95% CI)2

Regression slope (95% CI)2

Pearson correlation

folic acid (Merck)

5-methylTHF

1/800 dilution

(-35% to 20%)

8%

(P = 0.023)

-42 (-79 to -6)

(P = 0.264)

1.06 (0.95 to 1.17)

(P < 0.001)

0.92

(n = 73)

folic acid (Merck)

1/1600 dilution

Table 5.6. Comparison of whole blood folate results by microbiologic assay with LC-MS/MS including 5-formylTHF1

(-18% to 61%)

21%

(P = 0.001)

-97 (-153 to -42)

(P < 0.001)

1.53 (1.37 to 1.69)

(P < 0.001)

0.91

(n = 73)

folic acid (Sigma)

6

Discussion

A lack of agreement in serum and whole blood results amongst laboratories is a
considerable issue that has been demonstrated in many inter-laboratory
comparison studies and external quality assurance surveys (9, 11, 89, 90). Even
with the “gold standard” microbiologic assay, agreement in results for serum and
RBC folate amongst different laboratories has been unsatisfactory (9, 11). The
potential sources for disagreement likely lie in the variability amongst laboratoryspecific microbiologic assay procedures. While the microbiologic assay is more
commonly used by research groups and for monitoring of population folate status,
there lacks a standardised microbiologic assay procedure (11). Accuracy and
comparability over time are crucial in monitoring population folate status, while
comparability between methods and laboratories is necessary for establishing
reference ranges and cut-offs for optimal folate status, and for disentangling
epidemiological associations in disease risk and folate status. This study was
undertaken to determine the magnitude of differences in plasma and whole blood
folate results within our laboratory using different microbiologic procedures, and
to compare the use of an LC-MS/MS method (22) with the microbiologic assay
for the determination of whole blood folate.
Using a convenience set of plasma and whole blood samples, we observed marked
differences in blood folate concentrations analysed using the microbiologic assay
that were dependent on the type of calibrator used in the assay as well as the
dilution factor applied to the samples. Although the chloramphenicol-resistant L.
rhamnosus responds to all physiologically active forms of folate, its ability to
respond equally to reduced folates and folic acid on a molar basis is questionable.
In the present study, differences in the growth response among all three
calibrators were found, with 5-methylTHF producing the highest calibration curve
followed by the Merck folic acid calibrator and then the Sigma folic acid
calibrator. Higher calibration curves will result in lower calculated blood folate
concentrations. The lower calibration curve produced by folic acid relative to 5methylTHF in the present study supports the findings of Pfeiffer et al. (11) in
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which two independent laboratories produced similar results. The discrepancy in
the growth response curves between Sigma and Merck folic acid calibrators has
also been previously reported (23), however, this difference does not occur
consistently (11). Although it is not clear why the Sigma folic acid calibrator gave
a lower response than the Merck folic acid calibrator, batch-to-batch variation in
the folic acid supplied by Sigma may be responsible for the differences (C
Pfeiffer, Personal Communication, 2011). Given that 5-methylTHF is the major
form of folate found in biological samples (45, 71, 87, 112), it has been
recommended that 5-methylTHF be used as a calibrator for the microbiologic
assay (5, 11).
Spiked recovery and dilution linearity experiments are standard methods for
determining the accuracy and validity of measurement procedures. Both methods
can be used to test if the relationship between the true and measured
concentrations is linear. In dilution linearity experiments it is not necessary to
know the actual concentrations of the samples, however spiked recovery
experiments allow for calculation of the magnitude of bias, assuming that the
spiked analyte responds the same as the native analyte (2, 113). Our results
showed poor linearity and over-recovery of folate within a whole blood matrix
toward the higher end of the calibration range by ~23%. The different responses
to folate concentrations in the aqueous calibrator compared to whole blood
support a matrix effect on the microbiologic assay response. Data comparing
dilutions for plasma folate showed greater relative differences between the two
dilutions than for whole blood folate, further supporting a matrix effect. For
microbiologic folate analysis, whole blood samples are diluted by a much greater
factor than plasma samples. It is uncertain whether over-recovery and nonlinearity would occur at higher dilutions than those used in this study.
Although our study is limited in that it is unknown whether the non-linearity we
observed with our assay may be occurring in other laboratories, the shape of our
calibration curve is characteristic of the microbiologic assay and many other
laboratories have published similar calibration figures (11, 13, 14). Furthermore,
our data depicting the growth response of L. rhamnosus in response to diluted
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Figure 6.1. Growth response of L. rhamnosus to the 5-methylTHF calibrator (solid line) added at a concentration of 500 pg/mL, and whole
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tissue samples shows that this characteristic bend that occurs with the calibrator
was not observed in our whole blood and plasma samples (Figure 6.1). Nonlinearity between dilutions can occur due to the presence of antibiotics or
antifolates in a sample, or in samples collected with EDTA (5, 114). However,
these causes are due to inhibition of the microbiologic assay, while our results
occur in the opposite direction indicating a stimulatory matrix effect. While
stimulatory effects of plasma and whole blood have been observed in the past
(115, 116), there is a lack of published reports on the linearity of the
microbiologic assay. A possible reason for the stimulatory effect of plasma and
whole blood on the microbiologic assay may be that the availability of other
nutrients present in plasma and whole blood is limited in the assay growth
medium. We used 5.7 g of Difco folic acid casei medium per 100 mL, which is
lower than the 7.05 g per 100 mL used in the U.S. National Health and Nutrition
Examination Survey (NHANES) procedure, and supplies different levels of
nutrients compared to Merck folic acid broth, specified in the procedures of
Molloy and Scott, and O’Broin and Kelleher (13, 14, 117, 118) (Supplemental
Table 8C.1 in Appendix C). Further assessment of microbiologic assay
performance in varying media preparations is needed to determine if this is a
cause of non-linearity and variation in microbiologic results. In the meantime,
similar to other researchers, only a limited area of the calibration curve should be
used to avoid issues with non-linearity (119).
Because of their analytical properties, LC-MS/MS methods have been developed
as candidate reference methods for the analysis of folate in biological samples.
Although there is no currently approved reference method for the analysis of
folate in whole blood by LC-MS/MS, we compared the microbiologic whole
blood folate results generated using different calibrators and sample dilutions with
the LC-MS/MS results excluding and including 5-formylTHF. Recently, it has
been suggested that the 5-formylTHF component measured in this LC-MS/MS
method is actually a pyrazino-s-triazine oxidation product of 5-methylTHF
because it has the same mass transition and chromatographic retention time as 5formylTHF, and while 5-formylTHF has not previously been found in whole
blood samples, the pyrazino-s-triazine oxidation product has (25, 26, 45, 87).
49

Moreover, 5-formylTHF and 5,10-methenylTHF are known to interconvert during
sample preparation and analysis (6). Our results showed that 5-formylTHF was
not correlated with 5,10-methenylTHF, but correlated highly with 5-methylTHF,
suggesting that the compound measured by this assay is in fact the pyrazino-striazine derivative of 5-methylTHF. This derivative, often confused as 4-!hydroxy-5-methylTHF in the literature, does not support the growth of L.
rhamnosus (75, 87, 120). Because of this, the 5-formylTHF component of the LCMS/MS data was excluded from the calculation of total folate. Overall, linear
regression analysis and Bland-Altman relative bias calculations indicated that the
microbiologic assay whole blood folate results produced using the 5-methylTHF
calibrator and a higher dilution factor (1/1600) had good agreement with the LCMS/MS method, whereas the greatest bias between the two methods occurred
when Sigma folic acid was used as a calibrator and a lower dilution factor (1/800)
was used. Although previous studies comparing blood folate species measured by
LC-MS/MS and the microbiologic assay have found good agreement between the
two methods for serum, agreement in whole blood folate results has been poor
(22, 23, 25, 71, 112). Analysis of a subset of whole blood folate samples from the
U.S. NHANES 2007-2008 (n=295) showed 25% higher folate concentrations
from the microbiologic assay calibrated with 5-methylTHF than LC-MS/MS (25).
This U.S. study included the 5-formylTHF component in the summation of total
folate species by LC-MS/MS. When 5-formylTHF was included in our analyses,
we found that the microbiologic assay gave 21% and 3% lower concentrations
with a dilution factor of 1/1600 and 1/800, respectively. Interestingly, in another
study employing a wide range of blood folate concentrations, there was a
tendency toward greater bias at higher blood folate concentrations, with the
microbiologic assay returning higher results than the LC-MS/MS (71). The folate
status of our participants is more comparable to the lower range of blood folates
found in this study. Discrepancies in the level of agreement observed in our study
and previous work may be explained by differences in the overall folate status of
the tissue samples as well as other inter-laboratory procedural differences not yet
identified.
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Several unresolved issues remain in the LC-MS/MS method. Labelled internal
standards are added to the samples to control for any losses or changes in folate
forms during incubation, solid phase extraction and analysis. 13C55-FormylTHF is
used as internal standard for the form that is more likely the pyrazino-s-triazine
derivative of 5-methylTHF and has different properties. Additionally, we found
that a large proportion of 5,10-methenylTHF converted to 5-formylTHF in the
calibrator, and not in whole blood (Supplemental Table 8B.1 and Figure 8B.1 in
Appendix B). Despite this, the recovery of folate forms from spiked whole blood
was good with the exception of 5-formylTHF (> 110%); however, this form is
unlikely to be found in whole blood samples. The recovery of the pyrazino-striazine compound was not assessed. Although the use of appropriate labelled
standards needs to be addressed in this method, the recovery experiments show
that the method is accurate at measuring 5-methylTHF, 5,10-methenylTHF, THF
and folic acid. In a roundtable review of methods used in the NHANES, it was
suggested that the LC-MS/MS method may not be accurate due to a loss of THF
not accounted for by the internal standard (25). However, we showed adequate
recovery of THF. Furthermore, under-recovery of THF would be unlikely to
affect the overall accuracy of the method as THF was only found in very low
amounts in some individuals. Another issue raised in the roundtable discussion
was the possibility that not all polyglutamates would be converted to
monoglutamates during incubation of the whole blood samples. We did not test
whether or not this occurred in our method. However, whole blood samples were
haemolysed in ascorbic acid and incubated for 4 h at 37˚C. Under these conditions
there should be minimal diglutamates remaining, and folate should be almost fully
recovered as monoglutamates by the LC-MS/MS method (22).
The suggested cut-offs for low folate status, 7 nmol/L for serum or plasma folate
and 317 nmol/L for RBC folate (equivalent to ~ 127 nmol/L for whole blood
folate assuming negligible plasma folate levels and a haematocrit value of 40%)
were originally determined mainly through microbiologic assay results. Even at
this level, the use of folic acid as a calibrator returns discrepant results compared
with 5-methylTHF. Considering variability in folate microbiologic assays, the
application of cut-offs set by these assays may lead to misdiagnoses of low folate
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status. It would be more appropriate to redefine folate status cut-offs using
methods with established traceability. Traceability requires the development of
appropriate reference materials and higher-order reference methods. The reference
materials used in our microbiologic analyses were from the National Institute of
Standards and Technology (NIST). They included three levels of NIST SRM
1955 serum material (107) (Supplemental Table 8C.4 in Appendix C). Using the
5-methylTHF calibrator, all mean values (at three levels using two dilutions) fit
within the uncertainty limits, except for the highest level at a dilution of 1/160. Of
particular importance, in the inter-laboratory microbiologic assay comparison
study by Pfeiffer et al. (11) all three laboratories produced NIST SRM 1955 total
folate results within the uncertainty limits despite large reported differences in the
distribution of serum and RBC folate amongst the laboratories. Interestingly, the
highest serum NIST reference material was below the 50th percentile of serum
folate concentrations derived from the U.S. NHANES sample set. In consideration
of our findings where the greatest discrepancies in blood folate concentrations
occurred at higher levels, there is a need for reference materials that cover a wider
range of blood folate concentrations. In addition, NIST SRM 1955 is only a
certified reference material for the measurement of 5-methylTHF in serum, not
total folate (107). The NIST are currently working on developing a certified
reference material for serum total folate with values specified by a higher-order
LC-MS/MS reference method (11).
LC-MS/MS has been approved as a higher-order reference method for the
measurement of folate in serum, however there is no approved method for whole
blood/RBC folate. Although a higher-order reference method has been established
for serum folate, an inter-comparison study of clinical serum folate assays showed
highly variable results that did not agree with LC-MS/MS defined target values
(26). One measurement procedure, the Abbott ARCHITECT® immunoassay, has
established traceability to the National Institute for Biological Standards and
Controls (NIBSC) WHO IS 03/178 serum reference material, and produced
results within 5% of the LC-MS/MS defined values demonstrating that
standardisation is achievable. For whole blood/RBC folate however, there is
resistance to employ the LC-MS/MS because the LC-MS/MS and microbiologic
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assay results differ (25). Our results however, show that agreement between the
two methods is dependent upon the calibrator used as well as the dilution factor
applied in the microbiologic assay. Additionally, agreement may vary depending
on the overall folate status of the sample population. The notion that the
microbiologic assay is a “gold standard” should be rejected on the basis of its
variability between laboratories alone. Future work aimed at the establishment of
a higher-order reference method for whole blood folate should not rely on its
comparability with the microbiologic assay.
Although the LC-MS/MS method is still undergoing development and requires
more advanced equipment and technical skills, it has a number of advantages
compared with the microbiologic assay. The LC-MS/MS method has greater
precision than the microbiologic assay. In our laboratory we observed a
coefficient of variation of 3% for LC-MS/MS and between 8% (lower dilution)
and 15% (higher dilution) for the microbiologic assay. The LC-MS/MS method
has a reported linear dynamic range from 0 to 220 nmol/L (23) and it is able to
distinguish between methyl and non-methyl folate forms. Research into folate
forms is a new topic area of interest. In our sample set of TT genotype
individuals, there was considerable variability in the proportion of whole blood
folate forms and one-third of the TT group displayed a normal phenotype with
minimal non-methyl folate. Individuals of the TT genotype are at increased risk of
having a child with an NTD, cardiovascular disease and stroke, and some
psychiatric disorders, and have a decreased risk for some cancers including
colorectal cancer and acute lymphoblastic leukaemia (51, 53, 121-124). Further
research into nutrient-nutrient interactions and predictors of folate forms using
LC-MS/MS may uncover potential modulators for disease risk other than folate in
these individuals.
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6.1 Conclusions, future research, and recommendations
6.1.1 Conclusions
The microbiologic assay data presented in this study confirms the findings of
others (11, 23), that the use of folic acid as a calibrator compared with 5methylTHF resulted in higher blood folate concentrations using the microbiologic
assay. Furthermore, a potential batch variation in the Sigma folic acid calibrator
produced a discrepancy in blood folate results compared with the use of Merck
folic acid as a calibrator.
Spiked recovery and dilution linearity experiments indicated poor linearity and
over-recovery of plasma and whole blood folate. This may lead to discrepancies
in calculated blood folate concentrations and may be another potential source of
difference between microbiologic assay results.
Overall, our whole blood results showed good agreement between the
microbiologic assay and LC-MS/MS with the use of 5-methylTHF as the
microbiologic assay calibrator and higher dilution factors.

6.1.2 Future research
Future research should determine the cause of non-linearity observed in our
microbiologic method. Although we observed a stimulatory effect of blood on the
microbiologic assay, it is worth investigating the effect of manganese on the
microbiologic assay. As part of our laboratory’s standard procedure, manganese
was not added to the growth medium. Addition of manganese has been shown to
prevent non-linearity between dilutions caused by inhibition of the microbiologic
assay by EDTA (114).
Future research should address whether non-linearity of the microbiologic assay is
inherent within the microbiologic assay or is laboratory specific. The design of
such a study should include multiple laboratories that use the microbiologic assay
and the methods of each laboratory should be reported in detail. If the
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microbiologic assay is found to be non-linear in other laboratories, future research
should address whether or not this is one of the causes of discrepancies between
microbiologic and LC-MS/MS methods.
It is also essential to ensure what is being measured by the microbiologic assay is
also being measured by LC-MS/MS. In doing so, it is important to first resolve
issues with the LC-MS/MS method, such as the use of 13C5-5-formylTHF in the
internal standard mix, when it is more likely the pyrazino-s-triazine derivative of
5-methylTHF in biological samples rather than 5-formylTHF.
Lastly, in order to ensure the accuracy of the microbiologic assay, serum- and
whole blood-based reference materials with certified values for total folate by LCMS/MS are needed.

6.1.3 Recommendations
Laboratories that use the microbiologic assay for folate analysis should preferably
use 5-methylTHF as a calibrator as this is the main form found in blood samples,
and has a comparable growth rate compared to other reduced forms found in
RBCs of those with the MTHFR TT genotype (Supplemental Figure 8C.1 in
Appendix C).
New batches of calibrators should be compared against old batches to ensure
consistent and reproducible results, especially for longitudinal studies and
monitoring of population folate status.
Laboratories should maintain quality control procedures that require precise
measures of folate status and will exclude any non-linear results. For example, the
requirement of CV of less than 15% between at least 4 sample repeats measured
at two dilutions reduces the chance that results will be reported from particularly
non-linear assays because large differences between dilutions would result in a
high CV.
Laboratories should evaluate all methods for non-linearity over the entire assay
range or participate in a scheme such as the Calibration Verification and Linearity
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Program run by the CAP. The linearity of the microbiologic assay may need to be
re-established when the L. rhamnosus organism has been grown up fresh because
variations in the shape of the calibration curve appear to be associated with the
assay linearity.
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Preparation of folate calibrators for LC-MS/MS
Folate calibrators were prepared for LC-MS/MS as described in Pfeiffer et al. (23)
and Fazili et al. (22) with some modifications. All solutions used for the
preparation of the standards were degassed with nitrogen. The standards were
prepared at ambient temperature and protected from light with foil.
Stock solution I was prepared by dissolving 5 mg of folic acid into 25 mL of 20
mmol/L phosphate buffer (pH 7.2). For 5-methylTHF, 5-formylTHF, and THF
this solution contained 1 g/L of cysteine and for 5,10-methenylTHF the solution
contained 1 mol/L HCl. For 5-methylTHF, 5-formylTHF, 5,10-methenylTHF, and
THF, ascorbic acid was added to make up a concentration of 10 g/L after an
aliquot was taken to determine the concentration of stock solution I by
spectrophotometry. A 1/20 dilution in phosphate buffer was made and absorbance
measured to determine the concentrations of 5-methylTHF (290 nm), 5formylTHF (285 nm), 5,10-methenylTHF (345 nm), THF (298 nm), and folic acid
(282 nm). The ratio of absorbance at 290/245 was monitored for 5-methylTHF to
ensure no oxidation took place, a ratio above 3.3 is expected.
Stock solution II was made up based on the spectrophotometrically determined
concentrations of stock solution I. The final concentration of stock solution II was
100 µg/mL in 10 g/L ascorbic acid, except for folic acid, which was diluted in
degassed water and 5,10-MethenylTHF, which was diluted in 0.5 mol/L HCl with
10 g/L ascorbic acid.
Stock solution III was a 1/10 dilution of stock solution II in 1 g/L ascorbic acid to
a final concentration of 10 µg/mL. This solution was stored at -80˚C.

Preparation of folate calibrators for microbiologic assay
Folic acid standards (Merck and Sigma) were prepared for the microbiologic
assay by dissolving 20 mg of folic acid into 4 mL of 0.1 M sodium hydroxide and
making the volume up to 100 mL in distilled deionised water making standard A
(~ 200 µg/mL). Standard A was diluted 1/20 in 0.1 M sodium phosphate buffer
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pH 7.0 to make standard B (~ 10 µg/mL). The concentration of folic acid in
standard B was determined by measuring its absorbance at 282 nm.
Approximately 1 mL (adjusted to give a final concentration of 100 ng/mL after
dilution) of standard B was made up to 100 mL in 0.5% sodium ascorbate to make
standard C (100 ng/mL). The final working standard (500 pg/mL) was made up by
a 1/20 dilution of standard C in 0.5% sodium ascorbate.
5-MethylTHF was prepared from a 10 µg/mL stock solution (stock solution III)
used for LC-MS/MS. Standard C (100 ng/mL) was made up by a 1/100 dilution of
the stock standard in 0.5% sodium ascorbate and the final working standard (500
pg/mL) was made up by a 1/20 dilution of standard C in 0.5% sodium ascorbate.
5-FormylTHF, 5,10-methenylTHF and THF standards were prepared up in the
same way. The working standards were stored at -80˚C for no longer than 3
months.

Specific rotation of Sigma folic acid standard
The optical rotation of the Sigma folic acid standard was checked. The standard
used for the study (lot number 077K0701) was checked against an older Sigma
folic acid standard (lot number 27H1051). Briefly, 0.1 g of folic acid was made up
to 20 mL in 0.1 M sodium hydroxide. The polarimeter was blanked using 0.1 M
sodium hydroxide and the specific rotation at a wavelength of 589 nm was
measured at a temperature of 25.6˚C. The expected rotation at 25˚C for a folic
acid concentration of 5 g/L is +23˚(125). An average of three measurements gave
a rotation of +18.4˚ for lot number 077K0701 and +18.6˚ for lot number
27H1051. The specific rotation was less than +23˚, however the standard is
claimed to be # 97% pure and not 100% pure. Assuming the standard was 100%
pure when weighed out, at least 90% of the folic acid is in the L form based on the
polarimetry results. The difference observed in blood folate results between
Sigma and Merck calibrators is greater than 10%. Therefore the differences
observed between Sigma and Merck folic acid calibrators are unlikely to be due to
some of the Sigma folic acid standard being the physiologically inactive D form.
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Interconversions between folate forms
Table 8B.1. Peak areas of recovered folate forms in 5-formylTHF, 5,10methenylTHF, and THF calibrators, and two whole blood samples spiked with
13

C5-5-formylTHF, 13C5-5,10-methenylTHF, and 13C5-THF
(13C5-)5-formylTHF

(13C5-)5,10-methenylTHF

(13C5-)THF

5-formylTHF

613330

21232

696

5,10-methenylTHF

106954

64421

4926

1439

1510

91648

13

16384

5108

0

13

1764

24971

941

13

0

0

11386

13

5654

3672

0

13

1678

17743

789

13

0

0

8915

Calibrators

THF
Spiked whole blood 1
C5-5-formylTHF
C5-5,10-methenylTHF
C5-THF

Spiked whole blood 2
C5-5-formylTHF
C5-5,10-methenylTHF
C5-THF
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Figure 8B.1. Chromatograms showing inter-conversions between 5-formylTHF,
5,10-methenylTHF, and THF in 5-formylTHF (A), 5,10-methenylTHF (B), and
THF (C) calibrators in 1% ascorbic acid (pH 4), and whole blood samples spiked
with 13C5-5-formylTHF (D), 13C5-5,10-methenylTHF (E), and 13C5-THF (F).
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13
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0
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Table 8B.2. Peak areas of folate forms from haemolysate samples centrifuged and not centrifuged before SPE, and with varying amounts

Determination of optimal sample volume and effect of centrifugation of haemolysates before solid phase extraction
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10.76

10.67

Sample 2

Mean

14.39

14.53

97%

Sample 2

Mean

Recovery

18.33

18.24

18.28

95%

Sample 1

Sample 2

Mean

Recovery

Spiked level 2

14.68

Sample 1

Spiked level 1

10.58

Sample 1

Baseline

5-methylTHF

111%

7.68

7.51

7.85

112%

5.50

5.62

5.37

3.26

3.30

3.21

5-formylTHF

101%

4.20

4.04

4.36

108%

2.31

2.40

2.22

0.16

0.15

0.18

5,10-methenylTHF

95%

4.00

4.11

3.89

93%

2.06

1.97

2.14

0.20

0.16

0.25

THF

ng/mL haemolysate for 5-formylTHF, 5,10-methenylTHF, THF and folic acid (FA) (ng/mL haemolysate)

93%

3.71

3.76

3.67

96%

1.92

2.01

1.83

0.00

0.00

0.00

FA

Table 8B.3. Recovery of folate forms from spiked whole blood at 4 ng/mL and 8 ng/mL haemolysate for 5-methylTHF, and 2 ng/mL and 4

Recovery of folate forms from spiked whole blood samples

Table 8B.4. Recovery of 5,10-methenylTHF and THF from a whole blood sample
spiked at 2 ng/mL and 4 ng/mL haemolysate (ng/mL haemolysate)
5,10-methenylTHF

THF

Sample 1

0.00

0.00

Sample 2

0.00

0.00

Sample 3

0.00

0.00

Sample 4

0.00

0.00

Sample 1

2.08

2.06

Sample 2

1.86

1.98

Sample 3

1.98

2.26

Sample 4

1.84

2.04

Mean

1.94

2.09

Coefficient of variation

5.8%

5.9%

Recovery

97%

105%

Sample 1

3.48

3.71

Sample 2

3.60

3.61

Sample 3

3.46

4.20

Sample 4

3.29

3.81

Mean

3.46

3.83

Coefficient of variation

3.7%

6.7%

Recovery

87%

96%

Baseline

2 ng/mL haemolysate

4 ng/mL haemolysate
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Figure 8B.2. Concentrations of 5-methylTHF and 5-formylTHF in samples
exposed to light for up to 120 min (2 h)
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Figure 8B.3. (13C5-)5-MethylTHF and (13C5-)5-formylTHF peaks in a whole
blood sample spiked with

13

C5-5-methylTHF (A), and 5-methylTHF calibrator

after 0 min exposure to light (B) and after 120 min exposure to light (C)
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Figure 8B.4. Limit of quantification for 5,10-methenylTHF set at 11.3 nmol/L
(solid line). Whole data set (top panel) and low levels (bottom panel) with
regression line (dotted line).
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Figure 8B.5. Limit of quantification for THF set at 4.8 nmol/L (solid line). Whole
data set (top panel) and low levels (bottom panel) with regression line (dotted
line).
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Figure 8B.6. Mean concentration plotted against coefficient of variation for 5methylTHF. No samples had a coefficient of variation above 20% and a limit of
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Figure 8B.7. Mean concentration plotted against coefficient of variation for 5formylTHF. No samples had a coefficient of variation above 20% and a limit of
quantification was not set.
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Table 8C.1. Contents (per litre) of the medium used in the NHANES and by the
University of Otago in comparison with the methods described by Molloy and
Scott (13) and O’Broin and Kelleher (14).
NHANES 1

University of
Otago 1

Merck vitamin folic acid
assay broth

Molloy &
Scott/O’Broin
& Kelleher 1

15 g
60 g
60 g
1.5 g

12.1 g
48.5 g
48.5
1.2 g

6.5 g
21.5 g
10.8 g
537.7 mg

1.5 g

1.2 g

300 mg
900 mg
750 mg
15 mg
15 mg
15 mg
30 mg
471 mg
7.5 mg
300 mg
30 mg
30 mg
172.5 mg
1.5 mg
3 mg
6 mg
0.6 mg
1.2 mg
1.2 mg

242.6 mg
727.7 mg
606.4 mg
12.1 mg
12.1 mg
12.1 mg
24.3 mg
442.3 mg
6.1 mg
242.6 mg
24.3 mg
24.3 mg
18.2 mg
1.2 mg
2.4 mg
4.9 mg
0.5 mg
1 mg
1 mg

Casein hydrolysate
D-Glucose
Sodium acetate
Dipotassium phosphate
Monopotassium
phosphate
L-Tryptophan
L-Asparagine
L-Cysteine
Adenine
Guanosine
Uracil
Xanthine
Polysorbate 80 2
Magnesium sulfate
Sodium chloride
Ferrous sulfate
Manganese sulfate 2
Riboflavin
para-Aminobenzoic acid
Pyridoxol hydrochloride
Thiamine hydrochloride
Calcium pantothenate
Nicotinic acid

30 µg
-

24.3 µg
-

Biotin

-

0.4 µg
215.1 mg

-

-

-

30 mg
750 mg

30 mg
750 mg

Difco folic acid casei
medium
Casein digest
Dextrose
Sodium acetate
Dipotassium phosphate
Monopotassium
phosphate
DL-Tryptophan
L-Asparagine
L-Cysteine hydrochloride
Adenine sulfate
Guanine hydrochloride
Uracil
Xanthane
Polysorbate 80 2
Glutathione (reduced)
Magnesium sulfate
Sodium chloride
Ferrous sulfate
Manganese sulfate 2
Ribioflavin
para-Aminobenzoic acid
Pyridoxine hydrochloride
Thiamine hydrochloride
Calcium pantothenate
Nicotinic acid
Biotin

Chloramphenicol 2
Ascorbic acid 2

DL-Alanine
Trisodium citrate
dihydrate
Chloramphenicol 2
Ascorbic acid 2

537.7 mg
53.8 mg
107.5 mg
107.5 mg
10.8 mg
21.5 mg
10.8 mg
5.4 mg
321 mg
215.1 mg
10.8 mg
10.8 mg
160.8 mg
1.1 mg
0.1 mg
2.2 mg
1.1 mg
0.2 mg
1.1 mg

16.1 g
30 mg
750 mg

1

NHANES; National Health and Nutriton Examination Survey use 7.05 g Difco folic acid casei medium per
100 mL, University of Otago use 5.7 g Difco folic acid casei medium per 100 mL, the methods of Molloy and
Scott (13) and O’Broin and Kelleher (14) specify 5.7 g of Merck vitamin folic acid assay broth per 100 mL.
2

Polysorbate 80 is the generic name of Tween 80 and is added at 30 µL (denisty 1.07, mass 32.1 mg) per 100
mL in all methods. Difco folic acid casei medium contains polysorbate 80 as an ingredient. Manganese sufate
is added at a concentration of 15 mg per 100 mL in the NHANES method and in the method of Molloy and
Scott. The reported amount is that of Molloy and Scott, without added manganese sulfate, the O’Broin and
Kelleher method supplies 10.8 mg per litre. Chloramphenicol and ascorbic acid are not in the Difco and
Merck medium and must be added.
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Preparation of L. rhamnosus
Freeze dried L. rhamnosus was inoculated in 20 mL of broth (Difco folic acid
casei medium containing 0.15 ng/mL folic acid, 0.2 mg/mL chloramphenicol, 0.2
µL/mL Tween 80, and 0.5 mg/mL ascorbic acid) for 24 h at 37˚C. A 100 µL
aliquot was taken and grown in 20 mL of fresh broth for 48 h at 37˚C and this step
was repeated once more. Duplicate aliquots of 100 µL, 500 µL and 2 mL were
grown in 20 mL of fresh broth at 37˚C and the absorbance at 600 nm monitored
hourly. The dilution giving an absorbance between 0.3 and 0.6 was mixed in an
equal volume of 80% glycerol in 1 mL aliquots and stored at -80˚C.

Composition of growth medium
The composition of the growth medium for the microbiologic assay is shown in
Table 8C.1 and is compared to the composition of the growth medium used in the
NHANES and as described in the original method papers of Molloy and Scott
(13) and O’Broin and Kelleher (14).

Dilution recovery from plasma and whole blood samples
The recovery of folate at various dilutions from whole blood samples is reported
in Table 8C.2 and from plasma samples is reported in Table 8C.3.
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Table 8C.2. Folate from diluted whole blood samples (nmol/L)

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6
Sample 7

Sample 8

1/5333

1/4000

1/3200

1/2667

1/2000

1/1333

1/1000

1/800

133

204

155

182

150

179

167

158

153%

116%

137%

113%

134%

126%

118%

214

191

211

216

229

182

218

147%

131%

144%

148%

157%

125%

149%

228

227

216

214

227

229

251

107%

107%

101%

100%

106%

108%

118%

249

233

285

254

248

284

306

119%

111%

137%

122%

119%

136%

146%

146

213

209

263

379
318

323

Mean
SE

266

262

299

276

271

330

367

101%

100%

114%

105%

103%

125%

140%

345

323

325

272

353

400

461

91%

85%

86%

72%

93%

106%

122%

349

326

368

330

404

361

494

110%

103%

116%

104%

127%

114%

155%

397

311

347

314

403

468

506

123%

96%

107%

97%

125%

145%

157%

119%

106%

118%

108%

121%

123%

138%

8%

5%

7%

8%

7%

5%

6%

Table 8C.3. Folate from diluted plasma samples (nmol/L)

Sample 1

1/267

1/200

1/160

1/133

1/100

1/67

1/50

1/40

4.4

5.2

5.7

6.1

6.6

6.7

7.3

7.1

119%

130%

139%

150%

151%

165%

161%

12.1

10.6

10.1

11.2

10.3

11.4

11.8

141%

123%

118%

130%

120%

133%

137%

10.7

8.5

9.4

12.1

10.4

11.9

13.7

131%

104%

114%

148%

127%

145%

166%

10.7

9.4

9.4

12.3

9.5

12.2

13.7

106%

94%

93%

123%

94%

121%

137%

11.1

11.3

10.6

10.7

16.9

21.1

23.9

109%

111%
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Figure 8C.1. Effect of pH on the growth response of L. rhamnosus to 5-formylTHF, 5-methylTHF, 5,10-methenylTHF, THF, and folic

folate (nmol/L)!

!#&"

!#&"

!#)"

!#("
!#'"

!#)"

!#)"

!#'"

!#*"

!#*"

!#("

!#+"

!#+"

!#%"

!"

!"

!"

!#$"

!#$"

!"#$%*&#

!#%"

!#%"

!#)"

!#&"

!#&"

!#'"

!#'"

!#'"

!#%"

!#("

!#("

!"

!#*"
!#)"

!#)"

!#+"

!#*"

!#+"

!"#$%&'#

Effect of pH on the growth response of L. rhamnosus to different calibrators

Absorbance at 590 nm!

Quality control data: NIST standards and pooled controls

Table 8C.4. Concentration of NIST standards (nmol/L) over four assay runs
NIST level 1

NIST level 2

NIST level 3

Assigned

5.6 ± 1.2 nmol/L

14 ± 3 nmol/L

44 ± 11 nmol/L

Dilution

1/40

1/80

1/40

1/80

1/80

1/160

Run 1

4.5

4.0

10.9

10.3

-

-

Run 2

9.4

8.1

12.8

11.9

50.1

-

Run 3

6.4

6.3

16.0

15.0

41.2

-

Run 4

5.1

5.2

15.2

11.5

42.4

30.2

Mean

6.4

5.9

13.7

12.2

44.6

-

CV

34%

30%

17%

16%

11%

-

Table 8C.5. Concentrations of pooled plasma and whole blood samples during
the plasma and whole blood assay runs
Pooled plasma

Pooled whole blood

Dilution

1/40

1/80

1/800

1/1600

Repeat 1

8.1

7.8

439

317

Repeat 2

6.2

6.2

419

285

Repeat 3

8.0

7.4

377

285

Repeat 4

6.6

6.0

458

374

Repeat 5

5.4

5.6

470

381

Repeat 6

6.6

5.6

407

270

Repeat 7

5.3

5.3

-

-

Mean

6.6

6.3

428

319

CV

17%

15%

8%

15%

86

Appendix D: Supplemental results

87

88

0!

200!

400!

600!

800!

1000!

1200!

1400!

1!

3!

4!

Relative difference between sample concentrations!

2!

5!

nmol/L and high folate sample = 537 nmol/L by LC-MS/MS)

10.3; P = 0.571 and 0.033 for the second and third order coefficients respectively) (solid line) trends applied. (Low folate sample = 159

regression) = 81.8; P < 0.001 for first order coefficient) (dashed line) and third order polynomial (y = 77.8 + 127x - 12.7x2 + 6.47x3; Sy|x =
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Figure 8D.2. Scatter plots showing the 1/800 dilution and the 1/1600 dilution on
the microbiologic assay vs. LC-MS/MS (excluding 5-formylTHF). A, 5methylTHF as a calibrator; B, folic acid (Merck) as a calibrator; C, folic acid
(Sigma) as a calibrator. The solid line is the identity line.
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Figure 8D.3. Scatter plots showing the 1/800 dilution and the 1/1600 dilution on
the microbiologic assay vs. LC-MS/MS (including 5-formylTHF). A, 5methylTHF as a calibrator; B, folic acid (Merck) as a calibrator; C, folic acid
(Sigma) as a calibrator. The solid line is the identity line.
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Reference Number 10/233

Investigation into the accuracy of the folate microbiologic assay
INFORMATION SHEET FOR PARTICIPANTS
Thank you for showing an interest in this project. Please read this information
sheet carefully before deciding whether or not to participate. If you decide to
participate we thank you.

If you decide not to take part there will be no

disadvantage to you of any kind and we thank you for considering our request.

What is the Aim of the Project?
The accurate measurement of your blood folate is important to enable correct
assessment of your folate nutritional status for clinical evaluation and for the
interpretation of research data. The current standard method of analysis may overor underestimate a person’s folate status dependent upon the specific genotype of
a folate enzyme (methylenetetrahydrofolate reductase or MTHFR). This enzyme
comes in three forms; around 50% of the population have the CC form, whilst
40% are CT and 10% TT. You will have one of these forms and we would like to
first test which genotype you have and then evaluate how your genotype affects
the standard method of testing blood folate status. This information will be used
to inform clinicians, researchers and policy makers on how best to use and
interpret folate test results.
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What Type of Participants are being sought?
We are recruiting males and females between the ages of 18 to 65 years. Pregnant
or breastfeeding women are not eligible.
Part 1 - Screening: We need to know your MTHFR genotype, which will be one
of CC (50% of the population), CT (40%) or TT (10% of the population). If we
have not already done so in a previous study, we will determine your genotype by
the collection of cheek cells taken by swabbing the inside of your mouth with
cotton wool.
Part 2 – Blood folate measurement: We will select 40 people, 20 with the TT and
20 with the CC genotype to participate in the second part of this study.

What will Participants be Asked to Do?
Part 1 – Screening: Should you agree to take part in this project, we will contact
you to arrange a visit to the clinic. You will have the opportunity to ask questions.
Pregnant or breastfeeding women are not eligible to take part and we will ask you
whether you have been prescribed some specific medications that interfere with
folate metabolism. You will be given a short screening questionnaire to collect
information on your gender, age, ethnicity and use of medications. If you are
eligible and willing to participate, you will be required to sign a consent form and
we will swab the inside of your mouth. This will take up to 15 minutes.
Part 2 – Blood folate measurement: If you have the CC or TT genotype we will
contact you and invite you to return to the clinic to provide an overnight fasting
blood sample, to have your height and weight recorded, and to complete a food
and supplement questionnaire. An experienced research nurse will sample a small
amount of blood (12 mL or approximately 2-3 teaspoons by volume) by
venipuncture. Please note that the collection of blood may cause some discomfort
or bruising. This visit will take up to 45 minutes. Your blood sample will be used
to assess your folate status.
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What Data or Information will be Collected and What Use will be Made of
it?
Part 1 – Screening: You will be asked to provide some basic demographic data
(age, sex, ethnicity) and to describe your use of medication. The medication data
is being collected to confirm that you are not taking drugs that interfere with
folate metabolism.
Part 2 – Blood folate measurement: If you are invited to provide a blood sample,
you will be asked to complete a food and supplement questionnaire. We need
information about foods containing folic acid that you may be consuming to
enable us to interpret your blood folate results. The demographic, height and
weight data will be used to describe the characteristics of the groups (CC and
TT).
The data collected will be securely stored in such a way that only those mentioned
below will be able to gain access to it. You may request at any time to have the
data returned to you or destroyed. At the end of the project all personal
information will be destroyed immediately except that, as required by the
University's research policy, any raw data on which the results of the project
depend will be retained in secure storage for five years, after which it will be
destroyed. The results of the project may be published and will be available in the
University of Otago Library (Dunedin, New Zealand). Your name will not be
published and every attempt will be made to preserve your anonymity.
We will provide you with information about your MTHFR genotype. For those
people involved in part 2, we will give you your blood folate results.

Can Participants Change their Mind and Withdraw from the Project?
You may withdraw from participation in the project at any time and without any
disadvantage to yourself of any kind.
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What if Participants have any Questions?
If you have any questions about our project, either now or in the future, please
feel free to contact either:Rosemary Stamm

or

Bernard Venn

Department of Human Nutrition
Nutrition

Department

University Telephone Number:- 479-7940
Number:- 479-5068

University

E-mail:- rosemary.stamm@otago.ac.nz
bernard.venn@otago.ac.nz

E-mail:-

of

Human
Telephone

This study has been approved by the University of Otago Human Ethics
Committee. If you have any concerns about the ethical conduct of the research
you may contact the Committee through the Human Ethics Committee
Administrator (ph 03 479 8256). Any issues you raise will be treated in
confidence and investigated and you will be informed of the outcome.
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Reference Number 10/233
Investigation into the accuracy of the folate microbiologic assay
CONSENT FORM FOR PARTICIPANTS

I have read the Information Sheet concerning this project and understand what it
is about. All my questions have been answered to my satisfaction. I understand
that I am free to request further information at any stage.
I know that:1.

My participation in the project is entirely voluntary;

2.

I am free to withdraw from the project at any time without any disadvantage;

3.

Personal identifying information will be destroyed at the conclusion of the
project but any raw data on which the results of the project depend will be
retained in secure storage for at least five years;

4.

I will be required to attend a clinic to provide a buccal cell swab for analysis
of my methylenetetrahydrofolate reductase (MTHFR) genotype if it has not
already been previously determined;

5.

I may be required to attend a clinic to provide a fasting venous blood sample
and acknowledge that it may cause some discomfort or bruising;

6.

I may choose how I would like my biological samples to be disposed (please
circle one)
a) standard methods
returned to me

7.

b) with a karakia (prayer)

c)

I understand that the results of the project may be published and will be
available in the University of Otago Library (Dunedin, New Zealand) but
every attempt will be made to preserve my anonymity.

Would you like to be informed of your results?
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Y

N

I agree to take part in this project.
.............................................................................
...............................
(Signature of participant)
(Date)
This study has been approved by the University of Otago Human Ethics
Committee. If you have any concerns about the ethical conduct of the research
you may contact the Committee through the Human Ethics Committee
Administrator (ph 03 479 8256). Any issues you raise will be treated in
confidence and investigated and you will be informed of the outcome.
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Future study contact

We appreciate your participation in this study. The Department of Human
Nutrition routinely conducts similar studies. Would you like to be
contacted in the future regarding information about an upcoming study?
(Note: you are not obliged to participate in the study).

Yes

No

If yes, could you please supply your:
Name __________________
E-mail address _______________________________________
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Investigation into the accuracy of the folate microbiologic assay
PHASE 2 - AMENDED CONSENT FORM FOR PARTICIPANTS

You have been selected to participate in the second part of this study. Several
amendments have been made to this study. In addition to assessing your blood
folate status, we have added the following blood tests to assess riboflavin status,
and homocysteine and methylmalonic acid – markers of folate and vitamin B12
status. There is no additional blood needed to complete these tests. We will also
be measuring your height and weight, and you will complete a brief health
questionnaire including questions asked on smoking, alcohol, and oral
contraceptive use for females (if any). The demographic, height and weight data
will be used to describe the characteristics of our study participants. If you decide
not to take part in these additional tests, there will be no disadvantage to you of
any kind and we thank you for considering our request.
I have read the Information sheet and amendments to the study (above)
concerning this project and understand what it is about. All my questions have
been answered to my satisfaction. I understand that I am free to request further
information at any stage.
I know that:1.

My participation in the project is entirely voluntary;

2.

I am free to withdraw from the project at any time without any disadvantage;

3.

Personal identifying information will be destroyed at the conclusion of the
project but any raw data on which the results of the project depend will be
retained in secure storage for at least five years;

4.

I understand that the results of the project may be published and will be
available in the University of Otago Library (Dunedin, New Zealand) but
every attempt will be made to preserve my anonymity.

Would you like to be informed of your results?
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Y

N

I agree to take part in this project.
.............................................................................
...............................
(Signature of participant)
(Date)
This study has been approved by the University of Otago Human Ethics
Committee. If you have any concerns about the ethical conduct of the research
you may contact the Committee through the Human Ethics Committee
Administrator (ph 03 479 8256). Any issues you raise will be treated in
confidence and investigated and you will be informed of the outcome.
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Appendix G: Participant questionnaires

(some formatting changed for binding)
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Investigation into the accuracy of the folate microbiologic assay
PHASE 1 - SCREENING QUESTIONNAIRE
Name:

What is your:
e-mail address?

Please circle if you are

telephone number?

male

or

female

What is your age?

Are you pregnant?

Are you breastfeeding?

Please list any current medications you are taking:

Please indicate to which ethnic group(s) you belong:
New Zealand European

Mäori

Samoan
Cook Island Maori

Tongan

Chinese

Indian

Other. Please State _________________
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Niuean

Investigation into the accuracy of the folate microbiologic assay
PHASE 2 - FOOD AND SUPPLEMENT QUESTIONNAIRE

Do you take a folic acid only supplement?

If so, how frequently and what is the brand name?

Do you take a vitamin B12 supplement?

If so, how frequently and what is the brand name?

Do you take a multivitamin?

If so, how frequently and what is the brand name?

When food shopping, do you choose foods containing folic acid in preference to
unfortified products?
(Please circle one of the choices)

Yes
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No

Food Frequency Questionnaire
Please indicate whether you have consumed any of the foods listed here in the last
month and if so, how often. We will help you to estimate the portion or amount
you have eaten.
Food

Did you
consume
this food?
Y/N

Breads
Giant multigrain
Giant wheatmeal
Sunny Crust multigrain toast
Sunny Crust wholemeal toast
Golden Bake wheatmeal
River Mill wheatmeal
River Mill Nature’s grain toast
River Mill Sunflower and barley
toast
Export meat warehouse Nature’s
grain toast
Export meat warehouse wheatmeal
toast
Tip Top Super Soft multigrain
Tip Top Super Soft honeygrain
Tip Top Original Swiss goodness
grain
Tip Top Sunflower poppy seed
goodness grain
Tip Top Soya linseed goodness
grain
Tip Top 9 grain goodness grain
Budget multigrain
Burgen Soya linseed
Pams Soya linseed
Pams Mixed grain
Pams Barley sunflower
Pams multigrain
Bazaar garlic loaf
Bazaar cheese with garlic loaf
Bazaar garlic baguette
Couplands wholemeal breads
Couplands daily bread
Couplands daily grain
Spreads
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How often?
For example, every day,
2 times per week, less
than once per week...

What was
your
serving
size?

Sanitarium marmite
Kraft vegemite
Kraft vegemite cheesybite
Food drinks
Cadbury bournvita
Complan
If Y, which flavour(s)?
Sanitarium So Good essential
Sanitarium Up & Go ‘energize’
flavours
Sanitarium Up & Go other flavours
Healtheries Naturally Slim
Healtheries Vitaplan
Breakfast cereals
Freedom Foods Corn flakes
Freedom Foods Rice flakes
Freedom Foods Rice puffs
Freedom Foods Ultra rice
Hubbards Bugs ‘n’ mud (including
snack packs)
Hubbards Bran & berries
Hubbards Bran & sultana
Hubbards bran & apricot
Hubbards Outward bound power 8
(including snack packs)
Hubbards Thank goodness gluten
free cocoa puffs
Hubbards Thank goodness gluten
free corn flakes
Kellogg’s All bran
If Y, which types(s)?
e.g. All bran dual or wheat flakes.
Kellogg’s Coco pops (any type)
Kellogg’s Corn flakes
Kellogg’s Crispix
Kellogg’s Crunchy nut
If Y, which types(s)?
e.g. clusters or corn flakes.
Kellogg’s Froot loops
Kellogg’s Frosties
Kellogg’s Guardian
Kellogg’s Just right
Kellogg’s Komplete oven baked
Kellogg’s Mini wheats grains
Kellogg’s
Mini
wheats
blackcurrent
Kellogg’s Nutri grain
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Kellogg’s Rice bubbles
Kellogg’s Special K
If Y, which types(s)?
e.g. honey & almond or chocolatey
flakes.
Kellogg’s Sultana bran
If Y, which types(s)?
e.g. crunch or normal sultana bran.
Kellogg’s Sustain original
Nestle Milo duo
Uncle Toby’s Cheerios
Uncle Toby’s Oat crisp
Uncle Toby’s Plus varieties
Sanitarium Cluster crisp
If Y, which flavour(s)?
Sanitarium Double Crunch
Sanitarium Light ‘n’ tasty
Sanitarium Muesli natural berry
and yoghurt flakes
Sanitarium Toasted lite muesli
golden oats and fruit

Sanitarium Weet-bix
If Y, which types(s)?
e.g. normal or fruity apricot bites.
Skippy Corn flakes
Vogel’s Cafe style light muesli
Vogel’s Cafe style muesli
Vogel’s Classic fruit muesli
Vogel’s Crunchy honey clusters
Vogel’s Dark berry blend muesli
Vogel’s Golden crunch muesli
Vogel’s Just clusters
Exceptionally Tasti Blueberry
sunrise
Exceptionally Tasti Tropicana
sunrise
Weight Watchers Berry flakes
Weight Watchers Bran, apricot and
sultana flakes
Weight Watchers Deluxe nut
muesli
Weight Watchers Fruity Muesli
Weight Watchers Tropical flakes
Homebrand Corn flakes
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Are you aware of any other foods you have eaten that contain folic acid in the last
month? If so, please list them here.
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Investigation into the accuracy of the folate microbiologic assay
PHASE 2 – LIFESTYLE FACTORS QUESTIONNAIRE

Height:

Weight:

Some of the following questions may not be applicable to you. If they are not
applicable, please leave them blank.

Are you currently taking any antibiotics? If so which antibiotic?

If you are taking an oral contraceptive, which brand?

Caffeine:
How many cups of coffee do you drink per day?

Do you drink instant coffee or espresso coffee?

How many cups of tea do you drink per day?

How many energy drinks do you drink per day? What type? E.g. a small can of V.

Smoking:
Have you smoked cigarettes within the past 6 months?
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If you are a current smoker, how many cigarettes do you smoke per day?

Alcohol:
How many standard drinks of wine do you drink in one occasion? (One standard
drink is equal to a small glass or 100 ml)

How many days per week?

How many standard drinks of beer, lager or cider do you drink in one occasion?
(One standard drink is equal to a regular 330 ml can)

How many days per week?

Do you regularly drink any other alcoholic drinks?

How many standard drinks in one occasion? (One standard drink is equal to a shot
of spirits)

How many days per week?
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