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Mohammed E. Hefni1,2*, Cornelia M. Witthöft1 and Ali A. Moazzami3
1Department of Chemistry and Biomedical Sciences, Faculty of Health and Life Sciences, Linnaeus University, 391 82 Kalmar, Sweden
2Food Industries Department, Faculty of Agriculture, Mansoura University, 35516, PO Box 46, Mansoura, Egypt
3Department of Molecular Sciences, Uppsala BioCenter, Swedish University of Agricultural Sciences, Uppsala, Sweden

(Received 26 June 2018 – Final revision received 24 October 2018 – Accepted 1 November 2018)

Journal of Nutritional Science (2018), vol. 7, e32, page 1 of 9 doi:10.1017/jns.2018.22

Abstract
Public health authorities recommend all fertile women to increase their folate intake to 400 µg/d by eating folate-rich foods or by taking a folic acid sup-
plement to protect against neural tube defects. In a previous study it was shown that folate-rich foods improved folate blood status as effectively as folic
acid supplementation. The aim of the present study was to investigate, using NMR metabolomics, the effects of an intervention with a synthetic folic acid
supplement v. native food folate on the profile of plasma metabolites. Healthy women with normal folate status received, in parallel, 500 µg/d synthetic
folic acid from a supplement (n 18), 250 µg/d folate from intervention foods (n 19), or no additional folate (0 µg/d) through a portion of apple juice (n 20).
The metabolic profile of plasma was measured using 1H-NMR in fasted blood drawn at baseline and after 12 weeks of intervention. Metabolic differences
between the groups at baseline and after intervention were assessed using a univariate statistical approach (P≤ 0·001, Bonferroni-adjusted significance
level). At baseline, the groups showed no significant differences in measured metabolite concentrations. After intervention, eight metabolites, of which
six (glycine, choline, betaine, formate, histidine and threonine) are related to one-carbon metabolism, were identified as discriminative metabolites. The
present study suggests that different folate forms (synthetic v. natural) may affect related one-carbon metabolites differently.
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Folate is a generic term referring to a class of water-soluble B
vitamins that are present in mammalian cells in several inter-
changeable forms. Folate is essential for the biosynthesis of
purines and pyrimidines and for amino acid interconver-
sions(1), and therefore good folate status is essential for normal
cell division. Low dietary folate intake is linked to an increased
risk of fetal neural tube defects and has been suggested as
a possible risk factor for colon cancer and CVD(2,3).
Increasing attention is being devoted to the role of folate in
mediating one-carbon metabolism(4,5). Folate-mediated one-
carbon metabolism (Fig. 1) refers to a network of interrelated
reactions that use folate to transfer one-carbon units(1).

According to Nordic Nutrition Recommendations(6),
women of productive age are recommended to increase
their folate intake to 400 µg/d from folate-rich foods.
Recognition of the importance of adequate folate nutrition,
and difficulties of meeting the recommendations entirely
from dietary sources, have led to the introduction of manda-
tory folic acid fortification in countries such as the USA,
Canada and Chile. Food fortification has effectively reduced
the prevalence of neural tube defects(7,8) and congenital
heart disorders(9). However, there are concerns that high
folic acid intake through food fortification and use of supple-
ments could negatively affect health(10,11). These concerns

Abbreviations: OPLS-DA, orthogonal partial least-squares discriminant analysis; VIP, variable influence of projection.
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have caused some countries to decide against mandatory folic
acid fortification and have prompted investigators to study the
effects of folic acid on health.
As previously reported, the 12-week controlled intervention

trial comparing synthetic folic acid (500 µg/d) supplement v.
natural food folate (250 µg/d) resulted in a similar increase
of plasma and erythrocyte folate and a similar decrease of
plasma total homocysteine(12). Some metabolic studies, how-
ever, have indicated that synthetic folic acid is metabolised dif-
ferently in the human body from natural food folates(13–15).
But these results were based on conventional clinical folate
biomarkers, which do not allow to determine downstream
metabolic effects. While previous studies have examined the
effect of intervention with synthetic folic acid on one-carbon
metabolism and related metabolites(16,17), none of these stud-
ies compared the metabolic effects of folic acid with natural
food folate. Furthermore, in both previous studies pharma-
ceutical doses (7·5 mg/d for 8 weeks and 5 mg/d for 3
weeks) of folic acid were administered(16,17).
Recent advances in metabolomics using high-throughput

analytical methods, e.g. NMR and MS, provide a detailed
description of a large number of metabolites present in a bio-
fluid at a specific time. These approaches could be a key tool
for in-depth studies on the effects of different folate forms
(e.g. natural folate v. synthetic folic acid) on various down-
stream metabolic pathways, important information that is
currently lacking.

The aim of the present study was to investigate, by applying
an NMR-based metabolomics approach, the effects of an
intervention with synthetic folic acid supplement v. native
food folate on the profile of metabolites in plasma.

Subjects and methods

Subjects

A set of plasma samples was obtained from volunteers who
participated in a previous intervention study comparing the
effects of synthetic folic acid and natural food folate on folate
status(12). Nutritional adequacy of participants was indicated by
normal folate status (plasma folate >20 nmol/l, erythrocyte
folate >600 nmol/l, vitamin B12 >300 pmol/l and plasma
total homocysteine <12 µmol/l) (Supplementary Table S1)
prior to intervention. Normal biochemical ranges of fasted
plasma glucose, Fe status (Hb, serum ferritin), liver status
(aspartate transaminase, alanine transaminase and γ-glutamyl
transferase activity) and lipid profile were also required.
Other inclusion criteria were: no history of acute or chronic
disease, no use of vitamin or mineral supplements or folic
acid-fortified foods, a BMI of between >18 and <30 kg/m2,
no use of any medication interfering with folate metabolism,
non-smoker, not consuming a special diet (vegetarian) and
no pregnancy, planned conception or lactation. A total of fifty-
seven healthy women of reproductive age (19–32 years) met

Fig. 1. Folate-mediated one-carbon metabolism. Folic acid has no coenzyme activity and needs to be reduced via dihydrofolate (DHF) to tetrahydrofolate (THF) by

dihydrofolate reductase (DHFR). THF is metabolised via serine hydroxymethyl transferase (SHMT) to 5,10-methylene-tetrahydrofolate (me-THF). Serine, by conver-

sion to glycine, donates a one-carbon unit during methylation of THF. Native food folates appear reduced and mainly methylated in the form of 5-methyltetrahydro-

folate (5-CH3THF). An increase in plasma glycine concentration after ingestion of folic acid supplement compared with food folate results in an altered serine:glycine

ratio. BHMT, betaine–homocysteine methyltransferase; DMG, dimethylglycine; F-THF, 10-formyltetrahydrofolate; Hcy, homocysteine; MAT, methionine adenyltrans-

ferase; Met, methionine; MS, methionine synthase; MTR, methyl transferase; MTHFR, methylenetetrahydrofolate reductase; SAH, S-adenosylhomocysteine; SAHH,

S-adenosyl homocysteine hydrolase; SAM, S-adenosylmethionine; TS, thymidylate synthase.
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the inclusion criteria, were recruited in February 2013 and suc-
cessfully completed the study. All participants gave written
informed consent. The Institutional Review Board of the
Faculty of Nursing, Mansoura University, Egypt, reviewed
and approved the study protocol. This trial was registered at
clinicaltrials.gov as NCT02373033.

Study design

A randomised, controlled, parallel intervention trial with two
active groups and one blind control group was carried out
over 12 weeks (March–June 2013) with fifty-seven eligible
free-living, apparently healthy women of reproductive age.
For an increase in erythrocyte folate concentrations of 50
nmol/l with 80 % power (two-sided P < 0·05)(18), fourteen
subjects had to complete each intervention diet, as calculated
from the standard deviations (50 nmol/l) of another interven-
tion trial with similar doses(19). Participants were randomly
allocated to receive, in addition to their freely chosen diet: (i)
folate-rich foods (germinated faba bean stew (200 g), chickpea
biscuits (100 g) and orange juice (245 ml), providing an add-
itional 250 µg/d folate, n 19); (ii) a synthetic folic acid supple-
ment (Arab Co. for Pharmaceuticals & Medicinal Plants
MEPACO, purchased from a local pharmacy in Mansoura,
Egypt, providing an additional 500 µg folic acid/d, n 18); or
(iii) a placebo (apple juice containing 0 µg folate, n 20)
(Supplementary Table S1). Preparation of the intervention
foods is explained elsewhere(12).

Dietary folate and energy intake assessments before and
during the study

To estimate dietary folate and energy intake and to ascertain
compliance with the intervention, the subjects were asked to
complete a FFQ covering eighty-five items/foods, after
screening and after every 4 weeks during the study. As
Egypt has no national food composition database for folate,
the United States Department of Agriculture (USDA) database
was used for estimation of dietary folate intake (http://ndb.
nal.usda.gov). For typical Egyptian foods for which no folate
data were available in the USDA database, folate data were
taken from Hefni et al.(20). To measure their compliance, sub-
jects were asked to keep daily records on their consumption of
the folic acid supplement, the intervention foods and possible
medication or sickness during the dietary intervention.

Folate quantification in the intervention foods

Folate content and stability in intervention foods were repeat-
edly quantified in duplicate throughout the trial using
HPLC-UV/fluorescence detection(20). Food samples were
extracted using tri-enzyme treatment for beans and di-enzyme
treatment for bread, juice and cookies. After purification,
folates were quantified using reversed-phase-HPLC-UV/
fluorescence detection (Shimadzu LC10) after separation on
an Aquasil C18 column (3 µm, 150 × 4·6 mm; Thermo
Scientific) based on an external multilevel (n 8) calibration
curve.

Blood sampling collection and processing

Blood samples were collected after an overnight fast (>9 h) in
3·0-ml sodium–heparin vacutainers (Vacutainer®; Zhejiang
Gongdong Medical Technology Co., Ltd) at baseline and after
12 weeks of intervention. All samples were immediately placed
on ice and centrifuged within 60 min at 3000 g for 10 min at
4°C. Plasma was separated and stored at −20°C for up to 12
months. Plasma samples were delivered on solid CO2 to the
Department of Molecular Sciences, Uppsala, Sweden, and
were stored at −80°C until metabolomics analysis.

Sample preparation for NMR analysis

NMR-based metabolomics analysis of plasma samples was
performed according to previously described methods(21,22)

after slight modification. In brief, plasma samples were thawed
and filtered by ultracentrifuge (10 000 g, 4°C) using prewashed
(eight consecutive washes with 0·5 ml MQ water at 4000 g
and 36°C to remove glycerol) nanosep centrifugal filters
with a 3 kDa cutoff (Pall Life Science). Next, 250 µl of the fil-
trate were transferred into a clean microfuge tube and the final
volume was made up to 600 µl by the addition of 150 µl
phosphate buffer (0·4 mol/l, pH 7·0), 45 µl 2H2O, 125 µl
MQ water and 30 µl sodium 3-(trimethylsilyl)(2,2,3,3-2H4)pro-
pionate (5·8 mmol/l) (Cambridge Isotope Laboratories) as an
internal standard. Finally, 560 µl of the mixture were trans-
ferred to an NMR tube (5 mm) and capped for analysis.

NMR-based metabolomics analysis

NMR-based metabolomics analysis of plasma samples was
performed on a Bruker spectrometer operating at 600 MHz
according to the method described by Moazzami et al.(23).
1H-NMR spectra of plasma samples were obtained using the
zgesgp pulse sequence (Bruker Spectrospin) suppressing
water signal at 25°C with 128 scans and 65 536 data points
over a spectral width of 17 942·58 Hz. Acquisition time was
1·82 s and relaxation delay was 4·0 s. The spectral data
were processed using Bruker Topspin 1.3 software,
Fourier-transformed after multiplication by a line broadening
of 0·3 Hz and referenced to sodium 3-(trimethylsilyl)
(2,2,3,3-2H4)propionate at 0·0 parts per million. The spectral
phase and baseline were corrected manually. Identification of
1H-NMR signals was performed primarily using the NMR
Suite Library (ChenomX Inc.), the Human Metabolome
Database (www.hmdb.ca) and the Biological Magnetic
Resonance Data Bank (www.bmrb.wisc.edu).
In all, forty-eight metabolites were identified and their con-

centrations were calculated using NMR spectral data and
NMR Suite Profiler (ChenomX Inc.) by integrating specific
spectral regions after accounting for overlapping signals as
described previously(23). As in-house quality control, a plasma
sample was analysed (n 30), resulting in CV between 2·8
and 10 % for thirty-five metabolites and CV below 15 % for
six metabolites (formate, glutamate, hippurate, sarcosine,
threonine and myo-inositol). For further seven metabolites
the CV were higher, namely 2-oxoisocaproate (17·9 %),
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acetoacetate (58·2 %), acetone (28·4 %), isopropanol (29·8 %),
o-phosphocholine (21·4 %), propionate (18·3 %) and trigonel-
line (22·4 %).

Statistical analysis

Statistical analysis was performed using both univariate and
multivariate approaches. Data were expressed as means and
standard deviations.
For univariate data analysis, absolute metabolite concentra-

tions were tested for normality using the Anderson–Darling
test, and as a result the data were log-transformed (because
the distribution was skewed). Normality of log-transformed
data was again tested.
Univariate analysis was used to compare metabolic differ-

ences, using one-way ANOVA on log-transformed data
between groups at baseline and after the 12-week intervention.
A Bonferroni-adjusted significance level of 0·001 was calcu-
lated (using the number of variables of forty-eight metabolites)
to reduce the chances of obtaining false-positive results (type I
error). Paired t tests with a significance level of P≤ 0·001
(Bonferroni-adjusted) were also used to analyse differences
within the three intervention groups before and after the
12-week intervention. Univariate analyses were performed
using Minitab statistical software, version 17.
For multivariate approach, data were first visualised using

principal components analysis to confirm the absence of
outliers. For discrimination of the intervention groups and
ranking of the metabolites, orthogonal partial least-squares dis-
criminant analysis (OPLS-DA) was used to study the effects of
intervention with synthetic folic acid and natural food folate on
the metabolic profile to strengthen the findings from univari-
ate analyses. OPLS-DA is a supervised multivariate method
which can be used to determine metabolites associated with
treatment. Variable influence of projection (VIP) plots were
used to determine the discriminative metabolites. Metabolites
with VIP >1 for which the corresponding jack-knife-based
95 % CI was not close to or not including zero were consid-
ered discriminative. The significance of the OPLS-DA
model was tested using cross-validated ANOVA with pre-
dicted residuals(24). Multivariate analyses were performed

using SIMCA-P+ 13.0 software (Umetrics). Results from
multivariate analyses are presented in the Supplementary
material (Supplementary Table S2 and Supplementary Fig. S1).

Results

Subject characteristics and folate status

All fifty-seven subjects completed the study. The baseline
characteristics did not differ significantly between the interven-
tion groups (Supplementary Table S1). Subjects were on aver-
age 22 years old and had a mean BMI of 24 kg/m2. Average
body weight was maintained throughout the study, with
changes within ±5 % of baseline value for all participants.
All participants had normal status for folate (plasma and
erythrocyte folate and plasma total homocysteine) and vitamin
B12 (plasma) at the beginning of the study (Supplementary
Table S1). At baseline, there were no significant differences
between groups in the concentration of forty-eight plasma
metabolites measured using NMR after correction for multiple
testing (P≤ 0·001, Bonferroni-adjusted significance level)
(Supplementary Table S1).
The dose of natural folate in the intervention foods (250 µg)

remained stable during the trial(12).

Metabolic plasma profile after intervention

After the dietary intervention, twenty-four of forty-eight indi-
vidual plasma metabolites showed significant differences (P <
0·05) between the different groups (data not shown).
However, after Bonferroni correction, only eight metabolites
differed significantly (P≤ 0·001), of which six (glycine, cho-
line, betaine, formate, histidine and threonine) are related to
one-carbon metabolism (Table 1). Plasma concentrations of
glycine, choline, betaine, formate, histidine and threonine
before and after the intervention within each intervention
group are presented in Fig. 2.
Paired t tests with a significance level of P≤ 0·001

(Bonferroni adjusted) were used to compare metabolic differ-
ences within the groups (before and after the intervention) and
to confirm findings from ANOVA. Folic acid supplementation

Table 1. Concentration (μmol/l) of plasmametabolites in the control, folate-rich foods and folic acid supplement groups which show significant differences at

12 weeks of intervention*

(Mean values and standard deviations)

Control group Folate-rich foods group

Folic acid

supplement group

Metabolites (μmol/l) Mean SD Mean SD Mean SD P

Glycine 589b 298 357c 191 806a 223 <0·001
Choline 127b 87 60c 61 221a 70 <0·001
Betaine 66b 18 61b 15 85a 18 0·001
Formate 51a 18 39b 11 57a 13 0·001
Histidine 110b 28 94b 19 132a 28 0·001
Threonine 178a,b 60 138b 37 222a 66 0·001
2-Oxoiso-caproate 7a 5 3b 2 8a 4 <0·001
Propionate 17a,b 8 12b 5 21a 9 0·001
a,b,c Mean values within a row with unlike superscript letters were significantly different.

* To define significant metabolites, one-way ANOVA on log-transformed data (P < 0·05) was used. The Bonferroni-adjusted significance level was defined as P ≤ 0·001.
4
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significantly increased the concentration of ten metabolites
(Table 2), of which three (betaine, glycine and 2-oxoiso-
caproate) were identified by ANOVA. Interestingly, these ten
metabolites were not affected in the folate-rich foods group
or control group, except for methionine, which was also
increased in the control group. In the folate-rich foods
group, four metabolites were decreased and one increased
(P≤ 0·001). Among these metabolites choline and propionate
were identified by ANOVA as discriminative metabolites
(Table 1).

After intervention, responses for six metabolites varied in
the control group (Table 2). In order to correct for these back-
ground changes in the metabolic profile of the control group
(Table 2), the mean responses of metabolites in both active
groups were corrected, by subtraction/addition, for the
mean increase/decrease in the control group. For example,
the increase in glycine concentration in the control group
was subtracted from the absolute increase in the folic acid sup-
plement group. After correction and ANOVA, there was still a
significant effect of the folic acid supplement on plasma

Fig. 2. Plasma concentrations of the six related one-carbon metabolites (glycine, choline, threonine, histidine, betaine and formate) at baseline ( ) and after the

12-week intervention ( ), and absolute changes from baseline to 12 weeks ( ). Values are means, with standard deviations represented by vertical bars. Paired

t tests with a significance level of P ≤ 0·001 (Bonferroni-adjusted) were used to analyse differences within the three intervention groups before and after the

12-week intervention. *P < 0·01, **P ≤ 0·001.
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concentration of glycine (+37 %; P = 0·02), choline (+70
%; P = 0·002), betaine (+27 %; P = 0·008) and histidine
(+20 %; P = 0·03). On the other hand, for these metabo-
lites no changes were observed in the folate-rich
foods group, except for choline which decreased by 52 %
(P = 0·002).
The increase in plasma glycine concentration after interven-

tion with the folic acid supplement (Fig. 2) resulted in a signifi-
cant decrease in the serine:glycine ratio (−30 %, P < 0·001;
baseline 0·69 (SD 0·16); after intervention 0·45 (SD 0·13); abso-
lute change −0·32 (SD 0·23)); this was not observed in either
the control or the folate-rich foods group.
In order to use multivariate analyses to strengthen the

above results, absence of outliers was confirmed by princi-
pal components analysis (data not shown). The metabolic
profile of plasma was compared between groups before
and after the intervention using OPLS-DA models (data
available in the Supplementary material). No discrimination
between groups was found before intervention. After
intervention, the overall metabolite profile, effectively
grouped according to treatment and scores, explained
67 % of the variation (Supplementary Fig. S1). On applying
VIP to the profiles after the intervention, glycine was identi-
fied as the first discriminative variable (VIP 3·3, 95 % CI 2·9)
in the model (Supplementary Fig. S1 and Supplementary
Table S2).

Discussion

The puzzling previous finding that regular consumption of
two physiological, but different doses, of two folate vitamers
(500 µg synthetic folic acid v. 250 µg food folate) results in
the same improvement of folate status (based on plasma
and erythrocyte folate and plasma total homocysteine)(12)

raises questions regarding current assumptions on bioavailabil-
ity and bioefficacy of synthetic folic acid v. endogenous food
folates(13). Furthermore, it gives reason to dispute the best
means of ensuring that women of reproductive age receive
an adequate folate intake. Current recommendations of the
Institute of Medicine(25) are based on the theory of a higher
bioavailability of supplemental folic acid (85 % when ingested
with food) compared with endogenous food folate (50 %).
Data on folate bioavailability are limited(26) and vary from
30 %(27) to 98 %(19). However, findings from several trials
have demonstrated that folate-rich foods are as effective as
synthetic folic acid in improving folate status(28–31). At the
same time it was suggested that differences in the metabolic
handling of folic acid and reduced folates might exist(13).
However, effects on the profile of metabolites in plasma
have not been compared after intervention with synthetic
folic acid v. food folate.
The present data show distinct metabolic differences after

intervention with folic acid supplement v. folate-rich foods.
Interestingly, six of the eight distinctive metabolites are linked
to one-carbon metabolism; the metabolites are glycine, cho-
line, betaine, formate, histidine and threonine (Table 1). This
is not surprising, since folate is the corner stone of one-carbon
metabolism(1). The individual folate forms enter one-carbon
metabolism differently (Fig. 1). Therefore, it is of importance
to differentiate between natural reduced folate forms and oxi-
dised synthetic folic acid. Food folate appears largely in the
reduced and methylated form (5-methyltetrahydrofolate).
Folic acid itself has no coenzyme activity and needs to be enzy-
mically reduced and methylated (Fig. 1). Serine, by conversion
to glycine, donates a carbon unit for the methylation of tetra-
hydrofolate which is the reduced metabolite of dietary folic
acid(32,33). This might explain the increase in plasma glycine
concentration after intervention with folic acid supplement
compared with the other two groups. Our findings are in
agreement with Stam et al.(17), who reported a significant
increase in plasma glycine concentration after intervention
with folic acid resulting in a 20 % decreased serine:glycine
ratio.
Analysis of the metabolic profile in plasma also revealed a

significant increase in betaine concentration in the folic acid
group compared with the folate-rich foods and control groups.
Thus, betaine appeared to be saved in response to folic acid
supplementation, as previously reported for adults(34), preg-
nant women(35) and elderly(36). Findings from the present
and previous studies(34–36) indicate that elevated plasma con-
centrations of betaine can be used as a marker for good folate
status. The higher plasma betaine concentration in the folic
acid group indicates that synthetic folic acid increases homo-
cysteine remethylation through the methionine synthase path-
way (Fig. 1), rather than through the betaine homocysteine

Table 2. Changes (μmol/l) in plasma metabolites within the groups before

(baseline) and after the intervention*

(Mean values and standard deviations)

Metabolites (μmol/l) Mean SD P (paired t test)

Control group

Glutamine ↑ 99 127 0·001
Methionine ↑ 22 21 <0·001
O-Acetyl-carnitine ↑ 4 6 0·001
Serine ↑ 71 117 <0·001
Aspartate ↓ 34 41 <0·001
Myo-inositol ↓ 23 27 <0·001
Propionate ↓ 11 11 <0·001

Folate-rich foods group

Glutamine ↑ 111 112 <0·001
Choline ↓ 100 153 <0·001
Glutamate ↓ 97 117 <0·001
Propionate ↓ 30 18 <0·001
Sarcosine ↓ 1 1 <0·001

Folic acid supplement group

Betaine ↑ 31 19 <0·001
Creatinine ↑ 9 9 0·001
Glycine ↑ 487 220 <0·001
Isoleucine ↑ 46 35 <0·001
Methionine ↑ 27 21 <0·001
Myo-inositol ↑ 31 31 <0·001
Leucine ↑ 97 62 <0·001
Succinate ↑ 48 389 <0·001
2-Oxoiso-caproate ↑ 5 4 0·001
Valine ↑ 82 78 0·001

↑, Increase; ↓, decrease.
* The changes are expressed as means of individual data, being calculated as the

difference of concentration at 12 weeks minus concentration at baseline. Paired t
tests on log-transformed data with a significance level of P ≤ 0·001 (after

Bonferroni adjustment) were used to analyse differences before and after the

12-week intervention.
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methyltransferase pathway, thereby saving betaine. Our find-
ings confirm those of others(34,37) which suggest that folic
acid supplementation increases plasma betaine. In contrast,
betaine supplementation (6 g/d, 6 weeks) has no effect on
serum folate levels in adults with mildly elevated total homo-
cysteine concentrations(38). This may indicate that the increas-
ing rate of the betaine–homocysteine methyltransferase
reaction does not affect the methionine synthase reaction
(Fig. 1)(34,38). The increase in plasma choline concentration
in the folic acid group compared with the other two groups
furthermore confirms that folic acid is saving betaine and
thereby choline. This is because choline has been shown to
indirectly support homocysteine methylation(39) after being
metabolised to betaine.
Another important finding is the lower plasma formate

concentration in the folate-rich food group as compared
with the folic acid supplement group. In a trial with folate-
deficient rats(40), a 44 % higher production rate of formate
was observed in animals after repletion with folic acid as com-
pared with deficient rats. Formate is mainly produced in the
mitochondria via oxidation of the third carbon of serine(41)

and is released into the cytosol using tetrahydrofolate as
coenzyme(5) to form 5-formyltatrahydrofolate for nucleotide
synthesis. Hence, the metabolism of formate and the metabol-
ism of folate are interrelated. Folic acid supplementation or
fortification was shown to alter the distribution of individual
plasma folate forms by increasing the concentration of 5-for-
myltetrahydrofolate, unmetabolised folic acid and to some
extent tetrahydrofolate(42,43). An increased concentration of
tetrahydrofolate after folic acid supplementation(42) would
explain the elevated concentration of plasma formate in the
folic acid supplement group. One could speculate that the
increased concentration of formate in the folic acid supple-
ment group is concurrent with an increase of 5-formyltetrahy-
drofolate, thereby indirectly supporting the above-mentioned
findings(42). Unfortunately, we did not measure the distribu-
tion of individual folate forms in plasma before or after
intervention.
The amino acid histidine is another one-carbon donor

which is found to be increased in the folic acid group.
Histidine is converted in mammalian tissues via formiminoglu-
tamic acid (FIGLU) in a tetrahydrofolate-dependent pathway
to glutamic acid, therefore haematological FIGLU was used
as folate status parameter. Folate deficiency has been shown
to cause increased histidine excretion into urine, which after
folic acid administration returns to its normal level(44). It
could be hypothesised that intervention with folic acid results
in increased plasma tetrahydrofolate, as reported by Obeid
et al.(42), and thereby retains histidine and elevates the plasma
concentration.
The amino acid threonine can be converted to glycine,

which is used to refuel the folate cycle via the glycine cleavage
system(45). However, serine – being converted to glycine – is
the main methyl donor in the folate cycle(32). A high
plasma glycine concentration after intervention with folic
acid could give the impression that rather serine is used as
the methyl source instead of other amino acids, thereby spar-
ing threonine.

A limitation of the present study is a lack of control of sub-
jects’ protein intake prior to sampling; however, the majority
of subjects lived in a university student accommodation and
were served the same food in addition to the intervention
food. Therefore, it is expected that subjects in all intervention
groups had a similar protein intake.
Certain changes in the metabolic profile were observed in

the control group after intervention. As it was not likely that
this was an effect from diet, other environmental factors,
e.g. physical activity, stress or temperature could be causal.
Due to lack of control for those factors, we cannot draw
any firm conclusions. However, after correction for these
background changes, results did not alter.
The intervention foods did not affect habitual food

consumption. Most (>80 %) of the fifty-seven subjects were
students living in campus accommodation receiving similar
foods all weekdays and habitually consuming conventional
canned faba bean stew for dinner. The subjects of the
folate-rich foods group were asked to replace their habitual
faba bean stew with the germinated faba bean stew and their
ordinary breakfast biscuits with the folate-enriched biscuits.
Unchanged dietary habits were confirmed by the unaltered
BMI (changes <5 %) of subjects, which suggests only minor
changes in energy intake. Compliance was monitored by
daily records of subjects on consumption of the intervention
foods and folic acid supplement. Only three subjects reported
having failed to take the supplement (during 3–5 d), whereas
subjects in the folate-rich foods group reported full compli-
ance. Although subjects lived in a controlled environment,
their eating reflects common Egyptian habits.
A limitation of the present study is that the intervention

doses for food folate and supplement differed, as the dose
of 500 µg synthetic folic acid/d was the smallest available in
Egypt. On the other hand, it would not have been possible
to increase the dose of endogenous food folate without alter-
ing dietary habits of subjects in the food group. However,
doses could be considered physiological, being within the
recommended range of WHO guidelines(46) and Nordic
Nutrition Recommendations(6) and both interventions led to
similarly improved folate status(12). It is, however, possible
that the folate content in the intervention foods was under-
estimated to a certain extent, as it was quantified by HPLC.
The folate content (expressed as the sum of quantified folate
forms) determined by HPLC is commonly reported
20–50 % lower than total folate quantified by microbiological
assay, which can partly be explained by lack of standards for all
folate forms required for HPLC quantification(47).
The main strength of the present study is the use of a meta-

bolomics approach, allowing quantification of a large number
of metabolites, i.e. those related to one-carbon metabolism
complementing data on traditional folate status parameters.
Summarising, the present findings indicate that synthetic

folic acid might alter the balance of one-carbon metabolism
and related downstream pathways differently as compared
with natural food folate. Results from this initial study show
an increase of six distinctive one-carbon metabolites, i.e. gly-
cine, choline, betaine, formate, histidine and threonine, after
intervention with supplemental folic acid. This might affect
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the output of one-carbon metabolism, e.g. protein and nucleo-
tide syntheses and whole-body remethylation and transmethy-
lation reactions.

Conclusions

Findings from the present study suggest that similar improve-
ments in folate status after intervention with natural food fol-
ate v. folic acid do not reflect differences in underlying
metabolic pathways. However, the present results are yet to
be considered preliminary due to limitations in the study
design. Further studies, using the same doses of folic acid v.
natural food folate and controlled for protein intake to
determine the effects on one-carbon related metabolites, are
warranted. The approach of plasma metabolite profiling pro-
vides insight into the overall metabolic changes in response
to intervention with different folate forms.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/jns.2018.22
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