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Abstract

L-5-methyltetrahydrofolate is the predominant folate form in human milk but is currently not

approved as a folate source for infant and follow-on formula. We aimed to assess the suit-

ability of L-5-methyltetrahydrofolate as a folate source for infants. Growth and tolerance in

healthy term infants fed formulae containing equimolar doses of L-5-methyltetrahydrofolate

(10.4 μg/ 100 ml, n = 120, intervention group) or folic acid (10.0 μg/ 100 ml, n = 120, control

group) was assessed in a randomized, double-blind, parallel, controlled trial. A reference

group of breastfed infants was followed. Both formulae were well accepted without differ-

ences in tolerance or occurrence of adverse events. The most common adverse events

were common cold, poor weight gain or growth, rash, eczema, or dry skin and respiratory

tract infection. Weight gain (the primary outcome) was equivalent in the two groups (95% CI

-2.11; 1.68 g/d). In line with this, there was only a small difference in absolute body weight

adjusted for birth weight and sex at visit 4 (95% CI -235; 135 g). Equivalence was also

shown for gain in head circumference but not for recumbent length gain and increase in cal-

orie intake. Given the nature of the test, this does not indicate an actual difference, and

adjusted means at visit 4 were not significantly different for any of these parameters. Infants

receiving formula containing L-5-methyltetrahydrofolate had lower mean plasma levels of

unmetabolized folic acid (intervention: 0.73 nmol/L, control: 1.15 nmol/L, p<0.0001) and

higher levels of red cell folate (intervention: 907.0 ±192.8 nmol/L, control: 839.4 ±142.4

nmol/L, p = 0.0095). We conclude that L-5-methyltetrahydrofolate is suitable for use in infant

and follow-on formula, and there are no indications of untoward effects.

Trial registration: This trial was registered at ClinicalTrials.gov (NCT02437721).
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Introduction

The vitamin folate is essential for the synthesis of RNA and DNA, and for cell division and tis-

sue growth [1]. An adequate folate status is crucial for the rapid growth and development dur-

ing pregnancy and infancy. L-5-methyltetrahydrofolate (L-5-MTHF) is the active form of

folate that provides one carbon units used for the synthesis of myelin, neurotransmitters and

phospholipids, all of which are essential components for normal neurodevelopment [2]. An

impaired one-carbon metabolism may limit the availability of the omega-3 long chain polyun-

saturated fatty acid docosahexaenoic acid to the brain, which is also needed for normal brain

development [3].

Currently, folic acid is the only folate source approved for use in infant formula and follow-

on formula in the European Union [4, 5]. Folic acid is a synthetic form of folate which does

not occur in nature and is rarely found in unfortified foods [2]. In breast milk, the predomi-

nant folate species is L-5-MTHF [6]. Unmetabolized folic acid is not detectable in breast milk

unless there are high maternal intakes of folic acid supplements or of foods fortified with folic

acid [6, 7]. Therefore, breastfed infants predominantly ingest L-5-MTHF. Short-term bioavail-

ability of L-5-MTHF and folic acid are generally comparable [8], although only limited infor-

mation is available in infants. Some evidence indicates a more efficient increase of plasma [9,

10] and red cell folate (RCF) levels by L-5-MTHF as compared to folic acid [11, 12].

Conversion of folic acid into L-5-MTHF appears to occur predominantly in the liver, while

some unmetabolized folic acid appears in the systemic circulation [13]. This is probably most

pertinent when intakes are high as folic acid seems to pass unchanged into the peripheral cir-

culation at doses above 200 μg in human adults [14]. However, even the relatively low levels

found in infant formula have led to a significant increase in the levels of unmetabolized folic

acid in the plasma of formula fed infants [15]. It has been suggested by in vitro and animal

studies that unmetabolized folic acid may have adverse health effects, although the evidence

remains somewhat controversial [16]. Therefore, the suitability of using L-5-MTHF as an

alternative folate source for infant and follow-on formula should be investigated.

In the present double blind randomized trial, we assessed growth, tolerance and indicators

of safety in infants fed a formula containing L-5-MTHF compared to infants fed a standard

formula with folic acid. In addition, a reference group of breastfed infants was followed. We

aimed to assess the suitability and safety of L-5-MTHF as a folate source in infant formula.

Methods

Study design

The study was designed as a single center, randomized, double-blind, parallel-group, con-

trolled clinical trial in apparently healthy term infants receiving infant formula containing

either L-5-MTHF (intervention group) or folic acid (control group) as the folate source. Since

breastfeeding is the gold standard for infant nutrition, a group of healthy term breastfed

infants whose mothers intended to breastfeed for at least 4 months was included. However, as

these infants could not be randomized, they were not included in the statistical analysis and

only served as a reference group. A comparable number and types of (serious) adverse events

in the intervention and reference group can be regarded as an indicator for safety of the

intervention.

Infants were recruited from delivery until the age of 27 days. Infants of parents who inde-

pendently chose not to breastfeed their healthy newborn babies for reasons not related to this

study, or who decided to start full formula-feeding within the first 28 days of life, were ran-

domized into one of the two formula groups. Infants received a Randomization Number from
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the random list (Random Block Size = 6) stratified according to gender (male = random num-

bers 1–150 and female = random numbers 151–300), starting at top of the lists, with 1, which

corresponds to random number R001. The random number list obtained from the University

of Munich Medical Centre were provided directly to the logistic partner responsible for blind-

ing the study formulae (SCA Full Filement Ltd, Bruhnstrasse 15, 85053 Ingolstadt). The study

team, the investigators as well as the parents and caregivers were blinded to the formula group.

Great care was taken by the study team to encourage, promote and protect breastfeeding.

Formula feeding was not promoted at any time. Parents were only approached with the sug-

gestion to enroll their infants in the formula arms of the study after they had independently

decided to use formula feeding.

At the baseline visit (BV: age 1 to 27 days), a medical examination was performed, anthro-

pometric data (weight, length and head circumference) was obtained and an evaluation of

inclusion and exclusion criteria was conducted. Blood samples were collected for folate status,

blood chemistry and hematology profiles for all three groups.

At visit 1 (V1: age 28 ±3 days), visit 2 (V2: age 56 ±3 days), visit 3 (V3: age 84 ±3 days) and

visit 4 (V4: age 112 ±3 days) infants were examined and anthropometric data was collected.

During the three days prior to each visit, parents recorded the volume of formula as well as

other foods consumed in a standardized prospective three-day food protocol and completed

questionnaires on formula acceptance, stool frequency, consistency, color and smell, crying

and sleeping behavior as well as occurrence of belching, posseting, vomiting and bloating.

Body weight was measured using a calibrated digital scale (SECA 336, Hamburg, Germany),

recumbent length was determined using a stationary, vertical headboard, and head circumfer-

ence was measured with a non-stretchable insertion tape. All weight, length and head circum-

ference measurements were repeated and recorded twice after excluding any clearly erroneous

value.

Study population

From June 2015 to April 2017, 360 infants aged <28 days were enrolled at the Department of

Neonatology, Clinical Hospital Center "Dr Dragiša Mišović-Dedinje", Belgrade, Serbia. Eligi-

ble infants had to be apparently healthy from singleton pregnancies, delivered at between�37

and�41 weeks of gestation, with a birth weight between 2500 and 4500 g.

Study diets

Study formulae (HiPP GmbH & Co. Vertrieb KG, Pfaffenhofen, Germany) were given free of

charge to the parents or caregivers in 500 g paper boxes, each containing two inner bags and

labelled by random numbers. Except for L-5-MTHF in the intervention formula, the composi-

tion of the intervention and the control infant formula were identical and met the regulatory

standards established by the European Commission [4] (Table 1 and S1 Table).

The current European legislation for infant and follow-on formula defines a required folic

acid content of 10 to 50 μg/100 kcal and an energy content of 60 to 70 kcal/100 g reconstituted

formula [4]. Accordingly, the control formula contained 10.0 μg folic acid per 100 ml reconsti-

tuted infant formula (15.2 μg folic acid per 100 kcal). As L-5-MTHF is currently not an

approved folate source for infant and follow-on formula, no recommend levels of content in

such products have been defined by regulatory bodies. Previous research indicates comparable

bioavailability and activity for folic acid and MTHF at equimolar doses [17]. Consequently, to

match the 22.7 nmol folic acid (10.0 μg/ 100 ml), 10.4 μg/ 100 ml L-5-MTHF were used in the

intervention formula (conversion factor 1.04) which was added as 11.3 μg of the calcium salt

of L-5-MTHF (Metafolin, Merck & Cie, Schaffhausen, Switzerland [18]). To confirm the

L-5-methyltetrahydrofolate in infant formula: Randomized-controlled trial
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stability of calcium L-MTHF during the storage period, samples of powdered intervention for-

mula were taken for quantification of folate immediately after production then after 1, 2, 3, 4,

7, 10, 12, 15 and 18 months. In addition, the formula was prepared according to standard prep-

aration instructions and the stability of folate in the prepared product was also examined. All

samples were analyzed according to the AOAC 992.05 method for Folic acid (Pteroylglutamic

acid) in infant formula. The stability test of L-MTHF in powered infant formula demonstrated

that folate concentration was stable at room temperature for 18 months. The stability evalua-

tion of L-MTHF in prepared product showed no loss in folate concentration during the infant

formula preparation process.

In line with current recommendations [19], parents and caregivers were advised to provide

formula ad libitum.

Laboratory procedures

At BV and V4, venous blood samples were drawn to determine folate status as well as blood

chemistry and hematology. All lab procedures were performed by lab staff that were blinded

for all subject related data including group allocation. The blood samples used for folate status

analysis were centrifuged, plasma was frozen at -80˚C and sent on dry ice to the analytical lab-

oratory (Bevital AS, Bergen, Norway). The assay was performed using LC-MS/MS and was

adapted to determine folate species (L-5-MTHF, unmetabolized folic acid) and folate catabo-

lites (formyltetrahydrofolate (fTHF), 4-alpha-hydroxy-5-methyltetrahydrofolate (hmTHF),

para-aminobenzoylglutamate (pABG), and acetamidobenzoylglutamate (apABG)) in plasma

as previously reported [20]. In addition, the corresponding 13C-labeled internal standards

were used for all the analytes. During sample preparation, ascorbic acid was added to the

plasma sample to avoid oxidation of folate. If any L-5-MTHF had been oxidized to 5-methyl-

5,6-dihydrofolate before sample preparation, it would be reduced back to L-5-MTHF after the

addition of ascorbic acid. The samples were deproteinized by acetonitrile. Because acetonitrile

causes peak broadening on a C8-column, the supernatant was evaporated, and the analytes

were re-dissolved in water. For total RCF, the microbiological assay performed used microtiter

plates and a chloramphenicol-resistant strain of Lactobacillus casei [21].

Genomic DNA was obtained from white blood cells, which became available after the col-

lection of EDTA blood. The blood samples were sent from the study site in Belgrade to the lab-

oratory (DSM Nutritional Products Ltd., Kaiseraugst, Switzerland) on dry ice for analysis. Fast

genomic DNA extraction was performed using the spin column procedure, which was then

analyzed using the Qiamp DNA blood mini kit (Qiagen, Basel, Cat No. 51104). This method

Table 1. Composition of intervention and control infant formula (excerpt, full details are shown in S1 Table).

Unit Per 100 g powder Per 100 kcala Per 100 ml reconstituted formula

Energy kJ 2134 277

Kcal 510 66

Protein g 9.6 1.9 1.25

Carbohydrates g 56.1 11.1 7.3

Fat g 27.0 5.3 3.5

Folic acidb μg 78 15.2 10

L-MTHFc μg 81 15.8 10.4

a The nutrient contents per 100 kcal were calculated on basis of the nutrient contents as well as the energy content per 100ml ready-made formula
bcontrol and
cintervention formula; MTHF: L-5-methyltetrahydrofolate

https://doi.org/10.1371/journal.pone.0216790.t001
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included an initial lysis step of the white blood cells with a consecutive RNase and protease

treatment. The genomic DNA was transferred and washed on a Qiamp spin column. After sev-

eral washing steps the purified genomic DNA was harvested in elution buffer. DNA quantity

and purity were controlled using the NanoDrop instrument.

For genotyping, the Applied Biosystems TaqMan SNP genotyping assay was used according

to the manufacturer’s instructions (Cat No. 4351379). The universal master-mix was mixed

with 10 ng of genomic infant DNA in a volume of 20 μl and the samples were processed in the

ABI 7900 instrument. The samples were measured in 96-well plates using the respective quality

controls [22]. Both alleles of the two methyltetrahydrofolate reductase (MTHFR, NCBI gene

reference: NM_005957.4) single nucleotide polymorphisms (SNPs) (MTHFR C677T (SNP

rs1801133, Assay-ID: C_1202883_20; context sequence [VIC/FAM]: GAAAAGCTGCGTG
ATGATGAAATCG[G/A]CTCCCGCAGACACCTTCTCCTTCAA) and MTHFR A1289C (SNP

rs1801131, Assay-ID: C_850486_20; context sequence [VIC/FAM]: AAGAACGAAGACTTCA
AA GACACTT[G/T]CTTCACTGGTCAGCTCCTCCCCCCA)) were determined.

Power calculation

The primary objective of the study was to show equivalence for the intervention and the con-

trol group. Weight gain between V1 and V4 was used as the primary outcome. Based on the

recommendation of the Scientific Committee on Food of the European Commission [23], an

average daily weight gain of infants in the intervention group was considered equivalent to the

average daily weight gain of infants in the control group, if it was within the boundaries of

±0.5 standard deviation (SD). Based on previous observations in Serbian infants [24], the

infants’ weight gain was estimated to be ~30 g per day with a SD of ~7g. Sample size was calcu-

lated using the approach described by Julious [25] for equivalence clinical trials with normal

data in the case of no treatment difference (Required power of 80%, significance level for the

two one-sided test procedure 2.5%), resulting in a sample size of 84 analyzable infants per

group. Based on the assumption of a drop-out rate of 30%, it was estimated that 120 infants

per group were needed at V1.

Statistical analysis

The primary (weight gain) and secondary (gain in length, head circumference and calorie

intake) outcomes were analyzed for per-protocol (PP) (primary analysis) and modified inten-

tion-to-treat (mITT) populations. In the PP analysis, only data from subjects who completed

all visits without any protocol deviations were included. In the mITT analysis, all subjects were

considered who completed V1, thus all those for whom at least one data point was available.

The major reasons for exclusion from the PP population was missing the target of ±3 days for

V1 to V4 or intake of foods other than the investigational product or breast milk in the formula

and the reference group, respectively, exceeding 50 ml on>50% of days captured in the 3-day

diaries.

To show equivalence regarding growth parameters between the control and the interven-

tion groups, a linear mixed model on the respective (longitudinally measured) growth parame-

ter was used. It included treatment, age, age2 (only for body weight), and the age-treatment

interaction as fixed effects, birth weight and sex as adjusting covariates and a random intercept

and random slope (age) per subject was fit. In this model, the coefficient for the age-treatment

interaction can be interpreted as the difference in mean daily gain for the respective parameter

between intervention and control group. For the primary analysis following Schuirman [26]

and Wellek [27], both groups were considered equivalent if the 95% CI for the difference of

the mean daily weight gain was within the pre-specified equivalence margin of ±3.5 g/d. This

L-5-methyltetrahydrofolate in infant formula: Randomized-controlled trial
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corresponds to a two one-sided test procedure taking the cut-off level of statistical significance

at 0.025. A subgroup analysis was performed by adding three-way interactions with treatment

and age for sex and polymorphisms. For gain in recumbent height and head circumference as

well as increase in calorie intake from V1 to 4, clinical equivalence was demonstrated if the

95% CI of the difference between intervention and control group was contained within ±0.5

SD of control group.

Results for the equivalence analysis are presented as mean daily gain of the respective

parameters with 95% CI, together with the respective equivalence margins. Continuous demo-

graphic and baseline characteristics were compared using t-tests or Mann-Whitney-U-tests

dependent on their distribution. Results for these are presented as mean ± SD or medians with

25th and 75th percentile. Categorical endpoints were compared using Chi-Square tests or Fish-

er’s exact test where appropriate. P-values below 0.05 were considered as statistically signifi-

cant although only the primary analysis can be viewed as confirmatory.

Given the nature of the test, analysis of PP is frequently regarded as the more conservative

approach in equivalence testing [28]. Therefore, we used the PP analysis as our primary analy-

sis and the mITT for confirmatory purposes (see S3 Table, S6 Table, S7 Table, S8 Table and S9

Table).

Data management

To capture and transfer the study data to a central database we used secuTrial (Version

5.2.0.13), a Remote Data Entry software solution of interActive Systems. A validated installa-

tion of the statistical program package SAS version 9.4 [SAS (TS1M0) SAS Institute Inc., Cary,

NC, USA Copyright (c) 2002–2012] was used for statistical analysis while R version 3.2.2. [29]

was used for graphical illustrations.

Ethical considerations

The study was approved by the independent ethics committee of the University Hospital “Dr
Dragiša Mišović-Dedinje” in Belgrade, Serbia. Written informed consent was obtained from

parents or caregivers of infants who were judged to fulfil the inclusion and exclusion criteria

for enrolment into this clinical study prior to their inclusion. Investigators and the study team

took special precautions and care throughout their communication with the families in order

to support and protect, and not to discourage breastfeeding, and not to suggest bottle feeding

to parents of a breastfed baby.

The study was registered at ClinicalTrials.gov (NCT02437721).

Results

A total of 360 infants were recruited, including 240 infants who were randomly allocated either

to the intervention or the control formula, as well as 120 breastfed infants who served as a ref-

erence group (Fig 1). Of these infants, 315 and 298 completed V1 and V4, respectively. No rel-

evant difference in the number of drop-outs was detected between the intervention and the

control group. Main reasons were withdrawal of consent (n = 33) and loss to follow-up

(n = 9). One infant in the intervention group died during the study for reasons unrelated to

the intervention (see below).

At baseline, the infants in the two formula groups were comparable with the exception of a

significant difference in age and the distribution pattern of the MTHFR A1289C genotype

(Table 2). No difference in age was observed at V1-4 as the timing of the subsequent visits was

set based on defined ages of the infants.

L-5-methyltetrahydrofolate in infant formula: Randomized-controlled trial
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Safety and acceptance of the tested formulae

Both formulae were well-accepted and no differences in acceptance and tolerability (S3 Table)

or consistency, color and smell of stool (S1 Fig) were reported. Neither (serious) adverse events

Fig 1. Participant flow chart; n: Number of participants; V1-4: Visits 1 to 4.

https://doi.org/10.1371/journal.pone.0216790.g001

Table 2. Baseline characteristics in the per-protocol population: Age, sex and MTHFR polymorphisms C677T (rs1801133) and A1289C (rs1801131) (data for modi-

fied intention-to-treat population in S2 Table).

Parameter n Intervention group Control group P value1 Reference group2

Age [d] 244 21.0 ±3.7 19.4 ±3.4 0.0056 20.0 ±3.3

Sex [% females] 244 43.7% 44.6% 0.9091 52.2%

C677T 238

CC 33.3% 33.3% 39.8%

CT 53.6% 56.8% 42.0%

TT 13.0% 9.9% 0.8198 18.2%

A1289C 238

AA 46.4% 44.4% 63.6%

AC 33.3% 49.4% 27.3%

CC 20.3% 6.2% 0.0168 9.1%

Data presented as mean ± SD or percentage; MTHFR: methyltetrahydrofolate reductase n: number of subjects
1 Intervention and control group was compared, p <0.05 was considered significant, t-test for unequal variance used for age, Chi square test used for sex and genotype
2The mothers decided whether they wanted to breastfeed their infants and consequently, the infants in this group were not randomized. Therefore, no formal statistical

comparison is possible.

https://doi.org/10.1371/journal.pone.0216790.t002
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(S4 Table) nor blood chemistry and hematology results (S5 Table) gave reason for any safety

concerns. All those results were within the expected range of our target study population and

comparable between the intervention and the control group. The most common adverse

events were common cold (28%), poor weight gain or growth (21%), rash, eczema, or dry skin

(9%) and respiratory tract infection (9%) and were all similarly distributed between both for-

mula groups.

A total of 89 adverse events and 29 serious adverse events were reported in the study, most

of which were typical events expected to occur in otherwise healthy infants. Of these, 3 were

judged to be related to formula or breast-milk intake. The parents of one infant in the inter-

vention group believed their child did not tolerate the formula. After switching the infant to a

commercial formula, the observed problems resolved. Overweight was reported in one infant

in the control group at V4. However, based on follow-up data at the age of one year, the

infant’s weight was found to be within the age-appropriate ranges. One breastfed infant in the

reference group showed poor growth, which was resolved after switching to feeding a standard

infant formula.

One infant from the intervention group was hospitalized due to an infection with Staphylo-

coccus aureus, which resulted in meningitis, neonatal septicemia and eventually death. Analy-

sis of the event led to the conclusion that there was no relationship between the intervention

and the death of this infant.

Folate status

Most markers for folate status did not differ between the intervention and control groups at BV

or V4 (Table 3). However, at V4, plasma level of unmetabolized folic acid was significantly

higher in the control compared to intervention group, with comparable concentrations of

unmetabolized folic acid in the intervention and breastfed groups. RCF was significantly higher

in the intervention compared to control subjects. This was reflected in a significant difference

in the adjusted mean for RCF of 70.5 nmol/ L between intervention and control groups (least

square mean, p = 0.0158). Due to a large number of samples with values below the level of quan-

tification, a least square mean analysis could not be performed for unmetabolized folic acid.

Growth

The primary outcome, weight gain during the intervention period, is shown in Fig 2. The dif-

ference in mean daily weight gain of the intervention and control groups, represented by the

95% CI of the age-treatment interaction, was within the predefined interval of ±3.5 g/day and

thus, equivalence was demonstrated (Table 4 and S6–S8 Tables).

Testing adjusted mean body weight at V4 (least square means), the difference between the

groups (50.09 g) was not significant (p = 0.5950, S8 Table), indicating that after adjustment of

birth weight and sex there was no difference between formula groups at V4. Neither sub-

group analysis (least square means) by sex (p = 0.4286) nor by MTHFR C677T (p = 0.6992)

and A1289T (p = 0.1423) genotypes revealed group specific effects of treatment on weight gain

(S9 Table).

The age-treatment-interaction for daily length gain, daily gain in head circumference as

well as change in daily calorie intake are shown in Table 4. For daily length gain, the 95% CI

for the age-treatment interaction included the value for the 0.5 SD margin (Fig 3 and S7

Table). Consequently, there is not conclusive evidence to support equivalence for length

growth, although the upper limit of the 95% CI is just slightly above the calculated margin. Dif-

ferences in the least square means at V4 were very small (control—intervention: -0.14 ± 0.27

cm) and no difference between the groups was found (p = 0.6115, S8 Table).
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For daily head circumference gain, the 95% CI for the age-treatment interaction did not

include the value for the 0.5 SD margin (Fig 4 and S7 Table) and thus, clinical equivalence can

be demonstrated. Moreover, there were very small (control—intervention: 0.16 ± 0.17 cm),

non-significant differences in the least square means at V4 (p = 0.3258; S8 Table).

Calorie intake

For daily calorie change, the 95% CI for the age-treatment interaction included the value for the

0.5 SD margin (Table 4 and S6 Table) and thus, there is no conclusive evidence to demonstrate

equivalence. Differences in the least square means at V4 again were very small (control—inter-

vention: 19.9 ±15.1 kcal), and there was no difference between the groups (p = 0.1900, S8

Table). Also, for the other visits there were no group differences (S8 Table).

Discussion

Although L-5-MTHF is the predominant folate form in breast milk [6], folic acid is currently

the only folate source approved for the use in infant and follow-on formula. To our knowledge,

this is the first study comparing infant formulae containing L-5-MTHF and folic acid, respec-

tively, at equimolar doses, evaluating their effect on growth, tolerability and indicators of safety

in infants.

For weight gain, the primary outcome, equivalence between the intervention and the con-

trol group was shown, because the 95% CI of the difference in mean daily weight gain falls

Table 3. Folate status at Baseline and Visit 4 in the per-protocol population.

n Intervention group Control group P value1 Reference group2

L-5-MTHF [nmol/ L]

Baseline visit 232 26.5 ±12.2 26.2 ±12.5 0.8161 26.1 ±14.8

Visit 4 236 55.3 ±18.1 52.7 ±19.0 0.6791 33.0 ±17.6

Unmetabolized Folic acid [nmol/ L]

Baseline visit 232 0.60 (0.53, 0.81) 0.69 (0.53, 0.89) 0.0943 0.53 (0.53, 0.53)

Visit 4 124 0.73 (0.60, 1.00) 1.15 (0.92, 1.36) <0.0001 0.74 (0.62, 0.87)

hmTHF [nmol/ L]

Baseline visit 232 7.7 (6.3, 10.3) 8.0 (6.2, 10.8) 0.6648 7.5 (5.2, 10.8)

Visit 4 236 5.9 (4.0, 8.9) 4.8 (3.4, 7.5) 0.1666 3.2 (2.0, 5.2)

pABG [nmol/ L]

Baseline visit 232 9.0 (5.5, 15.1) 10.0 (7.1, 15.6) 0.3960 7.6 (3.4, 11.6)

Visit 4 236 20.1 (12.8, 24.2) 17.7 (12.1, 24.6) 0.5316 12.3 (7.9, 22.1)

apABG [nmol/ L]

Baseline visit 232 1.03 (0.84, 1.24) 1.06 (0.95, 1.34) 0.3742 1.02 (0.79, 1.24)

Visit 4 236 0.71 (0.63, 0.81) 0.71 (0.60, 0.84) 0.7471 0.59 (0.50, 0.68)

Total RCF [nmol/ L]

Baseline visit 240 551.7 ±229.9 597.9 ±217.4 0.6265 627.3 ±256.5

Visit 4 238 907.0 ±192.8 839.4 ±142.4 0.0095 484.2 ±213.0

Data presented as mean ±SD or median (P25, P75); apABG: acetamidobenzoylglutamate; pABG: para-aminobenzoylglutamate; hmTHF: 4-alpha-hdroxy-

5-methyltetrahydrofolate; L-5-MTHF: L-5-methyltetrahydrofolate; RCF: red cell folate, n: number of subjects
1 Intervention and control group was compared, p<0.05 was considered significant, t-test for equal variance used for L-5-MTHF, t-test for unequal variance used for

RCF, Mann-Whitney-U test used for folic acid, hmTHF, pABG, apABG
2The mothers decided whether they wanted to breastfeed their infants and consequently, the infants in this group were not randomized. Therefore, no formal statistical

comparison was performed.

https://doi.org/10.1371/journal.pone.0216790.t003
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within the predefined equivalence margin of ±3.5g/ d. This is also reflected in the small, non-

significant difference between mean weights in both groups adjusted for birth weight and sex

at V4 (50.09 g, p = 0.5950). Equivalence was also demonstrated for the gain in head circumfer-

ence (secondary outcome) as the 95% CI in the intervention group was less than ±0.5 SD in

the control group and the adjusted difference between the two groups was not significant

(0.16 ± 0.17 cm, p = 0.3258).

For linear growth from V1 to V4 (secondary parameter), evidence on equivalence between

the groups was inconclusive. The upper limit of the 95% CI was slightly greater than the equiv-

alence margin (0.0084 cm/day vs. 0.0092 cm/day) and thus, no formal equivalence could be

Fig 2. Weight gain in the three groups during the intervention period. Presented are the unadjusted median weights

[g] with 25th and 75th percentile, maximum and minimum for visits 1 to 4 in the per-protocol population (p = 0.5950

for least-squares means of weight at V4, S8 Table).

https://doi.org/10.1371/journal.pone.0216790.g002

Table 4. Values of equivalence margins and calculated 95% confidence intervals (age-treatment-interaction) for daily weight gain, length gain, gain in head circum-

ference as well as change in daily calorie intake for the per-protocol population.

Parameter Equivalence margin 95% CI1

Lower limit Upper limit

Linear daily weight gain from V1 to V4 [g/d] 3.52 -2.1102 1.6780

Linear daily growth from V1 to V4 [cm/d] 0.00843 -0.0012 0.0092

Daily Increase in head circumference from V1 to V4 [cm/d] 0.00573 -0.0033 0.0038

Change in daily calorie intake per kilogram from V1 to V4 [kcal/kg] 0.68553 -1.0434 -0.1055

95% CI: 95% confidence interval
1 Calculated from linear mixed model additionally including sex and birth weight (S7 Table)
2 0.5 x SD reported in Serbian infants by Fleddermann et al. [24]
30.5 x SD in the control group

https://doi.org/10.1371/journal.pone.0216790.t004
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concluded. However, due to the nature of the test, this finding does not confirm an actual dif-

ference between the two groups either. Differences in the adjusted mean body lengths (least

square means) at V4 were small (- 0.14 cm) and not significant (p = 0.6115), suggesting that

after adjusting for birth weight and sex, there was no difference in body length between the

two groups at visit 4.

Based on the small, non-significant difference in the adjusted length at V4, we consider it

unlikely that the difference is of clinical relevance. Moreover, we are not aware of any literature

on a physiological mechanism through which L-5-MTHF, but not folic acid, would affect lin-

ear growth without affecting weight gain. This is particularly true given that the markers for

folate status indicate an at least equivalent bioavailability of L-5-MTHF compared to folic acid.

Equivalence could also not be established for the increase in daily calorie intake per kilo-

gram. However as with linear growth, this does not imply a statistical difference. Caloric intake

values are based on the information provided by the parents or caregivers using 3-day-diaries,

and therefore provide insight only into a limited time window. Furthermore, 3-days records

are known to have methodological shortcomings. While caloric intakes from the study formu-

lae could be calculated rather accurately since they are based on the number of spoons added,

caloric intake data from other foods are prone to error. Particularly towards the end of the

four months intervention, foods other than infant formula contributed increasingly to daily

energy intake, thus making total caloric intake harder to measure. Therefore, failure to estab-

lish equivalence for calorie intake might well be due to methodological limitations rather than

physiological effects.

During early infancy, breast milk and/or infant formula are the sole sources of nutrition

and must supply appropriate amounts of energy, water and all essential nutrients [30]. As

Fig 3. Daily length gain in the three groups during the intervention. Presented is the unadjusted median recumbent

length [cm] with the 25th and 75th percentile, maximum and minimum for V1 to V4 in the per-protocol population

(p = 0.6115 for least squares means of recumbent length at V4, S8 Table).

https://doi.org/10.1371/journal.pone.0216790.g003
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folate deficiency has not been reported in breastfed infants, even if maternal status was low,

breast milk folate levels are regarded as adequate for this age group. On that basis, the current

European legislation for infant and follow-on formula sets a required folic acid content of 10

to 50 μg/100 kcal, while energy content is at 60 to 70 kcal/100 ml formula [4]. In line with this,

the control formula contained 10 μg folic acid per 100 ml reconstituted infant formula (15.2 μg

folic acid per 100 kcal),

As L-5-MTHF is currently not an approved folate source for infant and follow-on formula,

no recommend levels have been defined by regulatory bodies in these products. Previous

research indicates comparable bioavailability and activity for folic acid and L-5-MTHF at equi-

molar doses [17]. Therefore, we used folic acid and L-5-MTHF at equimolar doses in this study.

For formula fed infants, the levels for RCF at V4 were found significantly higher in the

intervention than in the control group. RCF is an indicator for longer-term folate status

because erythrocytes accumulate folate predominantly during erythropoiesis [31]. To our

knowledge, the bioavailability of these two folate sources in young infants have not been com-

pared previously. However, a range of studies in adults comparing the effect of low dose, equi-

molar L-5-MTHF and folic acid supplements on markers of folate status showed an equal or

even higher bioavailability for L-5-MTHF [11, 12, 32, 33].

Given the supply of folic acid in the control group, it is not surprising that the levels of

unmetabolized folic acid were significantly higher compared to the infants in the intervention

group. This is in line with a study in newborns that reported a significant increase in unmetab-

olized folic acid after only 4 days of feeding a folic acid containing infant formula [15]. In the

light of emerging, albeit controversial preclinical evidence of a potential adverse health effect

of unmetabolized folic acid [16], this finding requires further investigation.

Fig 4. Gain in head circumference in the three groups during the intervention. Shown are the unadjusted median

head circumference [cm] with 25th and 75th percentile, maximum and minimum for V1 to V4 in the per-protocol

population (p = 0.3258 for least-squares means of head circumference at V4, S8 Table).

https://doi.org/10.1371/journal.pone.0216790.g004
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L-5-MTHF polyglutamates from natural food sources require hydrolysis of the polygluta-

myl chain to L-5-MTHF monoglutamate prior to being absorbed in the human small intestine

[34]. Since the calcium salt of L-5-MTHF dissociates to MTHF monoglutamate and Ca2+ in

aqueous solutions, its digestion, absorption, and transport is thought to be similar to that of L-

5-MTHF from natural food sources [35]. Other reduced folates, such as L-5-fTHF, are trans-

formed into L-5-MTHF in the enterocyte after absorption, and L-5-MTHF is subsequently

released into the portal circulation [13]. Conversion of absorbed folic acid into L-5-MTHF

appears to occur predominantly in the liver, resulting in the appearance of unmetabolized folic

acid in the circulation if the liver’s capacity is exceeded [13]. In infants, even the relatively low

levels found in formula have led to a significant increase in the levels of unmetabolized folic

acid in the plasma of formula fed infants [15].

Preclinical data suggest that unmetabolized folic acid may impair cellular folate metabolism

e.g. in endothelial cells [36], likely due to the stronger affinity for folate binding proteins com-

pared to L-5-MTHF [37]. Moreover, it has been suggested by in vitro and in vivo animal stud-

ies that unmetabolized folic acid might have adverse effects, but the evidence remains

controversial [16]. It has been hypothesized that elevated levels of unmetabolized folic acid

result in an increase in dihydrofolate, which then inhibits MTHFR as well as thymidylate

synthase, thereby causing functional folate deficiency [7]. Preclinical data also indicate that

unmetabolized folic acid reduces the transport of L-5-MTHF into endothelial cells, which

might result in an impaired intracellular folate metabolism [36]. Moreover, data from adults

indicate potential untoward effects on immune functions as indicated by reduced natural killer

cell cytotoxicity [38, 39].

To turn folic acid into L-5-MTHF, the active folate form, several conversion steps are neces-

sary and one of those is catalyzed by MTHFR [2]. While MTHFR deficiency is rare in humans

[40], three common mutations of the MTHFR gene, namely C677T, A1298C, and T1317C,

have been proposed for an association with various pathological conditions. The T1317C

mutation appears to be a silent polymorphism [41] and is therefore not regarded as relevant.

The proportion of people that are homozygote for the MTHFR C677T mutation is thought

to range from close to 0% in Sub-Saharan Africans to 32% in Mexicans [42, 43]. In Europe,

prevalence ranging from 4% in Helsinki (Finland), to 26.4% in Campania (Italy) were reported

[43]. In the case of the C677T polymorphism, MTHFR enzyme activity seems to be reduced by

up to 50% in homozygotes [44]. The prevalence of the A1298C mutation in the MTHFR gene

also seems to differ between ethnic groups: while non-Hispanic white in the U.S. showed a

similar prevalence of homozygous carriers (~12%) as reported for Canadians, in Mexican

Americans, it was ~20% and in non-Hispanic blacks just over 1% [45]. The reduction in

MTHFR activity seems to be less for A1298C than for the C677T mutation (~70% of wild type)

[46]. However, in vitro studies indicate a synergistic effect for the two mutations [46]. Conse-

quently, infants homozygous for one or both polymorphisms would potentially benefit even

more from the use of L-5-MTHF instead of folic acid in infant formula. Given the low number

of infants with the 677TT genotype in our study population (Table 2), it might be prudent to

conduct further studies in populations with a higher prevalence of this specific genotype as

this might affect the bioavailability and consequently optimal level of L-5-MTHF.

Strengths of this study are the randomized controlled study design following good clinical

practice standards, the inclusion of a large number of healthy infants, detailed and standard-

ized assessment of growth, tolerance, adverse effects and biochemical markers. A limitation of

this study is the lack of reliable information on energy intake from foods other than study for-

mulae. However, being more stringent in collecting dietary intake data would have put a

higher burden on the parents and caregiver, thereby increasing the risk of non-compliance

and drop-outs.
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Conclusions

Infants who consumed an infant formula with L-5-MTHF did not show significant differences

in growth and tolerance compared to infants fed the same formula with folic acid at equimolar

doses. Furthermore, infants in the intervention group had significantly lower plasma levels of

unmetabolized folic acid and significantly higher RCF concentrations. L-5-MTHF is the pre-

dominant folate form in breast milk and its addition to infant formulae did not raise any safety

concerns in our study. Therefore, it appears prudent to allow the addition of L-5-MTHF as a

folate source to infant and follow-on formula in equimolar doses to the currently recom-

mended folic acid levels. Plasma of exclusively breastfed infants whose mothers do not have

larger intakes of folic acid from supplements or fortified foods contain low levels of unmetabo-

lized folic acid. Consequently, it appears prudent to provide folate sources to infant formula

that do not lead to high levels of plasma unmetabolized folic acid, following the precautionary

principle. L-5-MTHF is one possible safe approach to provide adequate folate without increas-

ing the amount of unmetabolized folic acid.

Supporting information

S1 Supplemental Material. Study protocol.

(PDF)

S2 Supplemental Material. CONSORT 2010 checklist.

(PDF)

S1 Table. Formulation of infant formula powder for intervention and control group.

(PDF)

S2 Table. Baseline characteristics in the modified intention-to-treat population: Age, sex

and MTHFR polymorphisms C677T (rs1801133) and A1289C (rs1801131).

(PDF)

S3 Table. Comparison of parameters of acceptability and tolerance of the intervention for-

mula in the per-protocol population.

(PDF)

S4 Table. Summary of adverse events by category and group.

(PDF)

S5 Table. Summary of blood chemistry and hematology parameters.

(PDF)

S6 Table. Daily weight gain for the intervals between the visits for the modified intention-

to-treat and the per-protocol population.

(PDF)

S7 Table. Fixed effects solution for the model for the gain in weight, recumbent length,

head circumference and calorie intake in the modified intention-to-treat and per-protocol

population.

(PDF)

S8 Table. Least square means for body weight, recumbent length, head circumference and

calorie intake at visit 4 for the modified intention-to-treat and the per protocol popula-

tion.

(PDF)

L-5-methyltetrahydrofolate in infant formula: Randomized-controlled trial

PLOS ONE | https://doi.org/10.1371/journal.pone.0216790 August 19, 2019 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216790.s010
https://doi.org/10.1371/journal.pone.0216790


S9 Table. Least square means for body weight at visit 4 according to treatment-gender and

-genotype interaction model for the modified intention-to-treat and the per protocol pop-

ulation.

(PDF)

S1 Fig. Consistency (a.), color (b.) and smelliness of stool at visits 1 and 4 in the per protocol

population.

(TIF)

Acknowledgments

We are very grateful for the wonderful support by Radina-Nina Lukic and Biljana Radic

regarding study coordination and participant care.

The MEFOLIN Study Group consists of Igor Bendik, Stephane Etheve, Szabolcs Péter and
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von Säuglingen und stillenden Frauen. Aktualisierte Handlungsempfehlungen von „Gesund ins Leben–

Netzwerk Junge Familie“, eine Initiative von IN FORM. Monatsschr Kinderheilkd 2016; 164(9):765–89.

20. Hannisdal R, Ueland PM, Svardal A. Liquid chromatography-tandem mass spectrometry analysis of

folate and folate catabolites in human serum. Clin Chem. 2009; 55(6):1147–54. https://doi.org/10.1373/

clinchem.2008.114389 PMID: 19359539.

21. Molloy AM, Scott JM. Microbiological assay for serum, plasma, and red cell folate using cryopreserved,

microtiter plate method. Method Enzymol. 281: Academic Press; 1997. p. 43–53.

22. Woodward J. Bi-Allelic SNP Genotyping Using the TaqMan® Assay. In: Fleury D, Whitford R, editors.

Crop Breeding: Methods and Protocols. New York, NY: Springer New York; 2014. p. 67–74.

23. Scientific Committee on Food. Report of the Scientific Committee on Food on the Revision of Essential

Requirements of Infant Formulae and Follow-on Formulae. Brussels, Belgium: 2003.

24. Fleddermann M, Demmelmair H, Grote V, Nikolic T, Trisic B, Koletzko B. Infant formula composition

affects energetic efficiency for growth: the BeMIM study, a randomized controlled trial. Clinical nutrition

(Edinburgh, Scotland). 2014; 33(4):588–95. https://doi.org/10.1016/j.clnu.2013.12.007 PMID:

24411489.

L-5-methyltetrahydrofolate in infant formula: Randomized-controlled trial

PLOS ONE | https://doi.org/10.1371/journal.pone.0216790 August 19, 2019 16 / 18

https://doi.org/10.1089/bfm.2013.0008
https://doi.org/10.1089/bfm.2013.0008
http://www.ncbi.nlm.nih.gov/pubmed/23786311
https://doi.org/10.3945/ajcn.116.137968
http://www.ncbi.nlm.nih.gov/pubmed/28298392
https://doi.org/10.1093/jn/134.3.580
http://www.ncbi.nlm.nih.gov/pubmed/14988450
https://doi.org/10.1111/j.1476-5381.2009.00492.x
http://www.ncbi.nlm.nih.gov/pubmed/19917061
https://doi.org/10.3945/ajcn.2009.29031
http://www.ncbi.nlm.nih.gov/pubmed/20573791
https://doi.org/10.1093/ajcn/83.4.842
http://www.ncbi.nlm.nih.gov/pubmed/16600937
https://doi.org/10.1093/ajcn/84.1.156
https://doi.org/10.1093/ajcn/84.1.156
http://www.ncbi.nlm.nih.gov/pubmed/16825690
https://doi.org/10.3945/ajcn.113.080507
http://www.ncbi.nlm.nih.gov/pubmed/24944062
https://doi.org/10.1093/ajcn/65.6.1790
http://www.ncbi.nlm.nih.gov/pubmed/9174474
https://doi.org/10.1079/bjn20051572
http://www.ncbi.nlm.nih.gov/pubmed/16277775
http://www.ncbi.nlm.nih.gov/pubmed/22746304
https://doi.org/10.2165/11532990-000000000-00000
https://doi.org/10.2165/11532990-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20608755
https://doi.org/10.2147/IJWH.S37254
https://doi.org/10.2147/IJWH.S37254
http://www.ncbi.nlm.nih.gov/pubmed/23610531
https://doi.org/10.1373/clinchem.2008.114389
https://doi.org/10.1373/clinchem.2008.114389
http://www.ncbi.nlm.nih.gov/pubmed/19359539
https://doi.org/10.1016/j.clnu.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24411489
https://doi.org/10.1371/journal.pone.0216790


25. Julious SA. Sample sizes for clinical trials. New York: CRC Press; 2009.

26. Schuirmann DJ. A comparison of the two one-sided tests procedure and the power approach for

assessing the equivalence of average bioavailability. J Pharmacokinet Biopharm. 1987; 15(6):657–80.

PMID: 3450848.

27. Wellek S. Testing statistical hypotheses of equivalence and noninferiority. New York: Chapman and

Hall/CRC; 2010.

28. Walker E, Nowacki AS. Understanding Equivalence and Noninferiority Testing. Journal of General Inter-

nal Medicine. 2011; 26(2):192–6. https://doi.org/10.1007/s11606-010-1513-8 PMC3019319. PMID:

20857339

29. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing. Vienna, Austria2018.

30. EFSA NDA Panel. Scientific opinion on nutrient requirements and dietary intakes of infants and young

children in the European Union. EFSA Journal. 2013; 11(10):3408.

31. Chanarin I. The megaloblastic anaemias. 3rd ed. Oxford, England: Blackwell Scientific Publicatiosn;

1990.

32. Venn BJ, Green TJ, Moser R, Mann JI. Comparison of the effect of low-dose supplementation with l-5-

methyltetrahydrofolate or folic acid on plasma homocysteine: a randomized placebo-controlled study.

The American Journal of Clinical Nutrition. 2003; 77(3):658–62. https://doi.org/10.1093/ajcn/77.3.658

PMID: 12600857

33. Venn BJ, Green TJ, Moser R, McKenzie JE, Skeaff CM, Mann J. Increases in blood folate indices are

similar in women of childbearing age supplemented with [6S]-5-methyltetrahydrofolate and folic acid. J

Nutr. 2002; 132(11):3353–5. PubMed https://doi.org/10.1093/jn/132.11.3353 PMID: 12421850.

34. Scott JM. Folate and vitamin B12. Proceedings of the Nutrition Society. 1999; 58(2):441–8. Epub 02/28.

https://doi.org/10.1017/S0029665199000580 PMID: 10466189

35. EFSA NDA Panel. Opinion of the scientific panel on food additives, flavourings, processing aids and

materials in contact with food on a request from the Commission related to calcium L-methylfolate-

Question N˚ EFSA-Q-2004-007. The EFSA Journal. 2004; 135:1–20.

36. Smith D, Hornstra J, Rocha M, Jansen G, Assaraf Y, Lasry I, et al. Folic Acid Impairs the Uptake of 5-

Methyltetrahydrofolate in Human Umbilical Vascular Endothelial Cells. J Cardiovasc Pharmacol. 2017;

70(4):271–5. https://doi.org/10.1097/FJC.0000000000000514 PMID: 28991880; PubMed Central

PMCID: PMC5642340.

37. Verwei M, Arkbaåge K, R Havenaar, van den Berg H, Witthöft C, Schaafsma G. Folic Acid and 5-
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