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Abstract

Following a request from the European Commission (EC), the EFSA Panel on Nutrition, Novel
Foods and Food Allergens (NDA) was asked to deliver a scientific opinion on the revision
of the tolerable upper intake level (UL) for folic acid/folate. Systematic reviews of the litera-
ture were conducted to assess evidence on priority adverse health effects of excess intake
of folate (including folic acid and the other authorised forms, (6S)-5-methyltetrahydrofolic
acid glucosamine and 1-5-methyltetrahydrofolic acid calcium salts), namely risk of cobala-
min-dependent neuropathy, cognitive decline among people with low cobalamin status,
and colorectal cancer and prostate cancer. The evidence is insufficient to conclude on a
positive and causal relationship between the dietary intake of folate and impaired cogni-
tive function, risk of colorectal and prostate cancer. The risk of progression of neurological
symptoms in cobalamin-deficient patients is considered as the critical effect to establish an
UL for folic acid. No new evidence has been published that could improve the characterisa-
tion of the dose-response between folic acid intake and resolution of megaloblastic anae-
mia in cobalamin-deficient individuals. The ULs for folic acid previously established by the
Scientific Committee on Food are retained for all population groups, i.e. 1000 pg/day for
adults, including pregnant and lactating women, 200 pg/day for children aged 1-3years,
300 pg/day for 4-6years, 400 ng/day for 7-10years, 600 pg/day for 11-14 years and 800 nug/
day for 15-17 years. A UL of 200 pg/day is established for infants aged 4-11 months. The ULs
apply to the combined intake of folic acid, (6S)-5-methyltetrahydrofolic acid glucosamine
and 1-5-methyltetrahydrofolic acid calcium salts, under their authorised conditions of use.
It is unlikely that the ULs for supplemental folate are exceeded in European populations,
except for regular users of food supplements containing high doses of folic acid/5-methyl-

tetrahydrofolic acid salts.
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1 | INTRODUCTION
1.1 | Background as provided by the European Commission

Article 6 of Regulation (EC) No 1925/2006 on the addition of vitamins and minerals and of certain other substances to foods
and Article 5 of Directive 2002/46/EC on the approximation of the laws of the Member States relating to food supplements
provide that maximum amount of vitamins and minerals added to foods and to food supplements respectively, shall be set.

The above-mentioned provisions lay down the criteria to be taken into account when establishing these maximum amounts
that include the upper safe levels of vitamins and minerals established by scientific risk assessment based on “generally accepted
scientific data, taking into account, as appropriate, the varying degrees of sensitivity of different groups of consumers”.

To set maximum amounts of vitamins and minerals in fortified foods and food supplements, the Commission would like
to ask the European Food Safety Authority (EFSA) to review the previous opinions of the Scientific Committee on Food
(SCF) or the NDA Panel on the ULs for vitamin A,' folic acid/folate,' vitamin D,' vitamin E,' vitamin B6,1 iron,’ manganese1 and
B-carotene' to take into account recent scientific developments and evidence.

In this context, EFSA should first review the guidelines of the SCF' for the development of tolerable upper intake levels
for vitamins and minerals (adopted on 19 October 2000).

Tolerable Upper Intake Levels should be presented separately for the age group from 4/6 months onwards until 3 years
of age and the general population group from 3years onwards, taking into account, as appropriate, the varying degrees
of sensitivity of different consumer groups. As foods intended for the general population are also consumed by young
children, young children should be considered as a potentially sensitive consumer group.

1.2 | Terms of Reference as provided by the European Commission

In accordance with Article 29(1)(a) of Regulation (EC) No 178/2002, the European Commission requests the European Food
Safety Authority to:

1) Update the guidelines of the SCF for the development of Tolerable Upper Intake Levels for vitamins and minerals
in the light of available recent scientific and methodological developments.

2) Review existing scientific evidence and provide advice on Tolerable Upper Intake Levels for the following vitamins and
minerals including their currently authorized forms for the addition to fortified foods and food supplements for the gen-
eral population and, as appropriate, for vulnerable subgroups of the population:

« vitamin A

- folic acid/folate
« vitamin D

« vitamin E

« iron

+ manganese

+ [-carotene

+ vitamin B,

For nutrients for which there are no, or insufficient, data on which to base the establishment of an UL, an indication
should be given on the highest level of intake where there is reasonable confidence in data on the absence of adverse
effects.

1.3 | Interpretation of the Terms of Reference

According to the mandate, EFSA has first reviewed the guidelines of the SCF for the development of tolerable upper intake
levels (ULs) for vitamins and minerals (SCF, 2000). A draft guidance has been endorsed by the Nutrition, Novel Foods and
Food Allergens (NDA) Panel and published for a 1-year pilot phase (EFSA NDA Panel, 2022b), after which it will be revised
and complemented as necessary, following a public consultation.

The Panel interprets that the UL for folic acid/folate should be revised according to the principles laid down in the
above-mentioned guidance, following a protocol developed for that purpose (Annex A) and covering all sources of folate

'SCF, 2000. Scientific Committee on Food. Guidelines of the Scientific Committee on Food for the Development of Tolerable Upper Intake Levels for Vitamins and
Minerals. in: Scientific Committee on Food, Scientific Panel on Dietetic Products, Nutrition and Allergies (2006). Tolerable Upper Intake Levels for Vitamins and Minerals.
European Food Safety Authority. SCF (2001). Scientific Committee on Food. Opinion of the Scientific Committee on Food on the Tolerable Upper Intake Level of
Magnesium. in: Scientific Committee on Food, Scientific Panel on Dietetic Products, Nutrition and Allergies (2006). Tolerable Upper Intake Levels for Vitamins and
Minerals. European Food Safety Authority.
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authorised for addition to foods and food supplements in the EU (i.e. folic acid, .-5-methyltetrahydrofolic acid calcium salt
and (6S)-5-methyltetrahydrofolic acid glucosamine salt).

1.4 | Context of the assessment

Previous safety assessments by the SCF and EFSA. The SCF evaluated the UL for folate in 2000 (SCF, 2000). The committee
considered that the modification of cobalamin? neurological sequelae in pernicious anaemia (PA) patients as a result of folic
acid supplementation, such as masking of the haematological signs and the potential of progression of neurological
symptoms, was the most serious adverse effect known in humans. The committee noted that correction of the haematological
signs in PA patients had been reported to frequently and consistently occur with daily folic acid intakes of 5000 pg/day,
whereas insufficient data were available for evaluation of dose levels between 1000 and 5000 pg/day. The committee
considered that ‘although no systematic toxicological studies of folic acid or other folates are available, an upper safe level can
be set for (synthetic) folic acid (pteroylglutamic acid) on the basis of findings in PA patients treated with high doses of folic
acid. There is no evidence for risk associated with high intakes of natural, reduced folates, and thus no data to set an UL for
natural folate’. A UL for folic acid of 1000 pg/day was established for adults (=18 years), considering that dosages up to 1000 jig
of folic acid were unlikely to cause masking of the haematological signs in PA patients. The same UL was applied to pregnant
and lactating women. ULs for children and adolescents (1-17 years) were extrapolated from the UL for adults on the basis of
body weight (bw) (isometric scaling) (Table 1). No UL was established for infants (less than 1year).

The safety of 1-5-methyltetrahydrofolic acid calcium salt (.-5-MTHF-Ca) as a novel nutrient source for use in food sup-
plements and addition to foods was previously assessed by EFSA (EFSA AFC Panel, 2004). The Panel on food additives,
flavourings, processing aids and materials in contact with food (AFC) concluded that ‘the use of 1-5-MTHF-Ca as a source
of folate in foods for particular nutritional uses, food supplements and foods intended for the general population,
with a tolerable upper level of 1000 pg/adult person/day is not of concern from a safety point of view. This evaluation
is based on the assumption that the previously established tolerable upper intake level for folic acid of 1000 pg/adult
person/day would also be applied to the combined intake of folic acid and 1-5-MTHF-Ca (expressed as folic acid)".

In 2008, the European Food Safety Authority (EFSA) established an EFSA Scientific Cooperation Working Group (ESCO
WG) on the ‘Analysis of risks and benefits of fortification of food with folic acid’, with the aim of sharing experiences and
concerns regarding folic acid food fortification among Member States. In this context, EFSA and the Swedish National Food
Administration organised a scientific meeting on ‘Folic Acid: An Update on Scientific Developments’ in 2009, with the aim
to consider the evidence regarding folic acid and risk of cancer. The discussions were reported in an EFSA meeting sum-
mary report (EFSA, 2009).

The safety and efficacy of folic acid as a feed additive has been evaluated by EFSA FEEDAP Panel (EFSA FEEDAP
Panel, 2012). The FEEDAP Panel concluded that the use of folic acid in animal nutrition was not of concern for the safety of
consumers under the proposed conditions of use.

The safety of (6S)-5-methyltetrahydrofolic acid glucosamine salt (5-MTHF-glucosamine) as a novel nutrient source
for use in food supplements was previously assessed by EFSA (EFSA ANS Panel, 2013). The Panel on Food Additives and
Nutrient Sources added to Food (ANS) noted that 5-MTHF-glucosamine dissociates to its respective individual ions in the
digestive tract, and therefore carried out the toxicity assessment based on the individual components, i.e. 5-MTHF and glu-
cosamine. The requested condition of use was up to a dose of 1800 ug/day, corresponding to 1000 ug 5-MTHF and 800 pg
glucosamine. Regarding the 5-MTHF moiety, the ANS Panel referred to the previous assessment of 1-5-MTHF-Ca by the AFC
Panel. Regarding the glucosamine moiety, the ANS Panel referred to the NDA Panel opinion on the safety of glucosamine
hydrochloride from Aspergillus niger published in 2009 (EFSA NDA Panel, 2009) and considered that the maximum expo-
sure to glucosamine resulting from the proposed uses and use levels was negligible. The ANS Panel concluded that the
proposed use and use levels of 5-MTHF-glucosamine was not of safety concern.

A request for the extension of use of -5-MTHF-Ca to infant and follow-on formula, baby food and processed cere-
al-based food was requested in 2018 and evaluated by the NDA Panel with a positive outcome (EFSA NDA Panel, 2020). The
applicant proposed to use 1-5-MTHF-Ca to meet the compositional requirements for folate in infant formula and follow-on
formulaandin processed cereal-based food and baby food. According to Commission Delegated Regulation (EU) 2016/127°,
infant formula and follow-on formula must contain folate at concentrations between 15 and 47.6 ug dietary folate equiva-
lents (DFE*)/100kcal. As per Commission Directive 2006/125/EC>, processed cereal-based food and baby food for infants
and young children must contain a maximum of folic acid of 50 ug/100 kcal.

2vitamin B12 is the generic descriptor for corrinoid compounds exhibiting qualitatively the biological activity of cobalamin. The term cobalamin will be used throughout
this opinion.

*Commission Delegated Regulation (EU) 2016/127 of 25 September 2015 supplementing Regulation (EU) No 609/2013 of the European Parliament and of the Council as
regards the specific compositional and information requirements for infant formula and follow-on formula and as regards requirements on information relating to infant
and young child feeding (Text with EEA relevance). OJ L 25, 2.2.2016, p. 1-29.

“Defined as dietary folate equivalent: 1 pg DFE=1pg food folate=0.6 g folic acid from formula.

*Commission Directive 2006/125/EC of 5 December 2006 on processed cereal-based foods and baby foods for infants and young children (Codified version) (Text with
EEA relevance) OJL 339, 6.12.2006, p. 16-35.
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Average requirements and Population Reference Intakes for folate. Regarding folate dietary requirement, the NDA Panel
established an average requirement (AR) for folate of 250 ug DFE/day and a population reference intake (PRI) of 330 pg
DFE/day for adults (EFSA NDA Panel, 2014). For infants aged 7-11 months, an Adequate Intake (Al) of 80 pg DFE/day was
derived by extrapolating upwards from the estimated folate intake in exclusively breast-fed infants. For children, ARs
were extrapolated from the AR for adults using allometric scaling® and growth factors’ and considering differences in
reference weights. PRIs ranging from 120 pg DFE/day for 1-3year-old children to 330 ug DFE/day for boys and girls
aged 15-17 years were derived. For pregnant women, an Al of 600 ug DFE/day was derived based on a study on
maintenance of serum and red blood cell folate concentrations in pregnancy. For lactating women, an additional
intake of 130 pg DFE/day was considered to cover folate losses via breast milk; a PRI of 500 pg DFE/day was derived for
this population group.

Conversion of L-5-MTHF-Ca and 5-MTHF-glucosamine into dietary folate equivalents. The NDA Panel was asked to deliver a
scientific opinion on the conversion of 1-5-MTHF-Ca and 5-MTHF-glucosamine into DFE (EFSA NDA Panel, 2022a). The Panel
proposed to use the same factor as for folic acid for conversion of 5-MTHF into DFE for intakes <400 pg/day. As such intake
levels are unlikely to be exceeded through fortified food consumption, the Panel considered that the conversion factor
of 1.7 relative to natural food folate (NF) could be applied to 5-MTHF added to foods and to food supplements providing
<400 pg/day. At 400 pg/day, 5-MTHF was found to be more bioavailable than folic acid and a conversion factor of 2 was
proposed for this intake level and for higher intakes. The derived DFE equations were DFE=NF + 1.7 X FA+ 1.7 X 5-MTHF
for fortified foods and food supplements providing intakes <400 pg/day; and DFE=NF + 1.7 X FA+2.0 x 5-MTHF for food
supplements providing intakes >400 pg/day.

1.5 | Previous assessments by other bodies

Similar to the SCF (Section 1.4), previous safety assessments of folate intake by other bodies consistently considered the risk
of ‘masking’ PA, due to the correction of the anaemia by ‘high’ folic acid, as the critical health concern regarding ‘high’ folic
acid intake, because of the risk that neuropathy would progress undiagnosed to a point where it could become irreversible
(EVM, 2003; FAO/WHO, 2004; IOM, 1998; NHMRC, 2006).

In its evaluation of UL for folate, the Institute of Medicine (IOM) concluded that ‘no adverse effects had been associated with
the consumption of the amounts of folate normally found in fortified foods’ and restricted its review to evidence concerning
intake of folate supplements (IOM, 1998). The expert committee concluded that ‘the weight of the limited but suggestive evi-
dence that excessive folate intake may precipitate or exacerbate neuropathy in cobalamin-deficient individuals justifies the
selection of this endpoint as the critical endpoint for the development of a UL for folate’. Case reports of cobalamin-deficient
patients who had received oral doses of folate and experienced progression of neurological disorders were used to identify a
reference point (RP). A lowest observed adverse effect level (LOAEL) of 5000 pg/day of ‘folate’ was derived, which was divided
by an uncertainty factor (UF) of 5 considering the severity of neurological complications and the use of a LOAEL as a RP. As a
result, a UL for adults of 1000 pg/day of ‘folate’ from food supplements or fortified food was established. The committee con-
sidered that this UL was also applicable to pregnant and lactating women. For infants the UL could not be determined because
of a lack of data on adverse effects in this age group and concern about the infant's ability to handle excess amounts. The UL
for children (=1 year) and adolescents was derived from the UL for adults by applying isometric scaling® (Table 1).

In line with the approach followed by the IOM, the National Health and Medical Research Council (NHMRC) established
a UL of 1000 ug/day of folic acid for adults, applicable also to pregnant and lactating women (NHMRC, 2006) (Table 1). The
ULs for children and adolescents were derived by applying isometric scaling. No UL for infants was set. The ULs apply to
folic acid intake from fortified foods or food supplements.

The UK Expert Group on Vitamins and Minerals concluded that data from animal or human studies were insufficient to
establish a safe upper level for folic acid (EVM, 2003). A guidance level (GL) for supplemental folic acid of 1000 pg/day (equiva-
lent to 17 ug/kg bw/day for a 60 kg adult) was established for adults. Assuming a maximum intake from food of approximately
490 ug/day (97.5th percentile estimate), the expert group concluded that a total dose of 1500 pg/day (equivalent to 25 ug/kg
bw/day in a 60kg adult) was not expected to have any adverse effects. GLs for children were not set as there were no data
reporting adverse effects in children. The UK Scientific Advisory Committee on Nutrition (SACN) published recommendations
regarding folic acid fortification, in which potential adverse effects associated with excess folic acid intake were evaluated
(Scientific Advisory Committee on Nutrition (SACN), 2006, 2009, 2017). In its latest review, the SACN reviewed the evidence on
masking/exacerbation of low cobalamin status, cognitive decline in older individuals, cancer (prostate, breast, colorectal and
overall), and long-term effects of unmetabolised folic acid (UFA) in the systemic circulation. The established GL was retained.

No UL for folate or folic acid has been established by the World Health Organization (WHO)/Food and Agriculture
Organization (FAO) (FAO/WHO, 2004). Considering the IOM assessment, the WHO concluded that ‘400 pug/day of folic acid,

%i.e. AR for the population group under consideration was derived by multiplication of the AR of adults with the ratio between the typical weight of each population
group and the weight of adults, to the power of 0.75.

’i.e. corrections for growth requirements were applied to account for the nutrient amount required to be incorporated into newly formed tissue during growth.

8.e. the UL for the population group under consideration was derived by multiplication of the UL of adults with the ratio between the typical weight of each population
group and the weight of group adults.
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in addition to dietary folate, would seem safe. There is probably no great risk of toxicity at a range of intakes between
400 and 1000 g of folic acid per day, with the exception of some increased difficulty in diagnosing pernicious anaemia’.

TABLE 1 Overview of existing Tolerable Upper Intake Levels
(ULs) for folic acid, in pug/day.

Population group SCF (2000) I10M(1998) NHMRC (2006)
Infants

0-6 mo Nd Nd Nd

7-12mo Nd Nd Nd

Children and adolescents

1-3y 200 300 300
4-6y 300 = =
4-8y - 400 400
7-10y 400 - -
9-13y - 600 600
1-14y 600 -
14-18y - 800° 800
15-17y 800 - -
Adults
>18y 1000° - -
219y - 1000° 1000°

Abbreviations: IOM, Institute of Medicine; mo, month; Nd, not defined; NHMRC, National
Health and Medical Research Council; Australia and New Zealand; SCF, Scientific Committee
on Food;y, year.

?Including pregnant and lactating women.

2 | DATA AND METHODOLOGIES
2.1 | Problem formulation

In accordance with the draft NDA Panel guidance on establishing and applying ULs for vitamins and essential minerals
(EFSA NDA Panel, 2022b), the assessment questions underlying the UL evaluation are formulated as follows:

» What is the maximum level of total chronic daily intake of folate (from all sources) which is not expected to pose a risk of
adverse health effects to humans? (Hazard identification and hazard characterisation)

» What is the daily intake of folate from all dietary sources in EU populations? (Intake assessment)

« What is the risk of adverse effects related to the intake of folate in EU populations, including attendant uncertainties?
(Risk characterisation)

The hazard identification and hazard characterisation relate to the identification of adverse health effects of a given nu-
trient and the qualitative and quantitative evaluation of the adverse health effects associated with the nutrient, including
dose-response assessment and derivation of an UL, if possible.

Adverse (health) effects are defined as ‘a change in the morphology, physiology, growth, development, reproduction
or life span of an organism, system or (sub)population that results in an impairment of functional capacity to compensate
for additional stress or an increase in susceptibility to other influences (EFSA Scientific Committee, 2017a; FAO/WHO, 2009).
The observable effects of high nutrient intake within the causal pathway of an adverse health effect can range from bio-
chemical changes without functional significance (e.g. certain changes in enzyme activity) to irreversible clinical outcomes.
Notably, some changes that occur before clinical manifestations could be used as surrogate or predictive markers of sub-
sequent adverse health effects, i.e. biomarkers of effect’ (EFSA NDA Panel, 2022b).

Priority adverse health effects, i.e. those that are expected to play a critical role for establishing a UL, were identified in
consultation with a panel of qualified experts on folate® and after discussion by the ULs Working Group (WG) as follows:
development of neuropathy in humans with low cobalamin status, impairment of cognitive function in humans with low
cobalamin status, risk of colorectal cancer (CRC) and risk of prostate cancer. The rationale for the prioritisation is detailed in
the protocol (Annex A).

°The expert panel was composed of Anne Molloy (School of Medicine, Trinity College Dublin, Ireland), Amanda MacFarlane (Nutrition Research Division, Health Canada,
Canada), Joshua Miller (School of Environmental and Biological Sciences, State University of New Jersey, USA), Barry Shane (Department of Nutritional Sciences and
Toxicology, University of California, USA). A hearing of the expert panel was held on 9 December 2021.
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As a result of the problem formulation, the overarching risk assessment questions were further specified into assess-
ment sub-questions (sQs) and the methods to address each sQ was selected, as outlined in Table 2. The assessment
should cover folate from all dietary sources, including all forms of folate authorised for addition to foods and food
supplements in the EU (i.e. folic acid, .-5-methyltetrahydrofolic acid calcium salt and (6S)-5-methyltetrahydrofolic acid
glucosamine salt).

TABLE 2 Assessment sub-questions and methods to address them.

Sub-question Method

sQ1 Absorption, distribution, metabolism and excretion (ADME) of the different forms of folate
1a. What is the ADME of the different forms of folate in humans? Narrative review
1b. Are there differences related to age or other individual factors, e.g. genetic polymorphisms of Narrative review

folate or cobalamin metabolism?
sQ2 Biomarkers of exposure to folate

2a. What is the dose-response relationship between total folate intake and serum/plasma or red blood  Systematic review
cell (RBC) folate concentrations in adults?

2b. How does serum unmetabolised folic acid reflect ‘high’ folic acid exposure? What is the relevance Narrative review
of this marker as biomarker of exposure?
sQ3 Neuropathy and impairment of cognitive function in humans with low cobalamin status
3a. What is the relationship between ‘high’ folate intake and the development of neuropathy in Systematic review

humans with low cobalamin status? Could a dose-response be characterised?

3b. What is the relationship between ‘high’ folate intake and the impairment of cognitive function in Systematic review
humans with low cobalamin status? Could a dose-response be characterised?

3c. What are the potential mechanisms/mode(s) of action underlying the relationships between folate Narrative review
intake and these endpoints?

sQ4 Risk of cancer
4a. Does ‘high folate’ intake increase the risk of cancer? Narrative review
4b. Does ‘high folate’ intake increase the risk of colorectal cancer in human adults? If so, could a dose- Systematic review

response be characterised?

4c. Does ‘high folate’ intake increase the risk of prostate cancer in human adults? If so, could a dose- Systematic review
response be characterised?

4d. What are the potential mechanisms/mode(s) of action underlying the relationships between folate Narrative review
intake and these endpoints?

sQ5 Other adverse health effects Narrative review
What other adverse health effects have been reported to be associated with ‘high’ intake of folate?
sQ6 Folate intake

6a. What are the levels of folate in foods, beverages and food supplements in the EU? Food composition and
food consumption
datain the EU

6b. What is the distribution of daily folate intake from all dietary sources in EU populations and
subgroups thereof?

2.2 | Hazard identification and characterisation

Preparatory work regarding sub-questions sQ1 to sQ5 was performed by a contractor.”° The technical report of the contractor
is published (Akesson et al., 2023). The technical report served as the primary source of information for this assessment. The
Panel made an independent evaluation of the evidence and adapted the outcome of the contractor's work where needed.

221 | Data

A description of the processes applied for evidence retrieval, study selection and data extraction is provided below. These
steps were conducted by a contractor and were undertaken by the Karolinska Institutet in collaboration with the University
of Oslo. Detailed description of the steps is published in the final report of this outsourcing project (Akesson et al., 2023).

2.21.1 | Priority adverse health effects
To address sQ3a, sQ3b, sQ4b and sQ4c, relevant human studies on the selected adverse health effects were identified
through systematic searches of the literature in MEDLINE (Ovid), Embase (Ovid) and Cochrane Central Register of Controlled

19Call for tender OC/EFSA/NUTRI/2021/01.
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Trials for articles published in English. The search strategies were created by information specialists of the Karolinska
Institutet and peer-reviewed by information specialists at University of Oslo and EFSA. The searches were performed on 7
March 2022 regarding sQ3a and SQ3b (combined search) and 18th of February 2022 regarding sQ4b and sQ4c (combined
search). Grey literature was not searched.

Retrieved articles were screened in duplicate in Distiller SR® at title and abstract level, also with the use of the artificial
intelligence tool of Distiller SR®, and at full text level for inclusion/exclusion according to the criteria defined in the protocol
(Annex A). Relevant systematic reviews were hand-searched for additional pertinent studies. Reviews, expert opinions,
editorials, letters to the editors, abstracts, posters and theses were excluded.

Eligible designs: eligible study designs were limited to prospective designs, i.e. human controlled trials (HCTs; randomised
[RCT]or non-randomised), prospective cohort studies (PCs) and nested case—control studies (NCCs). Regarding sQ3a, relevant
case reports/series have been gathered in several reviews (Berry, 2019; IOM, 1998; Savage & Lindenbaum, 1995; SCF, 2000;
van Gool et al., 2020). The period of publication of these case reports/series spans from 1947 to 1990, with the large majority
published in the 1940s-1950s. Thus, previous reviews were used to identify the relevant publications for sQ3a.

Eligible study populations: studies were eligible if they involved individuals of any age, either healthy individuals or dis-
eased individuals, if the disease was considered not to be related to the exposure-outcome relationship.

Eligible exposure measurements: human controlled trials were eligible if they investigated oral folate supplementation
(in any form, including folic acid or 65-5-MTHF salts) vs. placebo/no treatment/lower doses. Observational studies were
eligible if they measured folate intake (i.e. total folate or any specific form thereof) by dietary assessment methods or used
accepted biomarkers of folate intake, i.e. plasma/serum/RBC folate (see Section 3.3). Studies investigating the relationship
between serum/plasma unmetabolised folic acid concentration or plasma/serum 5-MTHF concentration and the priority
adverse health effects were also included to inform sQ2b.

In relation to sQ3a and sQ3b, 5804 unique references were identified after removing duplicates (flow chart in
Appendix A.2). The title and abstract screening left 82 relevant articles that underwent a full-text review. No eligible study
was retrieved in relation to sQ3a. Regarding sQ3b, one RCT and three observational studies were included.

In relation to sQ4b and SQ4c, 2644 unique references were identified after removing duplicates (flow chart in
Appendix A.3). The title and abstract screening left 139 relevant articles that underwent a full-text review. A total of 63
publications were included, i.e. eight reports from six RCTs and 41 reports from observational studies addressing risk of
colorectal cancer and two reports from one RCT and 14 reports from observational studies addressing prostate cancer.

Data were extracted by three extractors of the Karolinska Institutet into Microsoft Excel®, for the purpose of data plot-
ting and analysis, and in Microsoft Word® for the preparation of evidence tables.

2.21.2 | Otherbackground information
The evidence used to inform sQ1, sQ2, sQ3c, SQ4a, SQ4d and SQ5 was retrieved from textbooks, authoritative reviews and
research papers through non-systematic searches in bibliographic databases, and was synthesised as narrative reviews.

2.2.2 | Methodologies

The methodology for this assessment follows the guidance for establishing ULs developed by the EFSA NDA Panel (2022b).
Other guidance documents from EFSA were also considered, including those addressing the application of the systematic
review methodology in food and feed safety assessments (EFSA, 2010), the principles and processes for dealing with data
and evidence in scientific assessments (EFSA, 2015b), the statistical significance and biological relevance (EFSA Scientific
Committee, 2011), the biological relevance of data (EFSA Scientific Committee, 2017a), the use of the weight of evidence
approach (EFSA Scientific Committee, 2017b), the appraisal and integration of evidence from epidemiological studies (EFSA
Scientific Committee, 2020) and the analysis of uncertainty in scientific assessments (EFSA Scientific Committee, 2018).

2221 | Evidence appraisal
A risk of bias (RoB) appraisal of individual studies, i.e. evaluation of their internal validity, was applied to eligible stud-
ies which addressed sQ3a, sQ3b, sQ4b and sQ4c. The appraisal was performed by two independent reviewers from the
Karolinska Institutet using a customised version of the Office of Health Assessment and Translation (OHAT) RoB tool de-
veloped by the US National Toxicology Program (NTP) (OHAT-NTP, 2015). Any discrepancies in the RoB assessment for each
bias domain were discussed among the assessors. If there was disagreement, a third reviewer was consulted for resolution.
The RoB criteria and rating instructions provided therein were tailored to the specific research questions, for the ques-
tions addressing: (1) consideration of potential confounders, (2) confidence in the exposure characterisation and (3) confi-
dence in the outcome assessment (Appendix B).The OHAT RoB tool proposes five response options for each RoB question:
definitely low RoB (++), probably low RoB (+), not reported (NR), probably high RoB (-), definitely high RoB (—-).
Studies were categorised according to their overall RoB based on a three-tier system (i.e. at low (tier 1), moderate (tier 2)
or high (tier 3) RoB), according to the strategy proposed by OHAT (OHAT-NTP, 2019) (Appendix B).

2.2.2.2 | Evidence synthesis
Regarding sQ2, sQ3 and sQ5, results from eligible studies were plotted using descriptive forest plots, when three or more
studies reported on the same outcome. For intervention studies with several folate/folic acid doses, the mean difference

85U8017 SUOWIWOD SR 8|gedljdde ay) Ag pauienob ale sejone O ‘SN Jo sajni Joj Akeiqi auljuo AS|1/V\ UO (SUONIPUOD-PUR-SWLBIL0D A8 1M Alelq 1Bl |uoy/:Sdhy) SUOnIpUOD pue SWB | 8y} 8es *[7202/T0/70] uo Akeigiauliuo As|im euspolN A1sieAlun Aq £588'€202 eI (/062 0T/10p/Wod A3 imAleuq 1 jpuluo'es j9//:sdxy Wo.j pepeojumod ‘TT ‘€202 ‘ZELPTEST



100f 119 | TOLERABLE UPPER INTAKE LEVEL FOR FOLATE

between the highest dose group and control group was selected for the plot, unless specified otherwise. For observational
studies reporting both continuous and categorical analyses, the latter was selected for the plot. Further information is
provided in the technical report from the contractor (Akesson et al., 2023).

2.2.2.3 | Evidence integration and uncertainty analysis

Hazard identification. The hazard identification step consisted of assessing the evidence for a causal positive relationship
between folate intake and the health effects identified. The available body of evidence is organised in separate lines of
evidence (LoE), which are classified in hierarchical order:

« Standalone main LoE: Studies on disease endpoints (e.g. incidence of CRC). These studies could, on their own, answer the
sQ directly.

« Standalone surrogate LoE: Studies on endpoints which are surrogate measures of the disease risk (e.g. incidence of col-
orectal adenomas for risk of CRC). These studies also could, on their own, answer the sQ, on the assumption that a
sustained increase in (or progression of) the surrogate measure over time would eventually lead to an increased risk of
disease. However, the Panel is aware of the uncertainty inherent in this assumption, and this was considered in the un-
certainty analysis (UA) for each sQ.

Conclusions on each health effect are reached by study design, through considering the uncertainties in the body of
evidence (BoE) and in the methods.
A stepwise approach was applied as illustrated in Figure 1 and described below.

Prioritisation

A prioritisation step is applied to identify health effects for which the available BoE suggests a positive relationship be-
tween dietary intake of folate and risk of disease/impaired function based on a preliminary UA and expert judgement. The
Panel considers that health effects for which the available BoE (i) does not suggest a positive relationship (i.e. the relation-
ship appears to be negative or null) or (ii) is insufficient to conclude on a relationship, cannot be used to inform the setting
of a UL for folate. Data gaps and research needs are identified, where appropriate.

When the available BoE suggests a positive association between folate intake and the risk of a disease/impaired
function, a comprehensive UA is performed to inform the formulation of the hazard identification conclusions, i.e.
judgement on the level of certainty for a causal relationship. For health effects with more than one standalone LoE, the
comprehensive UA is undertaken for the endpoint with the highest level of evidence for a positive relationship with
the exposure.
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Screening of the BoE for each standalone LoE, by study design
Prioritisation \l/

Preliminary Does the available BoE suggest a positive relationship between folate
Uncertainty intake and risk of a disease/impaired function?
Analysis

No. of studies available
Direction of the relationship
Imprecision

Risk of bias

= Unexplained inconsistency

v

[ Expert judgement ]

W) W)

\/
| Selection of one endpoint among standalone LoEs |

Alidence ﬁomprehensive N

Integration Uncertainty Risk of bias

Analysis Unexplained inconsistency

Indirectness (generalisability)

Imprecision

Publication bias

Magnitude

Dose-response

Consistency (other endpoints in standalone and complementary LoEs)

K [ Expert judgement J
|

Vv
Conclusion * Available BoE does not suggest a positive Level of certainty in a positive and causal relationship: }

on the relationship (e.g., the relationship appears to High: > 75-100% probability
sub-questions be negative or null) Moderate: > 50-75% probability
by study + Available BoE is insufficient to conclude (i.e., Low : > 15-50% probability
design the relationship cannot be assessed due to Very low: 0-15% probability

insufficient evidence)

FIGURE 1 Stepwise approach for evidence integration and uncertainty analysis. BoE, body of evidence; LoE, line of evidence.

Evidence integration and conclusions on the prioritised sub-questions, by study design

The OHAT-NTP framework for the formulation of hazard identification conclusions is used and adapted (OHAT-NTP, 2019).
The BoE on a particular sQ is given an initial level of certainty based on study design, which is assigned by considering four
features of the design (i.e. exposure is experimentally controlled, exposure occurs prior to the endpoint, endpoint is assessed
atindividual level and an appropriate comparison group is included in the study). As a result, OHAT assigns a ‘high’ confidence
rating to human controlled trial (HCTs), a ‘moderate’ confidence rating to PCs and a ‘low’ confidence rating to case series/re-
ports11 (OHAT-NTP, 2019). In accordance with EFSA's Scientific Committee recommendation probability has been used as the
means for expressing uncertainty (EFSA Scientific Committee, 2018) and OHAT's ‘initial confidence ratings’ have been trans-
lated into ‘initial levels of certainty’ expressed as approximate probability ranges. Similarly, the final level of certainty for a
positive and causal relationship between the exposure and risk of disease is expressed as probability ranges, corresponding
to four levels of certainty, i.e. ‘high’ (>75%-100% probability), ‘moderate’ (>50%-75% probability), ‘low’ (>15%-50% probabil-
ity) and ‘very low’ (0%-15% probability). This standard four-level probability scale facilitates the formulation of experts' judge-
ment and is used for the formulation of hazard identification conclusions in nutrient risk assessments.

A schematic representation of the approach for assessing the final level of certainty in the hazard identification conclu-
sions by study design is provided in Figure 2. This initial rating is downgraded on the basis of factors that decrease certainty
in the results (RoB, unexplained inconsistency, indirectness or lack of applicability, imprecision and publication bias) and
upgraded for factors that increase certainty in the results (large magnitude of effect, dose response, consistency across
study designs/populations/animal models or species and consideration of residual confounding or other factors that in-
crease the certainty in the causal nature of the relationship).

"See Table 8 of OHAT's Handbook for Conducting Systematic Reviews for Health Effects Evaluations (OHAT-NTP, 2019).
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Initial level of Factors decreasing ‘ Factors increasing - Final level of
certainty for a causal certainty certainty certainty for a
relationship by study causal
design relationship(®
High: e RoB across studies e Large magnitude of the  |High:
>75-100% probability (limitations to internal effect (or a strong >75-100 % probability
HCTs validity) association/response)
Moderate: e  Unexplained e Dose-response (monotonic [Moderate:
>50-75% probability inconsistency or not) >50-75 % probability
PCs/NCCs (assessing the (heterogeneity)
exposure prior to the e  Residual confounding
endpoint) e Indirectness i) studies report an effect and
residual confounding is
Low: e Imprecision ) towa_rd the null Low:
>15-50% probability i) f;‘;%'ﬁzlrsgggl:‘r‘l’d?geg andl;, 15-50% probability
Case series/case reports |, publication bias away from the null
Very low:
Veryolow: N e Consistency (across 0-15 % probability
0-15% probability endpoints in standalone
LoEs)

FIGURE 2 Approach applied to assign the final level of certainty in a causal relationship. Adapted from OHAT-NTP (2019). HCT, human controlled
trial; LoE, line of evidence; NCC, nested case-control; PC, prospective cohort study; RoB, risk of bias. *As an example, a ‘high level of certainty’ means
that, based on the available evidence, experts are 75%-100% certain that folate intake is positively and causally associated with the adverse health
outcome of interest.

Reaching overall conclusions on the prioritised sub-questions

Adapted from the OHAT-NTP approach, the overall conclusion regarding the relationship is formulated as follows:

a) hazard identification conclusions are primarily based on the BoE providing the highest level of certainty on the
relationship;

b) consistent results across study designs could result in higher level of certainty on the causality of a positive
relationship;

¢) mechanistic or mode-of-action data are considered as other relevant supporting types of evidence; they could provide
strong support or opposition for biological plausibility and could thus result in higher or lower certainty on the causality
of the positive relationship.

It is noted that the formulation of hazard identification conclusions necessarily requires expert judgement. The value of
this type of approach is that it involves using a reproducible and transparent framework for expressing uncertainty in the
evidence and in the methods.

Hazard characterisation. At this step, evidence is integrated to select the critical effect(s) and establish the UL (EFSA NDA
Panel, 2022b). The rationale for the derivation of ULs for folate is documented in Section 3.5 of the Opinion.

2.3 | Dietaryintake assessment

The assessment follows the approach outlined in the protocol for the intake assessments performed in the context of the
revision of ULs for selected nutrients (EFSA, 2022). The principles of the data cleaning and methodology used for the pre-
sent intake assessment are described in Annex B.

231 | Data

Food intake data from the EFSA Comprehensive European Food Consumption Database (hereinafter referred as

Comprehensive Database)12 and data on natural folate content in foods from the EFSA food composition database (FCDB)12
as available in 2022 were used.

2Available online: https:/www.efsa.europa.eu/it/data-report/food-consumption-data
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Food consumption data. The Comprehensive Database provides a compilation of existing national information on food
consumption at individual level collected through repeated non-consecutive 24-h dietary recalls or dietary records
(EFSA, 2011; EFSA ANS Panel, 2013). The latest version of the Comprehensive Database, updated in 2022, contains results
from a total of 83 different dietary surveys carried out in 29 different European countries (including EU Member States, pre-
accession countries and the United Kingdom) covering 154,388 individuals. In the present assessment, food consumption
surveys from 22 EU member states covering at least 2 days per subject were used.

Food composition data. Composition data for folate in foods and beverages were derived from the EFSA Nutrient
Composition Database, which was compiled as a deliverable of the procurement project ‘Updated food composition
database for nutrient intake’ (Roe et al., 2013). When needed, publicly available national food composition databases and
the Mintel Global New Products Database (GNPD)13 were used to complement EFSA's food composition database.

Other data sources. Since folate is sensitive to heat treatment of foods, to be able to properly consider the cooking
processes in the assessment, a database of retention factors was extracted from the publicly available 2008 document of
EUROFIR, namely ‘Report on collection of rules on use of recipe calculation procedures including the use of yield and
retention factors for imputing nutrient values for composite food"."

To complement EFSA's intake assessment, folate intake estimates from natural sources, from addition to foods and from
food supplements based on nationally representative food consumption surveys without date limits were collected. These
data have been also used to evaluate the accuracy of the results obtained, comparing EFSA's estimates with published in-
take estimates from the same surveys with the same (or similar) window of data collection and population groups, when
available (EFSA, 2022). Data were collected between September and November 2021 by contacting 64 competent author-
ities in 37 European countries through EFSA Focal Points" and the EFSA Food Consumption Network.'® An additional
search in sources of bibliographic information (Google Scholar, PubMed) was performed to collect reports of national
surveys included in the Comprehensive Database that had not been obtained through the competent authorities. Between
August and October 2022, EFSA contacted all EU Member States and Norway through the European Commission Working
Group on Food supplements and Fortified foods' and collected data on the intake of folate specifically from food
supplements.

The Mintel GNPD was used as a data source to identify the type of folate containing food supplements and fortified
foods available on the EU market. The search was limited to the past 5 years, from November 2017 to November 2022. The
Panel notes that this search captures only those products that were newly introduced on the market and for which the
packaging was changed during this period. Therefore, the information collected is indicative and does not necessarily
represent a comprehensive overview of the products available on the market.

2.3.2 | Methodologies

Intake assessment from natural sources. Composition data on folate was extracted from the EFSA FCDB and was subject
to a cleaning procedure. As the scope of the intake assessment was to consider natural sources of folate only, a data
cleaning strategy was applied to exclude fortified foods from the composition database (Annex B). This is with the
exception of infant and follow-on formula for which data from the Mintel's GNPD were used for the calculations.
Indeed, the minimum content of folate in these food categories is subject to regulatory requirements to guarantee an
adequate supply of the nutrient to the consumers (Regulation (EU) 2016/127° and Regulation (EU) 2017/152218). As a
result, a pooled database containing data from 12 countries was created. Folate intake estimates were calculated by
matching the food intake data from the Comprehensive Database and the data on folate content in foods from the
EFSA FCDB. The FoodEx2 classification and description system was used to facilitate the linkage between the databases
(EFSA, 2015a). Since folate is sensitive to heat treatment of foods, retention factors were applied to adjust the folate
content in foods for losses during cooking.

Dietary intakes of folate in pg/day from natural food sources were calculated at individual level. The resulting
intakes per food item were summed up to obtain total daily intakes of folate for each individual. The mean, P5,
Median and P95 of intakes were subsequently calculated for each survey by population group and sex, as well as total
populations.

3The Mintel GNPD contains information on over 3 million food and beverage products, of which more than 1 million are or have been available on the European food
market. Twenty-five out of the twenty-seven EU Member States and Norway are present in the database. The database provides the compulsory ingredient information
reported on product labels and the nutrition declaration when available. http://www.mintel.com/globalnew-products-database
Yhttps://www.eurofir.org/wp-content/uploads/2014/05/6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-procedures-including-the-use-of-yield-and-reten
tion-factors-for-imputing-nutrient-values-for-composite-foods.pdf

Phttp://www.efsa.europa.eu/en/people/fomembers

®http://www.efsa.europa.eu/sites/default/files/dcmfoodconsnetworklist.pdf

"Working Group consisting of representatives of 27 EU Member States and Norway.

'8Commission Delegated Regulation (EU) 2017/1522 of 2 June 2017 supplementing Regulation (EU) No 609/2013 of the European Parliament and of the Council as regards
the specific compositional and information requirements for total diet replacement for weight control. C/2017/3664. OJ L 230, 6.9.2017, p. 1-9.
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The data cleaning procedure and methodology followed for the assessment are described in details in Annex B.

Intake assessment from fortified foods and food supplements. Folate intake data from recent national food consumption
surveys conducted in European countries, including specific estimates of intake from food supplements and/or fortified
foods, were extracted (Annex D).

Information on food products fortified with folic acid and folic acid-containing supplements available on the EU market,
and their folic acid content as reported on the label, were extracted from the Mintel GNPD. These data were used qual-
itatively to describe the types of fortified foods and food supplements available and to gain insight into their potential
contribution to total folate intake.

2.4 | Public consultation

In line with EFSA's policy on openness and transparency, and for EFSA to receive comments from the scientific com-
munity and stakeholders, a draft of the Scientific Opinion was released for public consultation from 22 May 2023 to 30
June 2023." The outcome of the public consultation is described in a technical report published as Annex E to this
Scientific Opinion.

3 | ASSESSMENT

The assessment addresses folate from all dietary sources, i.e. foods (including fortified foods), beverages (including water)
and food supplements (EFSA NDA Panel, 2022b).

3.1 | Folate chemistry

Folate is a generic term used for a group of compounds with a core structure consisting of a pterin moiety linked through
a methylene bridge to p-aminobenzoic acid, to which one or more glutamate residues are bound by peptide bonds. The
pterin moiety exists in different oxidation states (reduced, partially reduced and oxidised) and can be substituted at the
N-5 or N-10 position by different one-carbon units.

Natural folates are reduced vitamers that usually exist in tissues as polyglutamates containing five to seven glutamate
residues. They are unstable, and some losses occur in the presence of light and oxygen and at high temperatures (EFSA
NDA Panel, 2014).

Tetrahydrofolate (THF) is the fully reduced form of the vitamin and is found in the cell together with 10-formyl-
THF, 5-formyl-THF, 5,10-methenyl-THF, 5,10-methylene-THF and 5-methyl-THF (Figure 3). The folate forms are inter-
converted through enzyme-mediated reactions and retained in the cell as polyglutamates (Section 3.2 and Figure 4 in
Section 3.2.3).
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FIGURE 3 Structures of folic acid, 5 methyl-tetrahydrofolate, tetrahydrofolate and 10-formyl-THF.

https://connect.efsa.europa.eu/RM/s/publicconsultation
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Several synthetic forms of folates are authorised for addition to food or used in food supplements (Table 3). Folic
acid is a fully oxidised monoglutamate. It is the most chemically stable form and is also the most widely used. It has
vitamin activity after it has been fully reduced to THF. Other synthetic forms of folate include Ca-salts or glucosamine
salts of (6S)-5-methyl-THF (denoted 5-MTHF hereafter), e.g. 5-MTHF-glucosamine and CaLMF (EFSA NDA Panel, 2022a).
5-MTHF has two chiral carbon atoms, i.e. the C-atom in position 6 of the pteroyl moiety and the a-C atom in the glu-
tamic acid moiety.

TABLE 3 Forms of folate authorised as nutrient sources in the EU.

Addition to foods

Regulation (EC) Food supplements

1925/2006° Directive 2002/46/EC®
Pteroylmonoglutamic (folic) acid X X
Calcium-i-methylfolate X X
(6S)-5-methyltetrahydrofolic acid, X

glucosamine salt

?Regulation (EC) No 1925/2006 of the European Parliament and of the Council of 20 December 2006 on the
addition of vitamins and minerals and of certain other substances to foods. OJ L 404, 30.12.2006, p. 26-38.

PDirective 2002/46/EC of the European Parliament and of the Council of 10 June 2002 on the approximation of the
laws of the Member States relating to food supplements (Text with EEA relevance). OJ L 183, 12.7.2002, p. 51-57.

3.2 | Absorption, distribution, metabolism and excretion
3.21 | Absorption and bioavailability

Native reduced monoglutamate food folates as well as synthetic folic acid or 5-MTHF are absorbed by both an active, satu-
rable and pH-dependent carrier process, as well as by a passive, unsaturable mechanism (EFSA NDA Panel, 2014, 2022b).
Polyglutamated forms of food folates are first hydrolysed by jejunal y-glutamyl hydrolase (EC 3.4.17.21) to their monoglu-
tamate form.

Folate monoglutamates are transported by the reduced folate carrier (RFC; SLC19A1) and the proton-coupled folate
transporter (PCFT; SLC46A1) into the jejunal epithelial cell, however PCFT is considered the most important high-affinity
enteral folate transporter at the intestinal pH (EFSA NDA Panel, 2014, 2022a). Mechanistic studies have shown similar affin-
ity of PCFT for folic acid and reduced folates at pH 5.5 (Zhao et al., 2010). Folate absorption by passive diffusion takes place
primarily in the ileum. There is also folate absorption to a small extent in the large intestine (EFSA NDA Panel, 2014).

Itis now considered that reduction and conversion of absorbed dietary folates and folic acid to 5-MTHF takes place both
in the intestinal cells and in the liver. Folate forms are exported through a carrier-mediated process into the portal vein and
systemic circulation. There is evidence from studies using stable isotopes that an undetermined fraction of folic acid may
pass unchanged from the intestinal cells via the portal vein to the liver (Hu et al., 2016; Wright et al., 2005).

Folic acid undergoes a two-stage reduction via dihydrofolate to THF by the enzyme dihydrofolate reductase (DHFR; EC
1.5.1.3). However, compared with rodents, the activity of DHFR in human liver is low and highly variable, which limits its
ability to efficiently reduce folic acid (Bailey & Ayling, 2009). Under the conditions of high folic acid intake, DHFR is quickly
saturated and UFA appears in the systemic circulation (EFSA NDA Panel, 2014, 2022a). Since folic acid is not a normal con-
stituent of the body, concerns have been raised regarding potential adverse health effects of UFA.

Absorption and bioavailability of folate from foods may be affected by the food matrix as well as different food con-
stituents. Natural food folates are bound by strong covalent bonds to macromolecules (proteins and carbohydrates) and
thereby they become trapped in the food matrix and require enzymatic digestion in the gastrointestinal tract to be re-
leased for absorption (EFSA NDA Panel, 2022a). In contrast, folic acid and other synthetic folates added to food may interact
with the food matrix (i.e. with folate binding protein) but their accessibility is less dependent on the food composition,
which renders them more readily available for absorption (Ringling & Rychlik, 2017).

To account for differences in absorption efficiency and bioavailability of synthetic folic acid and natural folate forms, the
concept of dietary folate equivalent (DFE) was proposed by IOM in 1998:

« 1pg DFE=1pg food/natural folate
o 1pg DFE=0.6pg folic acid from fortified food or as supplement consumed with food
» 1pg DFE=0.5 pg folic acid supplement taken on an empty stomach.

The values above correspond to a factor of 1.7 to convert folic acid consumed with food into DFE and a factor of 2 to
convert folic acid taken on an empty stomach (EFSA NDA Panel, 2014, 2022a).

In a recent evaluation of the conversion of 5-MTHF-glucosamine and CaLMF to DFE (EFSA NDA Panel, 2022b), the Panel
concluded that, at folate intakes below 400 pg/day, a conversion factor (CF) of 1.7, as for folic acid, can be applied for
those two forms. At intakes above 400 pug/day, 5-MTHF was found to be more bioavailable and a CF of 2 is recommended
(Section 1.4).
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3.2.2 | Distribution and uptake into tissues

The most prevalent folate form in the circulation is 5-MTHF (EFSA NDA Panel, 2014). In plasma, most folates are bound to
albumin or soluble folate receptors (FRs, sometimes termed folate binding proteins) (Holm & Hansen, 2020). A smaller
proportion exists as free folate. Average serum/plasma folate concentrations between 14 and 26 nmol/L have been
reported in European populations (de Batlle et al., 2018; Hopkins et al., 2015; Mensink et al., 2016; Ohrvik et al., 2018). In
countries with mandatory folic acid food fortification, such as the USA and Canada, the blood concentration of 5-MTHF
(both in plasma and in the red blood cell compartment) can be high, especially among those who are regular users of
folic acid or multivitamin supplements. For example, the geometric mean total serum folate in US NHANES participants
2012-2016 was 40.6 (95% [confidence interval] Cl 39.8, 41.4) nmol/L and 54.6 (53.1, 56.2) nmol/L in supplement users.
People aged 60years and over were found to have the highest concentrations among population age groups over
11 years old (Pfeiffer et al., 2019).

UFA is found in blood when intake of folic acid is high and the conversion capacity of DHFR is exceeded (EFSA NDA
Panel, 2015). Early studies indicated that the appearance of UFA in the blood starts after ingestion of folic acid at doses
around and above 200 ug (Kelly et al., 1997; Sweeney et al., 2003, 2006). More recent reports using advanced methodology
show detectable UFA in nearly all serum samples after the implementation of mandatory folic acid fortification era in US
and Canadian populations (Pfeiffer, Sternberg, Fazili, Yetley, et al., 2015), as well as in an older Irish population exposed to
liberal voluntary fortification (Boilson et al., 2012). In the NHANES population-based US study, the proportion of UFA corre-
sponded to <3% of total serum folate (average 1.54 nmol/L among users of folic acid-containing supplements vs. 0.79 nmo-
I/L among nonusers), irrespective of the fasting state (Pfeiffer, Sternberg, Fazili, Yetley, et al., 2015). Recent data from the
US NHANES shows that elevated UFA (>2 nmol/L) among fasting participants is most prevalent in supplement users (11%),
persons over 70years old (9%) and in those with kidney disease (Fazili et al., 2020). Fast clearance of folic acid from the cir-
culation has been reported after a single oral dose (Lin et al., 2004) or intravenous injection of folic acid (Metz et al., 1961).
However, folic acid has a very high affinity for soluble FRs present in serum (Holm & Hansen, 2020), which has been sug-
gested to explain the detection of low plasma/serum UFA concentrations even in a fasting state (Bailey et al., 2015).

The internalisation of folate into cells and across specific barriers, such as the blood brain barrier, is a tissue specific
process, which occurs against a concentration gradient and requires the involvement of three separate types of folate
transporters (i.e. RFC, PCFT) and receptors (i.e. FRs) (Figure 4). The RFC is expressed in all tissues, including the brain, and is
considered the main folate transporter from the blood circulation to tissues. It is optimally active at a pH of around 7.4 and
has a high affinity for reduced folates (5-MTHF and 5-formyITHF) but the affinity for folic acid is about 100 times lower. RFC
activity is reduced as pH drops, with minimal activity below pH 6.5 (Zhao et al., 2010). RFC does not contribute significantly
to the intestinal absorption of folate. In contrast, PCFT, which has equivalent affinity for 5-MTHF and folic acid, is optimally
active at lower pH, and, as such, is the preferred folate carrier across the jejunal intestinal wall where the active transport of
folate occurs. Outside the enteral system, PCFT is only active in some tissues, the most important being the kidney proxi-
mal tubule and the choroid plexus, where it may function in association with FRs to transport folates. PCFT has, however,
minimal activity under physiological systemic pH conditions. Although much clarity on the role of PCFT has been achieved
in the past decade, the various mechanisms of folate transport into the brain are still poorly understood (Zhao et al., 2017).

FRs are a family of glycoproteins, the most important being the FRa. Unlike RFC and PCFT, these receptors internalise fo-
late by endocytosis and it is thought that PCFT functions within the acidic milieu of the endosome to export folate from the
endosome into the cytosol (Zhao et al., 2017). While the FRa is capable of transporting folate into cells, it is not expressed
in most normal cells and is mainly found on the apical surface of cells where it is not in contact with the circulation (Elnakat
& Ratnam, 2004). Because folic acid has a high affinity for FRs, but has a lower affinity for RFC than reduced folates, it has
been suggested that its uptake is mainly into tissues that express PCFT and FRs (Bailey et al., 2015).

5-MTHF is transported into the cerebrospinal fluid (CSF) via the choroid plexus epithelial cells that form the blood-brain
barrier. Both the RFC and FRa are important transporters for this process although evidence from studies of patients with
hereditary deficiencies of FRa or PCFT suggest that receptor mediated transport linked to PCFT is essential to achieve
adequate CSF 5-MTHF. The concentration of 5-MTHF in CSF is approximately three times higher than in plasma and low
concentrations of CSF 5-MTHF, or a low CSF to plasma ratio, has been associated with neurological conditions, including
dementia (Surtees & Hyland, 1990). Folic acid has a somewhat higher affinity for the FRa than 5-MTHF, although both
are in the picomolar range, and it has been suggested that UFA might inhibit the binding of 5-MTHF to FRs and thereby
interfere with 5-MTHF uptake into the brain (Bottiglieri & Reynolds, 2010). However, others have argued that the high af-
finity of 5-MTHF for the FRa, coupled with its 20-fold higher concentration, makes this an unlikely consideration (Kamen
& Smith, 2004). Nevertheless, folic acid treatment is not recommended to patients with hereditary PCFT deficiency or ce-
rebral folate deficiency, on the basis of its tight binding to FRs in the choroid plexus in the absence of functioning PCFT to
release it from the endosome (Zhao et al., 2017).

Folates are retained in hepatic or other tissue cells after conversion to THF polyglutamates by folylpolyglutamate syn-
thase (EC 6.3.2.17). Both 5-MTHF monoglutamate and folic acid are poor substrates for folylpolyglutamate synthase and are
unlikely to be retained by the tissues unless they are first converted to THF (Cichowicz & Shane, 1987; Osborne et al., 1993)
(Section 3.2.3).
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3.23 | Metabolism

Reduced folate polyglutamates are the metabolically active forms, which serve as cofactors in folate-dependent enzyme
reactions in one-carbon metabolism (Ducker & Rabinowitz, 2017). Folate is required for de novo purine and thymidine
synthesis that is essential for DNA synthesis and repair, and consequently for cell division and tissue growth. 10-formyITHF
contributes formyl groups in the purine synthesis pathway and 5,10-methyleneTHF contributes a methyl group to deoxyu-
ridine monophosphate (dUMP) in the formation of deoxythymidine monophosphate (dTMP) (Figure 4). This latter reaction
produces dihydrofolate (DHF) as co-product, hence the cellular requirement for the enzyme DHFR, to replenish THF by
reduction of DHF. Notably, folic acid is reduced to DHF, then to THF and enters the biologically active folate pool via this
enzyme.

Folate cofactors are also fundamental for the normal functioning of the methylation cycle, which is responsible for
the conversion of homocysteine to methionine and the production of the universal methyl donor S-adenosylmethionine
(SAM) (EFSA NDA Panel, 2014). SAM donates its methyl group to more than 100 methyltransferases for a wide range of
substrates including DNA, hormones, proteins and neurotransmitters, which act as regulators of important physiolog-
ical processes (EFSA NDA Panel, 2014). For example, DNA methylation is one of the epigenetic mechanisms regulating
gene expression without altering the underlying DNA sequence (Armstrong, 2014). High maternal folic acid intake in
pregnancy has been related to altered genome-wide or site-specific DNA methylation in cord blood (Caffrey et al., 2018;
Irwin et al., 2019), newborn infants (Joubert et al., 2016) and in older offspring (Richmond et al., 2018). Similarly, an RCT of
combined supplementation with folic acid (400 pg/day) and cobalamin (500 pug/day) for 2 years in older adults resulted in
differential DNA methylation of several genes whereas no changes were detected in the placebo treated individuals (Kok
etal,, 2015). However, to date, alterations of DNA methylation by high folate intake have not been causally linked to adverse
health effects. Further research is required to better understand the potential effects of epigenetic changes on health in
responses to high dietary folate intake.

Folate interacts with cobalamin (vitamin B12) in one of the key reactions of the methylation cycle. Cobalamin, in the form
of methylcobalamin, functions as a cofactor and 5-MTHF acts as a co-substrate for the enzyme methionine synthase (MS;
EC 2.1.1,13) where homocysteine is methylated to methionine and 5-MTHF is converted to THF (Figure 4). This reaction is a
critical step for the retention of 5-MTHF monoglutamates entering from the plasma circulation. 5-MTHF monoglutamate
is a poor substrate for the enzyme folylpolyglutamate synthetase (EC 6.3.2.17) and is lost from the cell if not metabolised
through MS. In contrast THF produced in the reaction is a highly effective substrate for folylpolyglutamate synthetase and
is polyglutamated by the addition of up to six to eight glutamate residues. Folate polyglutamates in the form of 10-formyl-
THF and 5,10-methylene-THF are the preferred substrates for nucleotide synthesis (EFSA NDA Panel, 2014). 5-MTHF poly-
glutamates are formed through the irreversible action of methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20) on
5,10-methylene-THF polyglutamates and compete with 5-MTHF monoglutamate for MS enzyme (Smulders et al., 2006).
Therefore, cobalamin has a critical role for both retention of folates and for the provision of one-carbon units for DNA syn-
thesis and for methylation processes (Section 3.2.5.4). In contrast, folic acid does not require MS to be retained in the cell,
since it is converted to THF via DHFR (Bailey & Ayling, 2009).
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FIGURE 4 Overview of folate metabolism and transport. Folate metabolism is depicted, from its intestinal absorption to its intracellular function
as a carrier of one-carbon units (methyl, methylene, methenyl and formyl moieties) in the de-novo synthesis of purines and thymidine and the transfer
of methyl groups to methionine for use in methylation reactions. Dietary folates are converted from polyglutamate forms to monoglutamates in

the duodenum and are absorbed in the intestine primarily via the PCFT, but also to some extent through the RFC, depending on local pH. Folates
enter the enteral and hepatic system mainly as 5-MTHF, and excess folates emerge into the blood circulation in this form. 5-MTHF enters cells

via the RFC and becomes incorporated in the cellular folate pool after passing through the cobalamin dependent enzyme, methionine synthase

(MS), where the methyl group is removed and attached to homocysteine, producing methionine. THF, the other product of the MS reaction, is
polyglutamated and picks up one-carbon units as formyl groups from mitochondrial derived formate or as methylene groups from serine. 10-Formyl
groups are passed to intermediates in the de-novo purine synthesis pathway, and 5,10-methylene groups are used to produce thymidylate from
dUMP. In specific tissues (e.g. choroid plexus, proximus kidney tubule), a family of receptors, named folate receptors (FRs), can transport 5-MTHF

or folic acid across cellular barriers by endocytosis, probably linked to the PCFT transporter. DHF, dihydrofolate; DHFR, dihydrofolate reductase;
dUMP, deoxyuridine monophosphate; dTMP, deoxythymidine monophosphate; FA, folic acid; FR, folate receptor; MS, methionine synthase;

MTHFR, 5,10-methylenetetrahydrofolate reductase; PCFT, proton-coupled folate transporter; RFC, reduced folate carrier; THF, tetrahydrofolate; TS,
thymidylate synthetase; SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine.

3.24 | Catabolism and excretion

Cellular folate catabolism is poorly understood (Zheng & Cantley, 2019). Folate is catabolised by oxidative cleavage at the
C9-N10 bond to p-aminobenzoylglutamate, which is enzymatically (EC 2.3.1.5) acetylated in the liver before urinary excre-
tion (Zheng & Cantley, 2019). In urine, most folate is excreted in form of (acetylated) breakdown products because of an
effective glomerular reabsorption of intact folate. With increasing doses of folic acid, proportionally greater amounts of
unaltered folic acid have been found to be excreted through the kidneys (Scott & Weir, 1986).

The majority of folate in faeces is derived from the gut microbiota, plus a small amount of endogenous folate from
lysed enterocytes and non-absorbed food folate (Ohrvik & Witthoft, 2011). Studies in rodents demonstrate rapid export of
hepatic 5-MTHF into the bile and show that bile drainage results in a 30%-40% depletion of serum folates, suggesting that
the enterohepatic circulation is a major factor in folate homeostasis (Steinberg et al., 1979). There is a lack of human data re-
garding the extent of folate excretion into bile (EFSA NDA Panel, 2014); however biliary folate is expected to be reabsorbed
to a large extent (EFSA NDA Panel, 2014; Lin et al., 2004).

During lactation, some folate is secreted into breast milk, mainly as 5-MTHF, but also UFA has been detected in breast
milk (EFSA NDA Panel, 2014; Su et al., 2022).
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3.25 | Factors affecting the ADME of folate

3.2.51 | Lifestages

There are conflicting data regarding the effect of age on folate absorption. One investigation found no difference in the lumi-
nal disappearance of labelled folic acid from synthetically prepared mono- and polyglutamate forms between younger and
older adults (Bailey et al., 1984). In contrast, another study reported a 20% lower absorption (calculated by kinetic modelling
based on plasma folate concentrations recorded for 6 h) after a single oral dose of around 200 g labelled folic acid in subjects
aged =50years compared with younger adults (de Meer et al., 2005). Conditions such as atrophic gastritis with hypochlorhy-
dria as well as the use of antiacid drugs have been associated with reduced folate absorption in studies with labelled folic acid
(Russell et al., 1986, 1988). The change of the pH in the intestine due to these conditions may affect PCFT-folate binding, with
consequences on folate absorption. Reduced release of folate from food due to the insufficient secretion of hydrochloric acid
from the gastric mucosa is also a contributing factor for the low amount of absorbed folate in these cases.

For women of reproductive age, a higher folate intake is recommended to prevent the occurrence of neural tube de-
fects and to improve maternal folate status, both to account for the increased folate requirements during pregnancy and
breast feeding and for pregnancy-induced metabolic changes (EFSA NDA Panel, 2014; Nordic Council of Ministers, 2014).
Pregnancy-induced adaptations of one-carbon metabolism (in which folate and other B-vitamins are involved) are reported
during healthy pregnancy to support the accelerated growth of maternal and fetal tissues (Cochrane et al., 2022), and a
high amount of B-vitamins is transported to placenta and fetus. Temporal alteration of one-carbon pathways (the folate
cycle and the methionine cycle and the transsulfuration pathway) and alterations of methyl nutrient flux and amino acid
demand (methionine) at different pregnancy stages have been reported (Cai et al., 2021; Cochrane et al., 2022). Epigenetic
adaptations by alterations of DNA methylation and histone methylation during early embryonic development have also
been described (Cai et al., 2021).

In infants and children, data are lacking on absorption, metabolism, distribution and elimination of folate, including
the maturation of these processes and how they might differ from those in adults. Some experimental data suggested
that plasma clearance of folate in newborns may be more rapid than that in adults, associated with a more rapid tissue
uptake, while folate absorption by newborns may be slower but the net absorption comparable to that of adults (Shojania
& Hornady, 1970a, 1970b). Higher serum folate concentrations have been observed in early infancy compared to adults,
while values were found to be comparable in late infancy (Smith et al., 1985). Poor tubular reabsorption of filtered fo-
late in kidneys in the first days of life has been reported (Landon & Hey, 1974), however longer-term studies are lacking.
Folate-binding proteins in breast milk have been shown to stimulate folate absorption (EFSA NDA Panel, 2014, 2022a).
Observational data indicate higher average serum folate concentrations among children (aged 1-11 years), compared to
older other age groups (Kerr et al., 2009; Pfeiffer, Sternberg, Fazili, Lacher, et al., 2015).

3252 | Sex

Winkels et al. (2008) analysed data from two folic acid intervention trials for sex-related differences in response to treat-
ment. In a three-year intervention trial with subjects supplemented with 800 pg/day folic acid, the erythrocyte folate in-
creased 10% (corresponding to 143 nmol/L) less in men than in women. Men and women in the trial had initially the same
folate status, however, men were taller and heavier with larger lean body mass and body surface (Winkels et al., 2008). In
the second study, a 12-week trial, subjects in the folic acid groups ingested between 50 and 800 pg/day folic acid. Pooled
dose-response in men was lower than for women, and male subjects receiving 800 ug folic acid had a 5% lower increase
of erythrocyte folate than women. Authors attributed the sex differences to differences in body size (lean body mass)
(Winkels et al., 2008).

3.253 | Genetics
Various genotypes for enzymes in folate-mediated one-carbon metabolism are associated with changes in cellular me-
tabolism, genome methylation and health outcomes (Amenyah et al., 2020; EFSA NDA Panel, 2014; Stover, 2011).

Homozygosity for the T-allele of the 677C—T polymorphism of the gene encoding the MTHFR enzyme has been asso-
ciated with decreased serum folate status, increased homocysteine levels and, after folate intervention, with lower plasma
response (Crider et al., 2011). Consequently, higher folate requirements (up to 20%) in these individuals have been sug-
gested due to reduced enzyme activity (EFSA NDA Panel, 2014).

In a genome-wide association study in 2232 healthy Irish subjects of 18-28years, Shane et al. (2018) found that the
MTHFR 677C—T polymorphism was the only significant modifier of red cell and serum folate. It was also a genome-wide
modifier of plasma total homocysteine, confirming previous studies. The MTHFR 1298 A » C had no independent effect on
status biomarkers.

Although MTHFR 677C—T polymorphism has been linked to an inverse association with CRC (RR=0.62; 95% Cl 0.44,
0.90) (Lee et al., 2012), several recent large mendelian randomisation studies have revealed no association between MTHFR
polymorphism and breast cancer or CRC risk, emphasising the need for more research (Papadimitriou et al., 2021; Tsilidis
et al., 2021; Yuan et al., 2021).

A 19-base pair deletion polymorphism in DHFR (del/del genotype) has also been found to be associated with increased
plasma UFA concentrations and decreased plasma/red blood cell folate compared with the wild type (WT)/del and WT/
WT genotypes in some studies (Bortolus et al, 2020; Kalmbach et al., 2008), and a potential functional effect from this
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polymorphism on folate status/function has been proposed (Kalmbach et al., 2008). In contrast, other studies failed to
detect any association between the del/del genotype and folate biomarkers (Gellekink et al., 2007; Ozaki et al., 2015;
Stanistawska-Sachadyn et al., 2008).

The Panel considers that, although there is emerging evidence that genetics may affect folate metabolism and disease
risk, further research is required to characterise the impact of the different polymorphisms of enzymes and proteins in-
volved in folate metabolism on health.

3.2.54 | Cobalamin metabolism

In cobalamin deficiency, the activity of MS is reduced, which results in metabolic trapping of 5-MTHF. Cellular 5-MTHF
polyglutamate cannot be metabolised by any other way because the MTHFR reaction is essentially irreversible under
physiological conditions. Moreover, SAM is an important allosteric inhibitor of MTHFR and when MS activity is reduced,
the concentration of SAM decreases and MTHFR becomes fully active, channelling other folate polyglutamate derivatives
away from nucleotide synthesis and through MTHFR into the 5-MTHF form. Incoming 5-MTHF from plasma is not retained
because it is a poor substrate for folylpolyglutamate synthetase. Consequently, a state of functional folate deficiency may
develop in the cell (Savage & Lindenbaum, 1995; Smulders et al., 2006). Metabolically, this results in increased 5-MTHF and
homocysteine concentrations in plasma, simultaneously depleted folate concentrations in erythrocytes and other rapidly
proliferating cells and — due to low SAM levels — a reduced availability of methyl groups for transmethylation reactions, i.e.
the methylation of DNA (EFSA NDA Panel, 2015).

Clinically, cobalamin deficiency may be manifested by haematological and/or neurological and psychiatric components
(EFSA NDA Panel, 2015). The haematological abnormality presents as a megaloblastic anaemia identical to that seen in folate
deficiency. It is understood to be a consequence of the disruption of de-novo DNA synthesis within developing erythrocytes
and other haematopoietic cells. The neurological abnormalities of cobalamin deficiency are, in most severe form, manifested
by a classical myeloneuropathy resulting from demyelination of peripheral and central neurons. Other features include mental
symptoms, such as irritability, memory disturbances, depression and, in severe deficiency or advanced stages, a dementia-like
iliness, frank psychosis with hallucinations and paranoia may occur. Neurological manifestations of cobalamin deficiency ap-
pear to be independent of haematological manifestations in that they can occur before, after or in complete absence of hae-
matological manifestations. Moreover, classical neurological symptoms of cobalamin deficiency are almost never seen in folate
deficiency. The underlying mechanism of the neurological manifestations of cobalamin deficiency is unknown, but evidence
from patients with congenital defects of MTHFR and MS suggest that disruption of MS is the major cause, rather than disruption
of the only other mammalian cobalamin-dependent enzyme, methylmalonylCoA mutase (Green et al., 2017).

As folic acid is converted to THF via DHFR, folic acid supplements can initiate DNA synthesis in a cobalamin-deficient
person. However, folic acid cannot correct the disturbance of the methylation cycle created by loss of MS activity.

3.2.5.5 | Folate antagonists

Several medicines (especially folate antagonists such as methotrexate) interfere with folate metabolism. Folic acid (folate)
supplementation in patients under medical treatment with these drugs requires specific medical advice. These patients
are outside the target population for this assessment.

3.2.6 | Biomarkers of intake

Serum/plasma folate. Serum/plasma total folate concentration is a sensitive marker of recent dietary intake. However,
if used for the assessment of folate status, multiple measurements of serum/plasma folate are needed over a period of
several weeks. If a single measurement is available, it needs to be combined with other biomarkers of folate status (EFSA
NDA Panel, 2014, 2022a).

A dose-response analysis between total intake of folate and serum/plasma folate concentration was performed as part
of the preparatory work for this assessment (Akesson et al., 2023). The purpose of this analysis was to support the interpre-
tation and integration of findings from observational studies which used plasma/serum folate concentrations as biomarker
of folate intake into the UL assessment. The relationship between total intake of folate (i.e. the sum of folate intake from
natural sources, fortified foods and/or food supplements, expressed in pg DFE) and plasma/serum folate concentrations
(in nmol/L) was modelled using data from controlled trials. Both linear (meta-regression using a weighted mixed effects
model) and non-linear (restricted cubic splines) dose-response relationships were investigated. No departures from linear-
ity could be identified over the range of total folate intakes investigated; the linear meta-regression model was retained
and specified as follows:

S /P folate (nmol /L) = 6.0 + 0.034 x png DFE /day (95 %Cl; 0.027 — 0.040) (Appendix D).

Red blood cell folate.  RBC folate concentration is the most reliable biomarker of folate status and reflects long-term dietary
intake. As folate is incorporated into RBCs only during their maturation in the bone marrow and folate concentration
remains stable throughout the 120-day lifespan of the cells, this biomarker responds only slowly to changes in folate intake
(EFSA NDA Panel, 2014, 2022b).
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Unmetabolised folic acid (UFA). Serum/plasma UFA concentration has been proposed as a biomarker of high folic acid
intake. In a folic acid supplementation trial involving 50 pregnant women, higher serum concentrations of UFA were
found in the group taking ‘high’ folic acid supplementation (5000 pg/day; median: 4.6 nmol/L, interquartile range (IQR):
2.5-33.8) compared to the group receiving a lower level of folic acid supplementation (1000 pg/day [1.9nmol/L, IQR: 0.9-
4.1]) (Murphy et al., 2021). However, in a cohort of pregnant women in Canada, no difference was found in mean plasma
UFA concentration between users of folic acid supplements (2.44nmol/L) and nonusers (2.37 nmol/L) when measured
at 12-16 weeks of gestation (Plumptre et al., 2015). In populations exposed to mandatory folic acid fortification, weak to
moderate correlations have been observed between estimated folic acid intake and serum UFA concentration (r2 =0.08in
the log-log plot in the UFA detected group (Bailey et al., 2010); r=0.303, p <0.001 (Palchetti et al., 2017).

Differences in the ADME of folic acid may contribute to UFA concentration variability across individuals. As mentioned
above (Section 3.2.1), substantial interindividual variability in DHFR activity has been reported, which may be influenced
by specific polymorphisms (Kalmbach et al., 2008) (Section 3.2.5.3). A recent analysis of NHANES data in the US indicated
higher UFA concentrations with decreasing kidney function and lower UFA concentrations with increasing alcohol intake
(Fazili et al., 2020). Differences in UFA concentrations were also observed across various ethnic groups, which appeared to
be independent of supplement use.

At the present time, serum UFA concentration has not been validated as a biomarker of folic acid intake. Detection of
UFA in fasted blood can only be used as a qualitative marker of exposure to folic acid fortification and supplementation.

3.3 | Intake assessment

This section provides harmonised intake estimates of folate naturally present in foods (i.e. from the background diet) across
EU countries calculated using the EFSA Comprehensive food consumption and the EFSA food composition databases, fol-
lowing extensive data cleaning to exclude fortified foods (Section 2.3.2). Data available to EFSA in these databases were
insufficient to provide harmonised intake estimates of folate from fortified food and/or food supplements. Published data
on folate from fortified food and/or food supplements from national food consumption surveys is presented instead.

3.31 | Sources of dietary folate

Naturally occurring folates are found in a wide variety of foods; however, there are few foods which can be considered
particularly rich folate sources (Annex C). Although most fruits and vegetables contain small amounts of folate, the richest
sources are dark green vegetables (e.g. spinach, broccoli, lettuces), beans and legumes, and nuts. Meat generally contains
low amounts of folate, with the exception of offal such as liver and kidney, which are particularly high in folate. Baker's yeast
is also rich in folate. Food processing and cooking result in considerable losses of folate.

In its assessment of the safety and efficacy of folic acid as a feed additive for all animal species, the FEEDAP Panel con-
cluded that feed supplementation at the level currently authorised in the EU can increase the folate content in eggs and
meat, but not in liver or milk (EFSA FEEDAP Panel, 2012). As folic acid supplementation of animal feed is widespread and
routine, intake estimates (Section 3.3.2) already contain the contribution from edible tissues and the products of animals
fed folic acid-supplemented diets.

Fortified foods.  In the EU, authorised forms of folate for addition to foods?® and foods for specific groups?' are folic acid
and CaLMF (Section 3.1). EU regulations set minimum and maximum content of folate in infants and follow-on formulae,’
and maximum content of folate in processed cereal-based foods and baby foods for infants and children.?

In the Mintel GNPD a total of 4530 packaged food products available in 24 EU Member States and Norway were identi-
fied as containing added folate (mostly folic acid) in the ingredients list. Most of the products belong to the Mintel catego-
ries ‘breakfast cereals’ (25%), ‘baby food’ (22%), ‘nutritional drinks and other beverages’ (18%) and ‘snacks’ (10%).

Data on ‘folic acid’® content per serving (as recommended by the manufacturer) were available for 33% of the products
(n=1499). Among those, this information was available for 61% of ‘breakfast cereals’ (n=682, range 7.5-157 ug ‘folic acid’
per serving, median =51 ug folate); 36% of ‘nutritional drinks and other beverages’ (n=301, range 29-800 ug ‘folic acid’ per
serving, median =80 ug folate); and 30% of ‘snacks’ (n=136, range 9-400 ug ‘folic acid’ per serving, median =50 ug folate).

2Regulation (EC) No 1925/2006 of the European Parliament and of the Council of 20 December 2006 on the addition of vitamins and minerals and of certain other
substances to foods, OJ L 404, 30.12.2006, p. 26.

?'Regulation (EU) No 609/2013 of the European Parliament and of the Council of 12 June 2013 on food intended for infants and young children, food for special medical
purposes and total diet replacement for weight control and repealing Council Directive 92/52/EEC, Commission Directives 96/8/EC, 1999/21/EC, 2006/125/EC and
2006/141/EC, Directive 2009/39/EC of the European Parliament and of the Council and Commission Regulations (EC) No 41/2009 and (EC) No 953/2009. OJ L 1871, 29.6.2013,
pp. 35-56.

22Commission Directive 2006/125/EC of 5 December 2006 on processed cereal-based foods and baby foods for infants and young children, OJ L 339, 6.12.2006, p. 16.
Bpccording to Annex XlIl of Regulation (EU) No 1169/2011, the generic term ‘folic acid’ is used to designate the vitamin on nutrition declarations. The actual forms used in
fortified foods may be folic acid or calcium--methylfolate. Regulation (EU) No 1169/2011 of the European Parliament and of the Council of 25 October 2011 on the provision of
food information to consumers, amending Regulations (EC) No 1924/2006 and (EC) No 1925/2006 of the European Parliament and of the Council, and repealing Commission
Directive 87/250/EEC, Council Directive 90/496/EEC, Commission Directive 1999/10/EC, Directive 2000/13/EC of the European Parliament and of the Council, Commission Directives
2002/67/EC and 2008/5/EC and Commission Regulation (EC) No 608/2004 Text with EEA relevance. OJ L 304, 22.11.2011, p. 18-63.
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Foodsupplements. Inthe EU, authorised forms of folate for use in food supplements are folicacid, 5-MTHF-glucosamine
and CaLMF?* (Section 3.1). A search in Mintel GNDP ‘vitamins and dietary supplements’ category yielded a total of 1554
products available in 24 EU Member States and Norway. The median dose per serving? stated on labels was 200 pg
‘folic acid’,?® i.e. the nutrient reference value (NRV) for ‘folic acid’, with about 80% of food supplements reporting
between 100 and 400 pg ‘folic acid’ per serving (50%-200% of the NRV) (Figure 5). About 2% of food supplements
reported doses per serving of 800 ug (400% of the NRV). Three products contained higher doses, i.e. 880, 1000 and
1500 pg/serving, respectively.

3.3.2 | EFSA'sintake assessment on background intake

Frequency (%)
N W W
v o wn
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20 14.9
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<100 100-199 200-299 300-399 400-499 500-599 600-699 700-799 800-899 >900
Dose of 'folic acid' per serving, in ug

FIGURE 5 Distribution of doses per serving displayed on folate-containing food supplement labels in EU Member States and Norway.
Source: Mintel GNPD. Search for folate-containing supplements available in the EU market in the last 5years (from November 2017 to November
2022). A total of 1554 products available in 24 EU Member States and Norway were identified, of which 1528 contained complete data on pg/serving.

Background folate intakes from natural food sources in European populations were calculated based on the data from the
latest version of the EFSA Comprehensive Database and the EFSA FCDB.

3.3.21 | Estimated intakes across countries and age groups
The intake estimates are presented below by age group, sex and country (Figures 6-8). A summary overview, providing the
ranges of means and 95th percentiles (P95) across EU surveys is given in Table 4.

2Directive 2002/46/EC of the European Parliament and of the Council of 10 June 2002 on the approximation of the laws of the Member States relating to food
supplements, OJL 183, 12.7.2002, p. 51.
%The Mintel GNPD provides data on the content of supplements per serving which may not always reflect the daily dose recommended by the manufacturer.
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FIGURE 6 Mean, median, 5th and 95th percentiles of background folate intakes in infants (=4 to <12 months), toddlers (=1 year to <3years old),
young children (=3 years to <7 years old), older children (=7 years to <10years old), intakes in young adolescents (=10 to <14 years old) and older
adolescents (=14 to <18years old), by sex and country. Estimates for females are shown in orange and for males in blue. Squares correspond to
medians and stars to means. Lines represent the range between the 5th and 95th percentiles. Estimated intakes from 5th and 95th percentiles are
not presented when sample size is below 60 participants. AT: Austria; BE: Belgium; BG: Bulgaria; CY: Cyprus; CZ: Czech Republic; DE: Germany; DK:
Denmark; EE: Estonia; EL: Greece; ES: Spain; FI: Finland; FR: France; HU: Hungary; IT: Italy; LV: Latvia; NL: The Netherlands; PT: Portugal; SE: Sweden; S:
Slovenia. *Country for which more than one survey was available; estimates presented in the plot are those of the most recent survey; when surveys
covered the same period those with the highest number of participants are displayed.
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FIGURE 7 Mean, median, 5th and 95th percentiles of background folate intakes in adults (=18 years to <65 years old) and older adults (=65 years),
by sex and country. Estimates for females are shown in orange and for males in blue. Squares correspond to medians and stars to means. Lines
represent the range between the 5th and 95th percentiles. Estimated intakes from 5th and 95th percentiles are not presented when sample size

is below 60 participants. AT: Austria; BE: Belgium; CY: Cyprus; CZ: Czech Republic; DE: Germany; DK: Denmark; EE: Estonia; EL: Greece; ES: Spain; Fl:
Finland; FR: France; HR: Croatia; HU: Hungary; IE: Ireland; IT: Italy; LV: Latvia; NL: The Netherlands; PT: Portugal; RO: Romania; SE: Sweden; Sl: Slovenia.
*Country for which more than one survey was available; estimates presented in the plot are those of the most recent survey; when surveys covered
the same period those with the highest number of participants are displayed.
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FIGURE 8 Mean, median, 5th and 95th percentiles of folate intakes in pregnant women, by country. Squares correspond to medians and stars

to means. Lines represent the range between the 5th and 95th percentiles. Estimated intakes from 5th and 95th percentiles are not presented when
sample size is below 60 participants. AT, Austria; CY, Cyprus; ES, Spain; LV, Latvia; PT, Portugal; RO, Romania.

TABLE 4 Background folate intake from food sources (supplements and fortified foods excluded) across European dietary surveys, by population
group (pg/day).

Males Females

Mean P95° Mean P95°
Population group, age range Nof surveys  Min.” Max.” Min.” Max.” Min.? Max.” Min.” Max.”
Infants, 24 to <12 mo 12 73 172 143 248 67 162 146 237
Toddlers, 21 to <3y 15 121 204 179 316 m 190 165 325
Young children, 23to <7y 20 131 208 186 347 130 206 198 336
Older children, =7 to <10 y 15 162 228 245 413 154 221 218 392
Young adolescents, 210 to <14y 20 164 248 285 390 161 239 247 401
Older adolescents, =214 to <18y 19 217 317 366 556 165 245 280 474
Adults, =218 to <65y 22 217 314 345 567 177 264 285 459
Older adults, 265y 23 222 347 369 590 176 298 300 541
Pregnant women 6 - - - - 196 271 301 468
Lactating women 2 - - - - 228 242 406 423
Vegetarians® 1 340 340 585 585 284 284 546 546

Abbreviations: mo: months, n: number, P, percentile; y: years.

*The 95th percentile estimates obtained from dietary surveys and population groups with fewer than 60 subjects may not be statistically robust (EFSA, 2011) and are not
considered in this table.

PMinimum and maximum mean and 95th percentile estimates across European surveys, for each population group.
“Age range (12-70years).

3.3.2.2 | Mainfood contributors

The main food groups contributing to background folate intake were grains and grain-based products (mainly bread and
similar products), milk and dairy products (mainly milk, whey and cream) and vegetables and vegetable products (leafy
and fruiting vegetables) in all age groups, except infants, with minor differences between sexes. In infants, main contribu-
tors were infant and follow-on formulae?® and processed cereal-based foods (Annex C).

3.3.2.3 | Sources of uncertainty
Sources of uncertainty and their potential impact on the intake estimates, where possible, are identified and discussed in
detail in Annex B.

Specific to the folate intake assessment, uncertainties arise from the reporting of ‘folate’ composition data. This is due to
the lack of harmonisation across national food composition databases regarding the differentiation between naturally oc-
curring folates and synthetic folic acid and the use of terms (‘folic acid’, ‘total folate’, ‘dietary folate’) and units (ug or ug DFE),
as well as the diversity of analytical methods for quantifying folate and folic acid in food. Assumptions had to be made for

%Considering that the minimum and maximum contents of folate in infant formulae and follow-on formulae are regulated, these are the only foods categories for which
‘added folate’ was not excluded from the estimates (see Annex D).
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building the EFSA pooled food composition database from individual national food composition databases (Section 2.3.1).
The use of a pooled food composition database is, however, expected to have reduced the impact of these uncertainties.
Also, as the scope of intake assessment was to consider natural sources of folate only, a data cleaning strategy was
applied to exclude fortified foods from the composition database. Since fortification was not always clearly reported,
assumptions had to be made to exclude suspected fortified foods (e.g. by identifying high outlier folate content values).
This could result in both an overestimation or underestimation of the background intake of folate; however, the impact
of this uncertainty is expected to be small as the folate content values in the EFSA pooled food composition database
used in this assessment were similar to those reported in the individual national food composition databases. EFSA's
intake estimates are in line with national estimates which reported on the intake from the background diet only but are
generally lower than those national estimates which included both natural sources of folate and fortified foods (Annex C).

3.3.3 | Data on fortified foods and food supplements

Data on folate intake from fortified foods and food supplements were collected from nationally representative consump-
tion surveys (Section 2.3.1). Survey characteristics, mean and P95 intake estimates are presented in Annex D. Key informa-
tion is summarised in the following paragraphs.

3.3.31 | Intake from fortified foods
There is no mandatory folate fortification policy among EU countries. Folate may be added to foods voluntarily.

Estimates of folate intake from food, including fortified foods, are available for 27 dietary surveys conducted in 18
European countries (Belgium, Bulgaria, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Latvia, Lithuania, the Netherlands, Norway, Slovenia, Spain and Sweden). The survey characteristics and intake estimates
are provided in Annex D. The highest P95 values in males from foods including fortified foods were reported in France for
infants (368 ug/day) and toddlers (355 pg/day), in Denmark for all children (452 pg/day) and in Germany for all adolescents
(735 pg/day). For all adults, highest P95 values were reported in Germany (1382 pug/day). Estimated intakes for females were
generally lower than for males in all studies and age groups. As noted in several reports, data on folic acid content of forti-
fied foods are often missing from food composition tables and the contribution of fortified foods is likely underestimated
(Mitsopoulou et al., 2020, 2021; Teppers & Ost, 2016; Valsta et al., 2018).

Only one publication reported estimates of folic acid intake from fortified foods only (Hopkins et al., 2015). Based on
data from the National Adult Nutrition Survey (NANS) survey in Ireland including 1126 adult men and women, median (IQR)
intakes of folic acid from fortified foods ranged from 58 (12, 125) to 64 (11, 180) pg/day in men and from 35 (6, 87) to 47 (0,
138) pg/day in women, with the highest values observed in the age group =65 years. In the whole survey population 79%
of the individuals consumed folic acid-fortified foods (79%), with the highest percentage in the age group =65years. The
mean percent contribution of folic acid from fortified foods to total folate intake was 20%. The main contributors were
breakfast cereals and fat spreads.

3.3.3.2 | Intake from food supplements
Most European countries have policies in place advising periconceptional supplementation with 400 g of folic acid taken
daily prior to conception and for the first 3 months of pregnancy to prevent neural tube defects.

A total of 18 dietary surveys conducted in 11 countries (Belgium, Denmark, Estonia, Finland, Germany, Ireland, the
Netherlands, Norway, Poland, Portugal and Sweden) reported information on folate supplementation. Some national re-
ports refer to ‘folate’ intake from food supplements, while other refer to ‘folic acid’. The term ‘folate’ is used below for
consistency. However, given that folic acid is the most used form, it can be assumed that most of the available estimates
relates to folic acid intake, while the contribution from other forms (i.e. 5-MTHF-glucosamine and CaLMF) is low. The survey
characteristics and intake estimates are presented in Annex D.

Eleven surveys from seven countries (Denmark, Finland, Germany, Ireland, the Netherlands, Norway and Poland) re-
ported data on folate intake from food supplements among users.

Among children and adolescents, the mean percent contribution of food supplements to total folate intake was esti-
mated in two countries and ranged from 18% to 27% in Denmark, and 26% to 38% in Ireland, across age groups. Absolute
intakes of folate from food supplements in high consumers (P95) were estimated to range between 200 pug/day in children
aged 1-4years and 03215697 ug/day in children aged 13-18years in Ireland and between 140/198 ug/day in children aged
1-3years and 344/198 pg/day in male/female children aged 14-18years in the Netherlands (Table 5).

Among adults, the mean percent contribution of food supplements to total folate intake was available for four countries
and ranged between 25% (older adults in Ireland) and 67% (adult women in Germany). P95 absolute intakes of folate from
food supplements were in the range 400-600 ug/day in Ireland, the Netherlands and Norway, and up to 893 ug/day in
women and 1020 ug/day in men in Germany (Table 6).

Absolute intakes of folate from all sources among supplement users were reported in five surveys in four countries
(Denmark, Finland, Germany and Sweden) and are provided in Annex D.
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TABLE 5
adolescents).

Percent folate supplement users in EU surveys and folate intake from food supplements among users (toddlers, children and

% folate supplement
users in total survey

Folate® from

% contribution
of supplements

Country Survey name (N Dietary method sample/among supplements, to total folate
subjects) Reference (N of days) Sex Age range supplements users P95 (ng/day) intake, mean
Denmark Face-to-face m 4-10y 60b/@ NR 18
DANSDA 2011-2013 interview f Nn-17y 46°/NR 26
(n=13936) (Hindborg, n-17y 42°/NR 27
2015, Unpublished)
Germany Short m+f 6-11y NR/NR NR NR
EsKiMo I1 2015-2017 (n=2644) questionnaire 12-17y 4.1/25.2
(Perlitz et al., 2019) + weighing
logs
Ireland Weighted food m+f 1-4y 9.6/44.9 200 29.3
NPNS 2011-2012 (n=500) diary (4days) 5-12y 8.5/39.1 200 257
NCFS 11 2017-2018 (n =600) 13-18y 7.2/50.9 397 38.5
NTFS 11 2019-2020 (n=428)
(Kehoe & Walton, 2022)
Netherlands Questionnaire m+f 1-3y m 15/17 m 140/f 198 NR
DNFCS 2012-2016 (n=4313) (online/ 3-10y f16/19 m 188/f 199
(Van Rossum et al., 2022) paper) 10-14y m 22/40 m 195/f 272
14-18y f23/38 m 344/f 198
m 14/35
f20/41
m 10/29
f9/23
Norway FFQ+food diary m+f 2y NR/NR Mean NA
Smabarnskost 2015 (n=1674) +24-h dietary 4y NR/NR 77
Ungkost 3 2016 (4y, n=399) interviews 9y NR/NR 55
Ungkost 3 2015 (9 y, n=636) 13y NR/NR 68
Ungkost 32015 (13 y, n=687) 102
(VKM et al., 2015)
Slovenia FPQ m+f 10-17y Multivitamins/folic NR NR
Sl.Menu 2017-2018 (n=1248) acid only
(Pravst et al., 2021) 27.5/0.2

Abbreviations: d, day; DANSDA, The Danish National Survey of Diet and Physical Activity; DNFCS, Dutch National Food Consumption Survey; EsKiMo, Eating study as

a KiGGS Module; f, females; FFQ, food frequency questionnaire; FPQ, food propensity questionnaire; m, males; N, number; NA, cannot be calculated; NCFS, National
Children's Food Survey; NPNS, National Pre-School Nutrition Survey; NR, not reported in the publication; NTFS, National Teen's Food Consumption Survey; SD, standard
deviation; VKM, Vitenskapskomiteen format og milje (Norwegian Scientific Committee for Food and Environment); y, year.

Folic acid is the most commonly used form in foods supplements.

P9% users of multivitamin/mineral supplements. By default, multivitamin/mineral supplements were considered to contain manganese based on Danish households
purchases data.

TABLE 6 Percent folate supplement users in EU surveys and folate intake from food supplements among users (adults and older adults).

Country Survey name (N
subjects) Reference

Denmark

DANSDA 2011-2013
(n=3936)
(Hindborg, 2015,
Unpublished)

Finland
FINDIET 2017 (n=1655)
(Valsta et al., 2018)

Germany

NVS 112005-2007
(n=13,753) (Heuer
et al., 2012; Martiniak
etal., 2015)

Ireland
NANS 2008-2010 (n=1500)
(Kehoe & Walton, 2022)

Dietary method
(N of days)

Face-to-face
interview

FPQ

24-h recall
(2days)

Weighted food
diary (4 days)

Sex

™3 ™3

™3

m-f

m+f

Age range

18-50y
18-50y
51-75y
51-75y

18-74y

14-18y
19-24y
25-34y
35-50y
51-64y
65-80y

18-64y
65-91y

% Folate supplement
users in total survey
sample/among
supplements users

42/NR
51/NR
43/NR
55/NR

23/NR
32/NR

2.7-3.3/NR
5-8.2/NR
6.4-10.4/NR
7.6-8.6/NR
7.5-11.5/NR
9.1-11.9/NR

14.4/48.3
11.9/31.8

Folate®
intake from
supplements,
P95 (ug/day)

NR

Mean
237
235

m 893®
£1020®

400
400

% contribution
of supplements
to total folate
intake, mean

27
29
29
34

47.8
49.9

m 50.6%
f67.3®

39.5
25.8
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% Folate supplement Folate® % contribution
users in total survey intake from of supplements
Country Survey name (N Dietary method sample/among supplements, to total folate
subjects) Reference (N of days) Sex Agerange supplements users P95 (ng/day) intake, mean
Netherlands Questionnaire m+f 18-65y m 15/41 m 579/f 564 NR
DNFCS 2012-2016 (online/ 65-80y f22/39 m 500/f 592
(n=4313) (Van Rossum paper) m 14/40
etal., 2022) f22/38
Norway FFQ+food diary m 18-70y NR/18 500 NA
Norkost 3 2015 (n=1787) +24-h dietary f NR/26 400
(Totland et al., 2012; interviews
VKM et al., 2015)
Poland FPQ m 18-65+y NR/NR Mean 5D NA
National Dietary Survey f NR/NR (range)
2019-2020 (n=1831) 278+123
(Stos et al., 2021) (150-600)
304.9+2274
(60-800)
Slovenia FPQ m+f 18-64y Multivitamins/folic acid NR NR
Sl.Menu 2017-2018 65-74y only
(n=1248) (Pravst 36.5/1.9
etal., 2021) 22.6/0.2

Abbreviations: d, day; DANSDA, The Danish National Survey of Diet and Physical Activity; DNFCS, Dutch National Food Consumption Survey; f, females; FINDIET, The
Finnish National Dietary Survey in Adults and Elderly; FFQ, food frequency questionnaire; FPQ, food propensity questionnaire; m, males; N, number; NA, cannot be
calculated; NANS, National Adult Nutrition Survey; NR, not reported in the publication; NVS II, Nationale Verzehrsstudie Il (National Consumption Study II); SD, standard
deviation; VKM, Vitenskapskomiteen format og milje (Norwegian Scientific Committee for Food and Environment); y, year.

Folic acid is the most commonly used form in foods supplements.

bAge range: 14-80years.

3.34 | Overall conclusions on intake data

The Panel notes that the P95 estimated background intake of folate from natural food sources (i.e. without fortified foods
and food supplements) in males is up to 248 pg/day in infants (4 to <12 months), up to 325 pg/day in toddlers (1 to <3 years),
up to 347 pg/day in young children (3 to <7years), up to 413 pg/day in older children (7 to <10years), up to 401 pg/day in
young adolescents (10 to <14years), up to 556 pg/day in older adolescents (14 to <18years), up to 590 ug/day in adults
(=18years), up to 468 ug/day in pregnant women and up to 423 pg/day in lactating women across surveys included in
EFSA's intake assessment (Table 4) (Annex C). Intakes are slightly lower in females, mainly due to smaller quantities of food
consumed per day.

There is no mandatory folate fortification policy in EU countries. On the EU market, folate may be added to foods volun-
tarily (mostly found in breakfast cereals, nutritional drinks and snacks), with large variability in folate content per serving
(e.g. a search in the Mintel GNDP database indicates folate contents between 7.5 and 200 ug per serving among breakfast
cereals).

Folate is also used in food supplements. A search in the Mintel GNDP database indicates substantial variability in the
dose per serving across food supplements, with most values between 100 and 400 ug ‘folic acid’ (50%-200% of the NRV)
and about 2% of products with values >800 ug (maximum 1500 ug) per serving. Most European countries have policies in
place advising periconceptional supplementation with 400 ug of folic acid taken daily prior to conception and for the first
3 months of pregnancy to prevent neural tube defects.

The Panel notes that estimates of the contribution of fortified foods and food supplements to folate intake in EU popu-
lations are scarce. The NANS survey in Ireland is the only survey for which estimates of folic acid intake from fortified foods
and food supplements are available. Significant contribution of food supplements and fortified foods to total folate intake
were found in this country, i.e. mean contribution of 30%-40% for fortified foods and 20% for food supplements. Among
users of food supplements, the mean contribution of food supplements to total folate intake ranged between about 25%
and 70% in adults (data from three countries) and between about 20% and 40% in children and adolescents (data from
two countries). The Panel notes that in regular consumers of folate-containing fortified foods and food supplements, the
contribution of these foods to total folate intake can be substantial.

3.4 | Hazard identification
341 | Risk of cobalamin-dependent neuropathy
Concerns regarding a potential contribution of high folic acid intake to the progression and, possibly, the exacerbation of

cobalamin-dependent neurological abnormalities arose from case reports and case series of patients with PA, who were
treated with folic acid as a sole medication.
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A frequent clinical expression of cobalamin deficiency is megaloblastic anaemia, which affects all developing cells of
the haematopoietic system, including red blood cells (EFSA NDA Panel, 2014) (Section 3.5.2). Neurological involvement
associated with severe cobalamin deficiency in adults includes combined spinal sclerosis, peripheral neuropathy and de-
mentia. Paraesthesia in the extremities, ataxia of gait or both symptomes, are the initial complaints in 90% of patients with
cobalamin-dependent neuropathy. Impaired vibratory sensation, proprioception and cutaneous touch and pain sensation
are the most frequent neurological signs on examination. In advanced cobalamin-dependent neuropathy, corticospinal
tract involvement may develop, eventually progressing to spastic paraparesis. Global dementia or memory disturbances
are the most common cerebral disorders. The speed of progression varies markedly between patients and is not necessar-
ily constant. Notably, haematological and neurological manifestations are often dissociated (Savage & Lindenbaum, 1995).
Whereas megaloblastic anaemia is a relatively specific sign of cobalamin (and/or folate) deficiency, early neurological signs/
symptoms of cobalamin deficiency may be unspecific.

In its previous evaluation of the UL for folate, the SCF reviewed the evidence from case reports/case series and animal
experimental data and concluded that:

» The evidence for an exacerbation of the neurological sequelae in PA patients by folic acid supplementation was equivo-
cal (causal relationship not established).

» There was evidence that intake of folic acid can correct megaloblastic anaemia (at least transiently) in PA patients (causal
relationship established). The risk of ‘masking’ of cobalamin deficiency through the resolution of megaloblastic anaemia,
allowing neurological manifestations to concurrently progress, was considered the most serious adverse effect of folic
acid supplementation in humans and was selected as a critical endpoint to set an UL for folic acid. As dosages up to
1000 pg of folic acid were considered unlikely to cause masking of the haematological signs in PA patients, the UL was
set at 1000 pg of folic acid per day in adults.

The direct and indirect relationships between the supplemental intake of folic acid and the risk of cobalamin-depen-
dent neuropathy are illustrated in Figure 9.

Haematological
manifestations
(megaloblastic anaemia)

Underdiagnosis
due to masking

Folic acid
~

~
&
*ace,g[/o\ d
g Neurological Progression
manifestations

FIGURE 9 Relationships between the supplemental intake of folic acid and the risk of cobalamin-dependent neuropathy.

This section reviews whether new evidence has arisen since the SCF evaluation regarding:

« apositive and causal relationship between the supplemental intake of folic acid and an exacerbation of the neurological
manifestations of cobalamin deficiency (Section 3.4.1.1);

» the doses at which supplemental intake of folic acid may resolve the haematological signs of cobalamin deficiency
(Section 3.4.1.2).

3411 | Exacerbation of the neurological manifestations of cobalamin deficiency
LoE1. Standalone main: incidence/recurrence of neuropathy in cobalamin deficient individuals treated with folic acid

Preliminary UA

Relevant case reports/series of cobalamin deficient individuals treated with folic acid were identified through previous
reviews (Berry, 2019; IOM, 1998; Savage & Lindenbaum, 1995; SCF, 2000; van Gool et al., 2020) (Section 2.2.1.1).

The available publications may be grouped as follows: (i) reports of prospective examinations of patients treated with
folic acid in the clinical setting; (i) retrospective reports of patients admitted in the hospital after a period of folic acid sup-
plementation outside of the clinical setting. The description below is limited to cases of oral treatments.

Prospective case series

Sixteen publications reported on prospective case series (Berk et al., 1948; Bethell & Sturgis, 1948; Chodos & Ross, 1951;
Davidson & Girdwood, 1947; Hall & Watkins, 1947; Heinle et al., 1947; Israéls & Wilkinson, 1949; Meyer, 1947; Ross et al., 1948;
Schwartz et al.,, 1950; Spies et al., 1948; Spies & Stone, 1947; Vilter et al., 1947; Wagley, 1947; Wilkinson, 1948; Will et al., 1959).
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The vast majority of cases were PA patients (Bethell & Sturgis, 1948; Chodos & Ross, 1951; Hall & Watkins, 1947; Heinle
et al.,, 1947; Israéls & Wilkinson, 1949; Meyer, 1947; Ross et al., 1948; Spies et al., 1948; Wilkinson, 1948; Will et al., 1959),
while a few cases were related to patients with gastric resection (Chodos & Ross, 1951; Heinle et al., 1947; Meyer, 1947;
Ross et al., 1948; Wagley, 1947) or sprue (Chodos & Ross, 1951; Davidson & Girdwood, 1947; Spies et al., 1948; Wagley, 1947).
Cases were patients treated with folic acid as an alternative to liver extract, which was the standard treatment for PA at that
time (Berk et al., 1948; Bethell & Sturgis, 1948; Chodos & Ross, 1951; Davidson & Girdwood, 1947; Heinle et al., 1947; Ross
et al., 1948; Will et al., 1959) or patients treated with folic acid as first therapy or after an interruption of the therapy with
a liver extract (Berk et al., 1948; Bethell & Sturgis, 1948; Hall & Watkins, 1947; Heinle et al., 1947; Israéls & Wilkinson, 1949;
Meyer, 1947; Spies & Stone, 1947; Wagley, 1947; Wilkinson, 1948; Will et al., 1959).

The number of cases described varied between 14 and 48 across publications, adding up to around 300 cases in total.
The doses of folic acid were usually between 5000 and 20,000 ug/day, although higher doses were administered in a few
cases (i.e. 40,000, 50,000 and 600,000 pg/day). The treatment duration varied from some weeks to several years. During
folic acid treatment, the patients were visiting the clinics for regular examinations, where their haematological and neuro-
logical signs and symptoms were monitored.

In the period following the substitution of liver extract by folic acid, the haematological status of the majority of pa-
tients was found to be maintained (Berk et al., 1948; Bethell & Sturgis, 1948; Chodos & Ross, 1951; Heinle et al., 1947; Ross
et al., 1948; Wilkinson, 1948; Will et al., 1959), although deterioration (Bethell & Sturgis, 1948; Heinle et al., 1947) or, in con-
trast, further improvement were also described in some cases (Berk et al., 1948; Bethell & Sturgis, 1948; Heinle et al., 1947).
Animprovement of the haematological signs of PA was also observed in most patients who had not been previously treated
with liver extracts (Bethell & Sturgis, 1948; Hall & Watkins, 1947; Heinle et al., 1947; Israéls & Wilkinson, 1949; Meyer, 1947;
Spies et al., 1948;Wagley, 1947 ; Will et al., 1959). The effectiveness and speed of the haematological responses were found
to vary substantially among patients.

In the longer term, however, a relapse of the haematological symptoms was consistently observed (Chodos & Ross, 1951;
Israéls & Wilkinson, 1949; Ross et al., 1948; Schwartz et al., 1950; Will et al., 1959). Among 70 PA patients treated with a daily
dose of 5000 pg folic acid for 3.5 years, Schwartz et al. (1950) reported that a satisfactory health status was maintained in 12
patients, while 58 patients relapsed. Among those, haematological relapse was observed in 23 patients, neurological relapse
in 23 patients, 9 patients experienced combined neurological and haematological relapses and sore tongue and/or weight
loss were described in the three remaining cases. Neurological relapses were typically observed to occur sooner than hae-
matological relapses (within 2 years vs. within 3 years, respectively). The authors also noted that the haematological relapses
were remarkably delayed as compared to the time-to-relapse observed in untreated PA patients (typically within 1 year).

Several publications reported deterioration or onset of neurological manifestations during the period of folic acid
treatment (Berk et al., 1948; Bethell & Sturgis, 1948; Chodos & Ross, 1951; Hall & Watkins, 1947; Heinle et al., 1947; Israéls
& Wilkinson, 1949; Ross et al., 1948; Spies et al., 1948; Spies & Stone, 1947; Vilter et al., 1947; Wilkinson, 1948; Will
et al., 1959). The neurological manifestations were characteristic of cobalamin-dependent neuropathy (i.e. numbness/
tingling in hands and feet, ataxic gait, loss of vibratory sense, diminished touch and pain sensation; difficulty in walk-
ing or even paralysis of the legs were also described in some cases). In several cases, neurological manifestations
developed at a time where haematological signs were absent (Hall & Watkins, 1947; Heinle et al., 1947). The time to
the onset of the neurological signs and symptoms varied across patients (ranging from a few months to years). The
proportion of patients affected varied substantially across studies. Neurological signs and symptoms often resolved
upon the reintroduction of liver extracts (or other cobalamin supply), but in several cases neurological manifestations
had become irreversible.

Some clinicians noted a more rapid and or/frequent progression in PA patients receiving folic acid therapy as compared
to untreated PA patients (Wagley, 1947; Will et al., 1959), which raised concerns about a potential exacerbation of neuro-
logical manifestations by folic acid.

Retrospective cases reports

Seven publications described a total of 20 isolated cases of patients who had been taking folic acid-containing sup-
plements, as a treatment for macrocytic anaemia (sometimes in substitution for previous liver therapy) or other condi-
tions (Allen et al., 1990; Baldwin & Dalessio, 1961; Best, 1959; Conley & Krevans, 1951; Crosby, 1960; Ellison, 1960; Victor &
Lear, 1956). In most cases admission to the hospital was triggered by the onset of neurological symptoms, with varying
degree of severity. Upon questioning, patients reported having taken supplements containing folic acid, in most cases
in combination with other nutrients. Doses of folic acid were estimated between 350 and 5000 pg/day (Allen et al., 1990;
Baldwin & Dalessio, 1961; Conley & Krevans, 1951; Crosby, 1960; Ellison, 1960; Victor & Lear, 1956), with higher doses in a few
cases (6300-10,000 pg/day) (Baldwin & Dalessio, 1961; Best, 1959; Conley & Krevans, 1951; Victor & Lear, 1956). Upon clinical
examination at the time of hospital admission, PA was diagnosed in the majority of cases (Allen et al., 1990; Baldwin &
Dalessio, 1961; Conley & Krevans, 1951; Crosby, 1960; Ellison, 1960; Victor & Lear, 1956). In a few cases cobalamin deficiency
was due to ileal resection (Allen et al., 1990; Best, 1959) or jejunal diverticulosis (Allen et al., 1990). Haematological signs
were not always detected (Baldwin & Dalessio, 1961; Crosby, 1960; Ellison, 1960; Victor & Lear, 1956). Neurological signs and
symptoms were found to improve upon treatment with cobalamin.

The Panel notes that there is consistent evidence from human case reports/series that neurological complications may
start or progress in cobalamin deficient individuals given supplemental folic acid as sole treatment (i.e. without cobalamin).
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A comprehensive UA is performed regarding a positive and causal relationship between the intake of folic acid and the
exacerbation of the neurological manifestations of cobalamin deficiency.

Comprehensive UA

Risk of bias

No RoB appraisal of the individual publications was performed. Instead, potential sources of bias regarding the exposure
characterisation, outcome assessment and potential confounders applying to the whole body of evidence are discussed below.

As the dose and duration of folic acid treatment were prescribed and monitored in the clinical setting in most cases (pro-
spective cases series), there is low concern regarding RoB for the exposure characterisation overall. Indirect evidence for pa-
tients' compliance to treatment arises from the resolution of haematological abnormalities during the intervention period.

As for the outcome assessment, the level of reporting regarding the method and criteria applied to evaluate neuro-
logical manifestations varies across publications. As treatment of PA was the primary objective of the folic acid supple-
mentation in many studies and patients were regularly examined by clinicians for their condition, including neurological
manifestations, there is low concern regarding RoB for the outcome assessment overall.

In relation to confounders, cobalamin body stores and subclinical neurological changes at the start of folic acid treat-
ment are key potential confounders of the relationship between supplemental intake of folic acid and the risk of neurop-
athy in individuals with PA. It is expected that neurological effects of cobalamin deficiency will become more severe as
they remain untreated. The nature of the evidence precludes controlling for these factors. Because of their uncontrolled
design, case studies cannot reliably investigate any exacerbation of cobalamin-related neurological manifestations due to
folic acid treatment alone.

Unexplained inconsistency

There is consistent evidence that neurological complications may start or progress in individuals with PA (or other gas-
tric conditions which affect the production or function of intrinsic factor) who received supplemental folic acid as sole
treatment. On the other hand, there is substantial variability in the doses and durations of folic acid supplementation which
have been associated with neurological manifestations and in the severity of the symptoms reported in these patients.

In addition to the variety of dose and duration of the folic acid treatments reported in the available case reports/series,
sources of heterogeneity across studies include: the inclusion of patients with or without prior treatment with liver extracts
or other sources of cobalamin (i.e. factors causing variability in cobalamin body stores at start of folic acid treatment); the
inclusion of patients with or without pre-existing neurological manifestations at the start of the folic acid intervention;
the criteria applied for the diagnosis of neurological abnormalities. Also, due to the similarity of clinical haematological
symptoms of folate and cobalamin deficiency and the lack of differential diagnostic methods at the time of these case re-
ports/series, some of the cases reported above, classified as cobalamin deficient, may have been folate-deficient patients,
contributing to the heterogeneity of the individual responses to folic acid supplementation.

Indirectness

Evidence mostly arises from individuals with PA; a few cases were also reported in patients with other gastric conditions
that affect the production or function of intrinsic factor. These are common causes of cobalamin deficiency and thus rele-
vant population groups to investigate the risk assessment question.

Dose-response relationship

Available data from case reports/series do not provide consistent evidence for a dose-response relationship between
dose and/or duration of folic acid treatment and the onset or progression of neurological manifestations. Most cases of
neuropathy were reported at doses of 5000 ug folic acid/day or higher, which are most frequently used for the therapeutic
treatment of PA. Onset or progression of neurological manifestations (with or without haematological abnormalities) were
also reported with folic acid doses below 5000 pg/day. The Panel notes that evidence at these dose levels is scarce and
limited to retrospective case reports with doses estimated based on patients reports. The period with folic acid treatment
coincided with the period without cobalamin treatment (liver extracts), so that any effect of folic acid treatment cannot be
assessed independently from the effect of the lack of cobalamin.

Consistency across lines of evidence (LoEs)

Animal experiments in monkeys (Agamanolis et al., 1976) and fruit bats (Van der Westhuyzen et al., 1982; van der
Westhuyzen & Metz, 1983) fed a cobalamin deficient diet, reported that cobalamin-deficient animals receiving supple-
mental folic acid developed signs of neuropathology earlier than controls.

Bats were fed a cobalamin deficient diet and exposed to the anaesthetic gas nitrous oxide, which oxidises methyl co-
balamin thereby inhibiting the cobalamin-dependent methionine synthase (Van der Westhuyzen et al., 1982). Diet was
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supplemented with folic acid (1540 ug/kg bw) in one group and 5-formyITHF, a reduced folate form, was administered
intramuscularly to another group (1150 ug/kg bw). The onset of neurological impairment was observed after an average
(range) of 4.3 (4.1-5.4) weeks in the folic acid group (n=6), 4.5 (2.7-5.4) weeks in the 5-formylTHF group (n=5) compared
to 5.0 (2-6.9) weeks in the group without folic acid/5-formyITHF treatment (n=12); flight was reduced to hops after 4.8
(4.0-5.4) weeks, 4.8 (2.7-6.1) weeks and 6.2 (5.0-7.4) weeks, respectively. In a subsequent experiment with a similar design
and the same folic acid dose, van der Westhuyzen and Metz (1983) observed ataxia after an average of 8.8 weeks in the folic
acid-treated group (n=6), compared to 9.8 weeks in the control group (n=6).

Agamanolis et al. (1976) fed nine rhesus monkeys a cobalamin deficient diet; three out of nine animals received supple-
mental folic acid (initially 5000 pg of folic acid intramuscularly weekly followed by 5000 ug folic acid in the drinking water
5days a week). Degeneration of visual pathway was observed after 33 months in the three folic acid-treated monkeys
versus 37-53 months among those not receiving folic acid. Two of the three folic acid-treated monkeys developed motor
deficits after 37 months of treatment, while these deficits were observed in two of the six other monkeys after 48 and
52 months, respectively. Cell morphology and counts of peripheral blood and bone marrow were not affected by cobala-
min deficiency, in any monkey.

Differences have, however, been observed between animals and humans regarding the effects of cobalamin deficiency.
Although development of neurological symptoms was observed in experiments in which nitrous oxide was administered
to monkeys, no haematological symptoms occurred in these animal models of cobalamin deficiency (Dinn et al., 1978,
1980; Scott et al., 1981) or pigs (Molloy, 2023, Personal communication). Nitrous oxide has been reported to cause haemato-
logical and neurological effects identical to those seen in cobalamin deficiency after inhalation in humans (Chanarin, 1980;
Winstock & Ferris, 2020).

While the studies in monkeys and fruit bats are consistent with the hypothesis that folic acid might exacerbate neuro-
logical lesions, the low numbers of animals, the difference in effects over repeated studies, and the inherent differences
between these animals and humans in relation to haematological aspects of cobalamin deficiency make these studies
difficult to interpret.

Outcome of the comprehensive analysis of the uncertainties

TABLE 7 Comprehensive analysis of the uncertainties in the BoE.

What is the level of certainty that the dietary intake of folic acid is positively and causally associated with the exacerbation of the
neurological manifestations of cobalamin deficiency?

LoE1. Standalone main: incidence/recurrence of neuropathy in cobalamin deficient

individuals

>300 cases, reported in 23 publications (16 prospective case series and 7 retrospective Initial certainty: Low
BoE case reports) (<15%-50% probability)
Domain Rationale Evaluation
RoB Exposure characterisation: low concern regarding risk of bias Serious

Outcome assessment: low concern regarding risk of bias
Potential confounders: high concern regarding risk of bias due to potential confounding
by cobalamin body stores and subclinical neurological changes at start of folic acid

treatment
Unexplained There is substantial variability in the doses and durations of folic acid supplementation Not serious
inconsistency which have been associated with neurological manifestations and in the severity of

the symptoms reported in these patients. Sources of heterogeneity, which may have
contributed to the inconsistency, include: the inclusion of patients with or without prior
treatment with liver extracts (or other cobalamin supply) (i.e. variability in cobalamin
body stores at start of folic acid treatment); the inclusion of patients with or without
pre-existing neurological manifestations at the start of folic acid intervention; the criteria
applied for the diagnostic of neurological symptoms

Indirectness Evidence mostly arises from individuals with PA; few cases were also reported in patients with ~ Not serious
other gastric conditions which affect the production of intrinsic factor. These are common
causes of cobalamin deficiency

Imprecision Not applicable NA
Publication bias No private funding involved. Publication bias could not be assessed through funnel plot and Undetected
Egger test
Upgrading Dose-response: No consistent evidence for a dose-response None identified
factors Consistency across LoEs: Limited support from animal experiments. Insufficient to upgrade

the level of certainty.
Magnitude: Not applicable

Final certainty Started ‘low’. No further downgrade was applied for the concerns related to confounding as Low (15%-50%
itis considered to be inherent to the study design (i.e. already accounted for through the probability)
initial uncertainty rating assigned to this design)

Abbreviations: BoE, body of evidence; LoEs, lines of evidence; NA, not applicable; PA, pernicious anaemia.
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Conclusions from case reports/cases series.  The level of certainty in a positive and causal relationship between the intake
of folic acid and the exacerbation of the neurological manifestations of cobalamin deficiency is low (15%-50% probability)
(rationale in Table 7).

Modes of action. Savage and Lindenbaum (1995) summarised hypotheses by which folic acid/folate may causally
contribute to the onset/progression of neurological manifestations in cobalamin deficient individuals: (i) 5-MTHF toxicity;
(i) diversion of cobalamin from the nervous system; (iii) diversion of cobalamin from the mutase reaction; (iv) diversion of
methionine from the nervous system.

Folic acid has also been suggested to oxidise cobalt in the cobalamin coenzyme of methionine synthase, thus interfer-
ing with cobalamin metabolism. However, in vitro studies failed to show any oxidation of the enzyme by folic acid (Paul
& Selhub, 2017). It has been further hypothesised that high folate status may deplete active cobalamin in serum, holoTC,
thereby limiting the availability of cobalamin for tissues (Selhub et al., 2022).

The Panel notes that, although several mechanisms have been proposed for a causal role of folic acid in the exacer-
bation of the neurological manifestations in cobalamin deficient individuals, experimental evidence in support of these
hypotheses is limited.

Overall conclusions. The level of certainty in a positive and causal relationship between the dietary intake of folic
acid and the exacerbation of the neurological manifestations of cobalamin deficiency is low (15%-50% probability)
(rationale in Table 7). The available BoE regarding the mode of action cannot be used to modify the level of certainty
in this conclusion.

34.1.2 | Progression of the neurological manifestations of cobalamin deficiency

A causal relationship between the intake of folic acid and a (transient) resolution of megaloblastic anaemia in cobalamin
deficient individuals is well established (IOM, 1998; Savage & Lindenbaum, 1995; SCF, 2000). Of note, a similar effect was
reported with supplemental intake of natural reduced folate 5-formyl-THF (Savage & Lindenbaum, 1995).

As discussed above, there is concern that the resolution of megaloblastic anaemia by folic acid could delay the diag-
nosis of cobalamin deficiency, allowing neurological manifestations to concurrently progress. Based on its review of the
evidence from the above-mentioned case reports/series, the SCF previously concluded in relation to folic acid supplemen-
tation that ‘masking of the haematological signs in PA patients occurs with high frequencies and consistently with daily
intakes of 5000 ug; however, insufficient data are available for evaluation of dose levels between 1000 and 5000 ug'. The
SCF considered that dosages up to 1000 ug of folic acid ‘are unlikely to cause masking of the haematological signs in PA
patients’.

The Panel found no new evidence that can be used to further characterise the dose-response between the intake of
folic acid and the resolution of megaloblastic anaemia in cobalamin deficient individuals. The Panel also found no new
evidence that the correction of haematological signs of cobalamin deficiency would delay diagnosis at doses of folic acid
<1000 pg/day.

34.2 | Cognitive impairment in individuals with low cobalamin status

It has been hypothesised that high folate intake/status may increase the risk of poor cognitive performance or exacerbate
the decline in cognition in older individuals, with low or marginally low cobalamin status. Some cross-sectional studies
have investigated the association between combined measures of folate and cobalamin status and measures of cognitive
function. Several found that the combination of high folate and low cobalamin status was associated with higher risk of
cognitive impairment, increased grey matter atrophy and faster decline in cognition over time; however, other studies
reported no such associations (Molloy, 2020). The study design and outcome measurements varied substantially, with a
variety of biochemical markers and cut-offs being used to define a deficient or insufficient cobalamin status, or a ‘high'’
folate status, making comparisons between studies difficult.

For cognitive impairment, studies addressing changes in functional measures of cognitive function or incidence of de-
mentia or Alzheimer disease are included in standalone main LoEs.

A systematic review of the literature was conducted. Eligible study designs were limited to prospective designs, i.e. RCTs,
PCs and NCCs (see protocol in Annex A). The flow chart is provided in Appendix A.1 and an overview of the eligible studies
retrieved is provided in Table 8.
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TABLE 8 Outcome of the systematic search on folate and cognitive impairment (sQ2b).

LoE Endpoints RCTs PCs/NCCs
LoE1. Standalone Changes in functional 1 3
(main) measures of P/S folate: 2
cognitive function RBC folate: 0
P/S UFA: 0
Dietary intake of FA/folate: 0
LoE1. Standalone Incidence of dementia 0 1
(main) or Alzheimer disease

Abbreviations: FA, folic acid; LoE, line of evidence; NCC, nested case-control; P/S, plasma/serum; PC,
prospective cohort; RBC, red blood cell; RCT, randomised controlled trial; UFA, unmetabolised folic acid.

34.21 | Intervention studies
LoE1. Standalone main: changes in functional measures of cognitive function

Preliminary UA

The effect of 3-year folic acid supplementation (800ug/day) on cognitive function was evaluated in adults aged
50-70years with elevated homocysteine (=13 umol/L) in the Netherlands (Durga et al., 2007) (Appendix C.1.1). Subjects with
serum cobalamin <200 pmol/L at baseline were excluded. Mean (IQR) serum folate at baseline was 12 (9-15) nmol/L in the
intervention group (n=405) and 10 (10-15) nmol/L in the control group (n=413). At the end of trial, concentrations were 76
(50-103) nmol/L versus 13 (10-17) nmol/L in the respective groups. Cognitive function was assessed at baseline and end of
trial with five tests used in the Maastricht Aging Study to construct five a-priori-defined cognitive domains: memory, senso-
rimotor speed, complex speed, information processing speed and word fluency. Better scores were obtained in relation to
global cognitive function, memory, sensorimotor speed and information processing speed in the folic acid-supplemented
group vs. controls. In stratified analysis according to serum cobalamin, folic acid supplementation improved sensorimo-
tor speed (difference in Z-score 0.112; 95% Cl 0.001, 0.223) and information processing speed (0.190; 95% Cl 0.055, 0.325)
compared to placebo among the 230 participants with ‘low’ cobalamin status at baseline (serum cobalamin <250 pmol/L).
No effect was found on the other endpoints. No significant differences were observed among the 588 participants with
baseline serum cobalamin =250 pmol/L. The study was judged at low risk of bias (tier 1) (Appendix B.1.1).

The Panel considers that the available BoE from RCTs does not suggest a positive relationship between dietary intake of
folate and cognitive impairment in individuals with low cobalamin status at the intake level investigated. No comprehen-
sive UA is performed.

34.2.2 | Observational prospective studies

Four eligible prospective observational studies were retrieved. The study by Wang et al. (2001) regarding the incidence of
Alzheimer's disease is not further discussed as it investigates the association in subjects with ‘low’ compared to ‘normal’
serum folate concentration (>10 nmol/L), thus providing no relevant information for this assessment. The results of the
three other studies (Clarke et al., 2007; Doets et al., 2014; Morris et al., 2012) are discussed below.

LoE1. Standalone main: changes in functional measures of cognitive function

Preliminary UA

The evidence table is in Appendix C.1.2.

Morris et al. (2012) studied plasma folate and cobalamin concentrations in relation to cognitive decline among 549
participants from the US Framingham cohort (mean age 75years). Cognitive function was assessed through biannual
mini-mental state examination (MMSE) over an 8-year follow-up. Participants were categorised in quintiles of plasma fo-
late then stratified according to plasma cobalamin (< or>258 pmol/L). No association between plasma folate concentra-
tion and cognition was seen among participants with plasma cobalamin >258 pmol/L at baseline. Among participants
with plasma cobalamin <258 pmol/L at baseline, plasma folate in the highest quintile (>21.75 nmol/L) was associated with
greater decline in cognitive function compared to the other quintiles (MMSE score in Q1 [n=60]: -0.32 [95% Cl -0.44, —0.21];
Q2 [n=64]: -0.32 [95% Cl -0.42, —0.21]; Q3 [n=44]: -0.22 [95% Cl -0.35, —0.08]; Q4 [n=39]: —0.28 [95% C| —-0.42, —0.14]; Q5
[n=24]: -0.92 [95% Cl -1.09, —0.74]). The Panel notes that the rates of cognitive decline among participants of the 1st to 4th
quintiles of plasma folate were comparable, with no apparent dose-response. Among individuals with plasma cobalamin
<258 pmol/L at baseline, the use of supplements containing folic acid (mainly multivitamins) was associated with greater
cognitive decline compared to no use of supplemental folic acid (MMSE score —0.78 [95% Cl -1.00, —0.57] vs. —0.34; [95%
Cl -0.39, —0.27]). No such association was found in those with plasma cobalamin =258 pmol/L at baseline. The study was
judged at low risk of bias (tier 1) (Appendix B.1.2). The Panel notes that the number of individuals with plasma cobalamin
<258 pmol/L in the highest quintile of plasma folate is relatively small (n=24), that the range of folate concentrations cov-
ered by the highest quintile is large (between 21.75 and 149 nmol/L), and that the proportion of individuals with folate
concentrations above the normal range is unknown.
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Clarke et al. (2007) investigated interactions between serum cobalamin and folate concentrations for associations with
cognitive decline over 10years, assessed through at least three MMSE among 574 participants of the UK Oxford Healthy
Aging Project (mean age 72years). The authors reported that the ‘interaction terms were not statistically significant’ (data
not shown). The study was judged at low risk of bias (tier 1) (Appendix B.1.2).

Using data from the Hordaland Health Study in Norway, Doets et al. (2014) investigated the interaction between serum
cobalamin and folate in relation to cognitive decline, assessed through several cognitive tests performed after 6 years of
follow-up. The population (2203 participants; mean age at follow-up 72.5years) was not exposed to mandatory or vol-
untary folate food fortification; 9.5% of the participants were users of supplements containing B-vitamins. The median
(P5th—P95th) plasma folate concentration was 12.5 (8.7, 20.9) nmol/L. No interaction was found between plasma folate
and cobalamin concentrations at baseline in relation to overall cognitive performance (8=0.024, SE=0.028, p=0.394). The
study was judged at low risk of bias (tier 1) (Appendix B.1.2).

The Panel notes the paucity of data from prospective observational studies that would allow the evaluation of an asso-
ciation between ‘high’ folate intake and impaired cognitive function in individuals with low cobalamin status. No compre-
hensive UA is performed.

34.2.3 | Overall conclusions on cognitive impairment
The Panel considers that the available BoE is insufficient to conclude on a relationship between high dietary intake of folate
and impaired cognitive function in individuals with low cobalamin status.

34.3 | Riskof colorectal cancer

For the risk of CRC, studies addressing the incidence of CRC are included in the standalone main LoE and studies addressing
the incidence of colorectal adenomas are included in the standalone surrogate LoE.
A systematic review of the literature was conducted (see protocol in Annex A). The flow chart is provided in Appendix A.2.
An overview of the eligible studies retrieved is provided in Table 9.

TABLE 9 Outcome of the systematic search on folate and risk of colorectal cancer (sQ3b).

LoE Endpoints RCTs PCs/NCCs
LoE1. Standalone Incidence/recurrence of 1 34
(main) CRC P/S folate: 14
RBC folate: 2¢
P/S UFA: 2°
Dietary intake of FA/folate: 23
LoE2. Standalone Incidence/recurrence of 7 7
(surrogate) colorectal adenomas P/S folate: 2
RBC folate: 0
P/S UFA: 0

Dietary intake of FA/folate: 5

Abbreviations: CRC, colorectal cancer; FA, folic acid; LoE, line of evidence; NCC, nested case-control; P/S, plasma/serum;
PC, prospective cohort; RBC, red blood cell; RCT, randomised controlled trial; UFA, Unmetabolised folic acid

*The two studies assessing RBC also assessed P/S folate.

One study assessing UFA also assessed P/S folate.

“Three studies assessing dietary intake of folate also assessed P/S folate.

9Three papers (Cole et al., 2007; Figueiredo et al., 2008; Passarelli et al., 2019) addressed the AFPPS trial.

34.3.1 | Intervention studies
A total of eight publications reporting on six RCTs met the inclusion criteria.

LoE1. Standalone main: incidence/recurrence of colorectal cancer

Preliminary UA

One eligible RCT was retrieved (Appendix C.2.1.a). The China Stroke Primary Prevention Trial (CSPPT) (Qin et al., 2017),
which involved 20,702 hypertensive men and women, was designed to test whether enalapril-folic acid treatment is more
effective in reducing the risk of stroke than enalapril alone (Huo et al., 2015). The intervention was 800 ug folic acid and
10 mg enalapril per day compared to 10 mg/day enalapril alone for a median duration of 4.5 years. The median (IQR) base-
line serum folate was ~18 nmol/L (12-23 nmol/L). Cancer events, including CRC, were reported by participants among the
safety endpoints of the trial during follow-up visits; cases were reviewed and adjudicated by an independent committee.
In intention-to-treat (ITT) analysis for CRC, the hazard ratio (HR) was 2.17 (95% Cl 0.82, 5.70), p=0.117 (13 cases [0.13%] in the
group on enalapril-folic acid treatment vs. six cases [0.06%] in the group on enalapril alone). The HR for all cancer subtypes
was 1.00 (95% Cl 0.77, 1.29). The study was considered to be at low risk of bias (tier 1) (Appendix B.2.1).
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The Panel notes the limited BoE from intervention studies on the effect of folic acid supplementation on the incidence
of CRC.

The Panel considers that the available BoE from intervention studies is insufficient to conclude on a relationship be-
tween dietary intake of folate and risk of CRC. The Panel notes that all available evidence is on folic acid. No comprehensive
UA is performed.

LoE2. Standalone surrogate: incidence/recurrence of colorectal adenomas

Preliminary UA

A total of seven publications reporting on five eligible RCTs explored the effect of folic acid supplementation on the risk of
colorectal adenomas (Jaszewski et al., 2008; Logan et al., 2008) (the United Kingdom Colorectal Adenoma Prevention [ukCAP]
trial); (Wu et al., 2009) (Nurses' Health Study [NHS]/Health Professionals Follow-Up Study [HPFS]); (Cole et al., 2007; Passarelli
et al., 2019) (Aspirin/Folate Polyp Prevention Study [AFPPS]); (Gao et al., 2013). In the trial by Gao et al. (2013), about 30% of
the trial participants had an inadequate folate status at baseline (<10 nmol/L). Given the potential relationship between ‘low’
folate status and a higher risk of colorectal cancer (National Toxicology Program, 2015), the study is not further discussed.

Among the four remaining trials, the supplemental intake of folic acid ranged from 500 to 5000 ug per day and the mean
intervention period ranged from 3 to 8years.

The study size ranged between 49 (Jaszewski et al., 2008) and 501 participants (Cole et al., 2007) in the intervention groups.
Trials involved men and women, with mean age at baseline ranging between 57 years (Cole et al., 2007; Passarelli et al., 2019)
and 65years (Wu et al., 2009). All trials recruited patients with a previous history of colorectal adenoma. Three studies were
conducted in the US (AFPPS, NHS/HPFS and the trial by Jaszewski et al.) and one in the UK and Denmark (UKCAP). In the three
US studies, mean/median plasma/serum folate concentration at baseline were 21 and 23 nmol/L (no mandatory food fortifi-
cation at trial start [Cole et al., 2007; Wu et al., 2009]); and 38 nmol/L (mandatory fortification in place [Jaszewski et al., 2008]).

In the AFPPS, ukCAP and the trial by Jaszewski et al. (2008), all participants had a colonoscopy planned at the end of
the intervention phase (i.e. after =3 years of supplementation), while in the NHS/HPFS trial the ascertainment of colorec-
tal adenomas was based on participants who self-reported having at least one endoscopy <4 years after initiation of trial.

The AFPPS, ukCAP, NHS/HPFS trials reported risk ratios (RRs) and their corresponding 95% Cls for the recurrence of at
least one colorectal adenoma (primary outcome) and the risk of ‘advanced adenomas’?’ (secondary outcome) (Cole
etal,, 2007;Logan et al., 2008 ; Wu et al., 2009). The AFPPS and NHS/HPFS trials also analysed the risk of developing multiple
lesions (secondary outcome) (Cole et al., 2007; Wu et al., 2009). In a subsequent analysis of the AFPPS trial, risk ratios for
specific types of adenomas (i.e. conventional vs. sessile serrated adenomas/polyps [SSA/P]) were estimated (Passarelli
et al., 2019). Jaszewski et al. (2008) provided a comparison of the mean number of adenomas per patient in the treatment
versus placebo groups (primary outcome).

The evidence table is provided in Appendix C.2.1.b and the outcome of the risk of bias appraisal in Appendix B.2.1. For three
out of the four studies (Logan et al., 2008; Wu et al., 2009), key study characteristics, together with the effect estimates and
related Cls for ‘any recurrent adenoma’ and ‘advanced adenomas’ are plotted in Figure 10. For the AFPPS, results reported by
Cole et al. (2007) are displayed, upon consideration of the comparability of definitions of ‘advanced adenomas’ between trials.
The results from Jaszewski et al. (2008) are not included in the plot as they are not directly comparable to those reported in
the other studies, i.e. outcome analysed as mean number of adenomas per patient. No meta-analysis was conducted in view
of the limited number of studies and their heterogeneity (folic acid dose and duration; mandatory fortification in place or not).

Exposed Control
Author, Yr  Country Mand fort Nexp Neventsexp Nctrl Neventsctrl Dur(y) Folic acid (mg/d) Outcome Risk Ratio RR 95%-Cl
Cole, 2007 US yes 303 127 304 113 3-8 1.00 any rec. adenoma T 1.13[0.93; 1.37]
Logan, 2008 UK/DK no 432 115 421 105 3 0.50 any rec. adenoma -1 1.07 [0.85; 1.34]
Wu, 2009 us yes 237 62 238 72 3-6.5 1.00 any rec. adenoma — 0.87 [0.65; 1.16]
Cole, 2007 US yes 303 35 304 21 3-8 1.00 adv. adenomas ————— 1.67[1.00; 2.80]
Logan, 2008 UK/DK  no 432 52 421 52 3 0.50 adv. adenomas — 0.98 [0.68; 1.40]
Wu, 2009 us yes 221 16 225 17 3-6.5 1.00 adv. adenomas [ — 1.03 [0.53; 1.98]
T T

FIGURE 10 RCTs on the effect of folic acid supplementation on recurrent colorectal adenomas. Mandatory fort, yes/no: reflects mandatory
fortification policy status at study start. For Cole et al., 2007 and Wu et al., 2009, fortification became mandatory during the trials. For Logan
etal.,, 2008 and Cole et al., 2007 unadjusted risk ratios (RRs); for Wu et al., 2009, RRs from the multivariable-adjusted models.

In the AFPPS (Cole et al., 2007; Passarelli et al., 2019), participants were randomised to a placebo (with or without aspi-
rin; n=505) or 1000 pg folic acid/day (with or without aspirin; n=>516) for 3 years (first follow-up). Then, 71.4% of partici-
pants voluntarily continued the folic acid/placebo intervention for an additional 3-5 years (second follow-up; n=359 in
the placebo group vs. n=370in the folicacid group). The aspirin investigation was not continued in the second follow-up.
Colonoscopies were performed toward the end of each follow-up. A proportion (20%) of the participants stopped taking
folic acid/placebo during the second follow-up period but completed the second follow-up colonoscopy.

“Defined in the trials as large or tubular-villous or villous or high-grade dysplasia or colorectal cancer.
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Cole et al. (2007) evaluated outcome incidence during the first and second follow-up intervals until study treatment was
terminated in the entire study population (including participants who discontinued supplementation during the second
follow-up). The number of participants with follow-up colonoscopies were 486 in the placebo group and 501 in the folic acid
group at the end for the first follow-up (i.e. 97% of initial study population), and 304 in the placebo group and 303 in the folic
acid group at the end of the second follow-up (i.e. 59% of the initial study population). The number of events was higher in
the folic acid vs. placebo groups for any adenoma, advanced lesion and =3 adenomas in both periods. At the end of the sec-
ond follow-up, the unadjusted RRs were 1.13 (95% Cl 0.93, 1.37) for any adenoma (113/304 [37%] in placebo vs. 127/303 [42%]
in folic acid group), 1.67 (95% Cl 1.00, 2.80) for advanced lesions (21/304 [7%] vs. 35/303 [12%]) and 2.32 (95% Cl 1.23, 4.35)
for >three lesions (13/304 [4%)] vs. 30/303 [10%)]). Investigators reported similar results after adjustment for age, sex, clinical
centre, number of lifetime adenomas and duration of follow-up (data not shown), and when the analysis was restricted to
the participants who had agreed to extended treatment with folic acid or placebo in the second follow-up interval. In the
first period, no significant interaction between folic acid and aspirin treatment was found; however, the suggestion of an
increased risk with folic acid was confined to participants not allocated to aspirin. The study was judged at low risk of bias
(tier 1). In a subsequent analysis, no evidence was found that baseline folate intake or plasma/RBC concentrations modified
the association between folic acid treatment and risk of adenomas (Figueiredo et al., 2008).

Passarelli et al. (2019) performed a secondary analysis of the second follow-up period restricted to participants who
had agreed to extend treatment. In this re-analysis, all colonoscopies performed until the intended end of the second
follow-up (i.e. including those who were completed after study treatment was terminated) were included and the inci-
dence of SSA/P was re-ascertained in view of the latest definition by an expert panel (i.e. with and without cytological
dysplasia).28 The number of participants included were 338 for the folic acid group and 325 for the placebo group (i.e.
91% of the participants with prolonged treatment, in both groups). Different from the Cole analysis, SSA/Ps were not
counted among advanced or multiple lesions; advanced conventional adenomas and SSA/Ps were analysed separately29
(Passarelli, 2023. Personal communication). RRs were 1.21 (95% Cl 0.99, 1.47; 118/325 [36%] in placebo vs. 146/338 [43%]
in folic acid group) for any adenoma, 1.20 (95% Cl 0.73, 1.97; 27/325 [8%] in placebo vs. 32/338 [9%] in folic acid group) for
advanced conventional adenomas, 1.58 (95% Cl 0.87, 2.86; 16/325 [5%] in placebo vs. 30/338 [9%] in folic acid group)
for >three conventional adenomas and 1.94 (95% Cl 1.02, 3.68; 16/325 [5%] in placebo vs. 28/338 [8%] in folic acid group)
for SSA/P. RRs were adjusted for randomisation strata and baseline characteristics associated with agreement to extend
treatment and the availability of post-treatment follow-up. The study was judged at low risk of bias (tier 1).

In an analysis of lesions found during the surveillance interval, which lasted 7.5 years after the termination of study treat-
ment, RRs were attenuated and null for all outcomes (Passarelli et al., 2019).

In a post hoc analyses of the AFPPS data, Rees et al. (2017) investigated the associations between plasma concentrations
of 5-MTHF or UFA, measured at the end of the 1st follow-up period, and adenoma recurrence. The mean +SD concentra-
tions of 5-MTHF and UFA were 46.3+21.7 nmol/L and 3.4+ 8.5nmol/L in the placebo group (UFA detected in 23% samples)
and 84.8+29.5nmol/L and 21.7 £24.9 nmol/L in the folic acid group (UFA detected in 73% samples). No association was
found between plasma 5-MTHF and overall adenoma risk during either follow-up intervals: RRs for upper (>85.5 nmol/L)
versus lowest quartiles of 5-MTHF (<37.3nmol/L) were 1.02 (95% Cl 0.74, 1.42) and 1.01 (0.68, 1.59) in the respective peri-
ods. During the second follow-up, the RRs for the upper vs. lowest quartiles of 5-MTHF were 1.25 (95 Cl% 0.61, 2.55) for
advanced adenomas (13/166 [7.8%] in Q1 vs. 15/158 [9.5%)] in Q4), 1.58 (95 Cl% 0.80, 3.09) for the composite endpoint of ad-
vanced and >3 adenomas (15/170 [8.8%] in Q1 vs. 21/162 [12.9%)] in Q4), and 0.61 (95% Cl 0.36, 1.23) for serrated lesions (i.e.
hyperplastic polyps, sessile serrated adenomas/polyps and traditional serrated adenomas; 52/167 [31%] in Q1 vs. 28/158
[17.7%] in Q4). No indication of higher risk of adenomas with elevated UFA was found.

In the ukCAP trial (Logan et al., 2008), participants were randomised to 500 pg/day folic acid versus placebo (with or
without 300 mg aspirin/day) for 3 years. Of the 939 initially randomised, 853 (91%) completed a colonoscopy at the end of
the intervention and were included in the analysis. RRs were 1.07 (95% Cl 0.85, 1.34) for the risk of any adenoma recurrence
(105/421 (25%) in placebo vs. 115/432 (27%) in folic acid group) and 0.98 (95% Cl 0.68, 1.40) for the risk of advanced adenoma
recurrence (52/421 in placebo vs. 52/432 in folic acid group). No evidence was found for an interaction between aspirin and
folic acid. The study was judged at low risk of bias (tier 1).

In the NHS/HPFS trial (Wu et al., 2009), participants were randomised to 1000 pg folic acid/day or placebo for an initial pe-
riod of 3years. About half of the participants consented to extend the treatment for a total of 5-6.5 years. Participants were
requested to report recent endoscopies on a yearly basis during follow-up; endoscopies performed =3 months after initiation
of trial and <12 months after completion of the trial were included. Of the 672 initially randomised, 475 (71%) reported fol-
low-up endoscopies and were included in the analysis. RRs were 0.87 (95% Cl 0.65, 1.16) for colorectal adenoma (72/238 [30%]
in placebo vs. 62/237 [26%] in folic acid group) and 1.03 (95% Cl 0.53, 1.98) for advanced adenoma (17/225 [8%)] in placebo vs.
16/221 [7%] in folic acid group). In stratified analyses, RRs for colorectal adenomas were 0.61 (95% Cl 0.42, 0.90) among partici-
pants with baseline plasma folate <7.5 ng/mL (17 nmol/L) and 1.28 (95% C1 0.82, 1.99) in those with plasma folate >7.5 ng/mL. In
a sensitivity analysis stratifying according to the time between start of trial and first endoscopy (24 months vs.>24 months),
associations were reported to be similar (data not shown). The study was judged at low risk of bias (tier 1).

2Rex, D. K., Ahnen, D. ., Baron, J. A,, Batts, K. P., Burke, C. A., Burt, R. W., Goldblum, J. R., Guillem, J. G., Kahi, C. J., Kalady, M. F,, et al. Serrated lesions of the colorectum:
review and recommendations from an expert panel. Am J Gastroenterology, 107(9), 1315-1329.

When the trial was planned, SSA/Ps were not distinguished from conventional adenoma. Accordingly, SSA/Ps (with and without dysplasia) were included among
‘advanced adenomas’ in the analysis by Cole et al. In the subsequent analysis, ‘advanced conventional adenomas’ and SSA/Ps were analysed separately.
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In the trial by Jaszewski et al. (2008), 137 participants were randomised to 5000 ug folic acid per day or a placebo for
3years, after which a follow-up colonoscopy was performed. A total of 70% (n=94) of the participants completed the
3years follow-up examination (n=49 in the intervention group; n=45 in the control group). The mean (£SD) number of
adenomas per patient was 0.36 £0.69 in the intervention group vs. 0.82 + 1.17 in the control group (p=0.03). The study was
judged at moderate risk of bias (tier 2).

The Panel notes that evidence from RCTs on the relationship between folic acid supplementation and risk of recurrence
of colorectal adenomas is inconsistent. Among the three studies judged to be at low risk of bias (tier 1), two trials reported
no association at doses of 500 ug/day for 3years (UKkCAP) and 1000 ug/day for up to 6.5years (NHS/HPFS), whereas the
AFPPS trial suggested a higher risk of adenoma recurrence, specifically SSA/P, with 1000 ug folic acid/day for up to 8years.
The size and precision of the trials were comparable, and the 95% Cls of the three trials overlap (Figure 10). Potential sources
of heterogeneity are difficult to identify in view of the low number of studies available.

The Panel notes that the diagnostic criteria for the classification of colorectal adenomas have evolved as research pro-
gressed, especially as insight was gained about the clinical relevance of sessile serrated lesions>° (WHO, 2000, 2010, 2019).
Before 2010, neoplastic serrated lesions were not well detected during endoscopy and were often interpreted as hyper-
plastic polyps (Crockett & Nagtegaal, 2019). Specific risks for conventional adenomas vs. sessile serrated lesions (SSA/Ps)
were only evaluated in the secondary analysis of the AFPPS trial (WHO, 2000, 2010, 2019). An increased risk with folic acid
supplementation was found for SSA/Ps (RR 1.94 (95% Cl 1.02, 3.68)), indicating that the increased risk of advanced adeno-
mas observed by Cole was mainly driven by this type of lesions.

The Panel considers that the available BoE from intervention studies is insufficient to conclude on a positive and causal
relationship between dietary intake of folate and risk of CRC. The Panel notes that all available evidence is on folic acid. No
comprehensive UA is performed.

34.3.2 | Observational prospective studies
LoE1. Standalone main: incidence/recurrence of colorectal cancer

Preliminary UA

Plasma/Serum (P/S) and RBC folate

Among the 14 studies which assessed P/S folate, 2 were PCs (Geijsen et al., 2020; Rossi et al., 2006) and 12 were NCCs
(Eussen etal., 2010; Glynn et al., 1996; Gylling et al., 2014; Kato et al., 1999; Le Marchand et al., 2005; Lee et al., 2012; Neuhouser
et al., 2015; Otani et al., 2008; Shrubsole et al., 2009; Takata et al., 2014; Van Guelpen et al., 2006; Weinstein et al., 2008). All
investigated incident CRC, except one which investigated recurrent CRC (Geijsen et al., 2020). The size of the PCs ranged
between 1988 and 2024 participants and of the NCCs between 474 and 3566 participants. The length of follow-up ranged
from 3.7 years (Geijsen et al., 2020) to 23 years (Rossi et al., 2006). The cohorts were based in Europe (n=6), USA (n=4), China
(n=2), Australia (n=1) and Japan (n=1). Three studies involved females only, three studies males only and eight studies
both males and females.

Four studies were at low risk of bias (tier 1) and nine studies at moderate risk of bias (tier 2) (Appendix B.2.2).

The evidence table is in Appendix C.2.2.a. Key study characteristics, together with the risk estimates and related 95%
Cls, are plotted in Figure 11.

*Since 2019, the WHO recommends use of the term sessile serrated lesion rather than sessile serrated adenoma, sessile serrated polyp or sessile serrated adenoma/polyp.
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Mand Sample N  Nevent Dur Exposure

Author Year Country fort Design size percat. per cat. Age (y) Sex ) ascertainment  Exposure (nmol/L) ~ Category OR/RR/HR OR/RRHR  95%~Cl RoB Tier
Effect size = OR

Neuhouser 2015 us Yes NCC 1915 514 274 67 15 Immunoassay 59 Quartile 1 1.00 2
Neuhouser 2015 Yes  NCC . 476 236 f Immunoassay 30,1 Quartile 2 084 [063;1.12] 2
Neuhouser 2015 Yes  NCC . 476 236 f Immunoassay 495 Quartile 3 — 098 [0.72;1.33] 2
Neuhouser 2015 Yes  NCC . 449 210 f Immunoassay 835 Quartile 4 = 091 [067;1.23] 2
Gylling (m) 2014 SE No NCC 405 129 39 597 m 108 Microbiological assay 22 Tertile 1 1.00 2
Gylling (m) 2014 No  NCC . 141 51 m Microbiological assay 77 Tertile 2 —— 1.30 [0.70;241) 2
Gylling (m) 2014 No  NCC . 135 45 m Microbiological assay 13,2 Tertile 3 —— 147 [061:225) 2
Gylling (f) 2014 SE No NCC 588 185 55 597 f 108 Microbiological assay 16 Tertile 1 1.00 2
Gylling (f) 2014 No  NCC . 209 78 f Microbiological assay 85 Tertile 2 — 1.83 [1.05:3.18] 2
Gylling (f) 2014 No  NCC . 194 63 f Microbiological assay 153 Tertile 3 4 1.56 [0.87:2.80] 2
Takata 2014 cN No NCC 868 275 192 63 m 8 Microbiological assay 6.1 Tertile 1 1. 1
Takata 2014 No  NCC . 300 192 m Microbiological assay 16 Tertile 2 e 1.38 [0.95:2.01] 1
Takata 2014 No  NCC . 293 191 m Microbiological assay 258 Tertile 3 1 1.33 [0.90;1.97] 1
LeMarchand 2009 us Yes NCC 630 161 63 70 mf 10 Immunoassay 104 Quartile 1 1. 2
LeMarchand 2009 Yes  NCC . 151 54 mif Immunoassay 286 Quartile 2 —— 091 [0.56;1.48] 2
LeMarchand 2009 Yes  NCC . 159 58 mif Immunoassay 47 Quartile 3 — 079 [044;1.41] 2
Le Marchand 2009 Yes NCC 159 48 mif Immunoassay 836 Quartile 4 —t 061[033;1.13] 2
Shrubsole 2009 cN No PCINCC 1491 492 96 NR f 9 Microbiological assay 9,1 Tertile 1 1.00 1
Shrubsole 2009 No PCINCC 491 95 f Microbiological assay 211 Tertile 2 —_ 1.00 [0.73;1.36] 1
Shrubsole 2009 No PCINCC 508 112 f Microbiological assay 332 Tertile 3 4 1.20 (082 1.75] 1
Otani (m) 2008 P No NCC 487 101 37 5 m 115 Immunoassay 46 Quartle 1 1.00 1
Otani (m) 2008 No  NCC 126 40 m Immunoassay 136 Quartile 2 — 070 037;1.31] 1
Otani (m) 2008 No  NCC 131 41 m Immunoassay 168 Quartile 3 —t 072 [039;1.33] 1
Otani (m) 2008 No  NCC . 129 45 m Immunoassay 236 Quartile 4 — 0.86 [0.46;1.62] 1
Otani (f) 2008 P No NCC 457 108 33 56 f 115 Immunoassay 129 Quartile 1 1.00 1
Otani (f) 2008 No  NCC . 130 56 f Immunoassay 168 Quartile 2 - 1.70 [0.95:3.05] 1
Otani (f) 2008 No  NCC . 109 33 f Immunoassay 20,8 Quartile 3 — 098 [0.53;1.81] 1
Otani (f) 2008 No  NCC . 10 38 f Immunoassay 295 Quartile 4 —t 1.00 [0.54;1.84] 1
Weinstein 2008 Fl No NCC 550 108 53 58 m 17 Immunoassay 57 Quintile 1 1.00 2
Weinstein 2008 No  NCC . 105 50 m Immunoassay 72 Quintile 2 — 081 [044;148] 2
Weinstein 2008 No  NCC . 122 67 m Immunoassay 86 Quintile 3 —— 110 (063 1.91] 2
Weinstein 2008 No  NCC . % 41 m Immunoassay 10 Quintile 4 — 069 [0.35;1.35] 2
Weinstein 2008 No  NCC . 19 64 m Immunoassay 129 Quintile 5 f— 1.07 [0.60;191] 2
van Guelpen (m) 2006 SE No NCC 273 43 7 59 m 42 Immunoassay 36 Quintile 1 1.00 2
van Guelpen (m) 2006 No  NCC . 60 24 m Immunoassay 6 Quintile 2 271 097,7.55] 2
van Guelpen (m) 2006 No  NCC . 56 20 m Immunoassay 75 Quintile 3 o Em— 181 [062527] 2
van Guelpen (m) 2006 No  NCC . 59 23 m Immunoassay 98 Quintile 4 o — 216 [0.74;6.33] 2
van Guelpen (m) 2006 No  NCC . 55 19 m Immunoassay 145 Quintile 5 R B— 1.78 [0.59;5.38] 2
van Guelpen (f) 2006 SE No NCC 380 70 20 59 f 42 Immunoassay 41 Quintile 1 1.00 2
van Guelpen (f) 2006 No  NCC 7 2 f Immunoassay 66 Quintile 2 —f— 147 (057;241] 2
van Guelpen (f) 2006 No  NCC 86 36 f Immunoassay 85 Quintile 3 +— 1.96 [0.94:4.09] 2
van Guelpen (f) 2006 No  NCC 79 28 f Immunoassay 13 Quintile 4 — 1.50 [0.70;3.21] 2
van Guelpen (f) 2006 No  NCC 68 18 f Immunoassay 166 Quintile 5 _— 097 [043;220] 2
Kato 1999 us No NCC 628 NR NR 616 f 9 Immunoassay 52 Quartle 1 1.00 2
Kato 1999 No  NCC NR  NR f Immunoassay 15,7 Quartile 2 — 067 [037;1.22] 2
Kato 1999 No  NCC NR  NR f Immunoassay 25,1 Quartile 3 —t 066 [0.36;1.21] 2
Kato 1999 No  NCC . NR  NR f Immunoassay 428 Quartile 4 — 052 [0.27;0.99] 2
Glynn (cc) 1996 Fi No NCC 266 NR 19 NR m 5t08 Immunoassay 46 Quartile 1 1.00 2
Glynn (cc) 1996 No  NCC . NR 15 m Immunoassay 76 Quartile 2 —_— 0.67 [0.30;1.50] 2
Glynn (cc) 1996 No  NCC . NR 31 m Immunoassay 10,2 Quartile 3 — 1.26 [0.57:2.78] 2
Glynn (cc) 1996 No  NCC . NR 26 m Immunoassay 15 Quartile 4 R 092 [042;201] 2
Glynn (rc) 1996 Fi No NCC 207 NR 12 NR m 5t08 Immunoassay 46 Quartile 1 1.00 2
Glynn (rc) 1996 No  NCC . NR 11 m Immunoassay 76 Quartile 2  — 1.88 [0.74:479] 2
Glynn (rc) 1996 No  NCC . NR 17 m Immunoassay 10,2 Quartile 3 —_ 1.78 [0.70;453] 2
Glynn (rc) 1996 No  NCC . NR 13 m Immunoassay 15 Quartile 4 R — 204 [081,514] 2
Effect size = RR

Lee 2012 us No NCC 1732 NR  NR 665 mif HPFS:16,PHS:18  Immunoassay NR Quartile 1 1.00 2
Lee 2012 No  NCC . NR  NR mif Immunoassay NR Quartile 2 —— 155 [1.14:2.11] 2
Lee 2012 No  NCC . NR  NR mif Immunoassay NR Quartile 3 e 1.37 [1.00;1.88] 2
Lee 2012 No  NCC . NR  NR mif Immunoassay NR Quartile 4 s 147 [1.07:201] 2
Eussen 2010 DK, SE, FR, GR, DE, ITNL,ES,UK No ~ NCC 3566 733 286 59 m/f 36 Microbiological assay 53 Quintite 1 1.00 1
Eussen 2010 No  NCC . 703 260 mif Microbiological assay 88 Quintile 2 L 3 1.02 [0.82127] 1
Eussen 2010 No  NCC 710 267 mif Microbiological assay 15 Quintile 3 o 1.08 [0.87;1.35] 1
Eussen 2010 No  NCC 660 222 mif Microbiological assay 15,7 Quintile 4 - 092 [0.72;147) 1
Eussen 2010 No  NCC 636 218 mif Microbiological assay 237 Quintile 5 - 094 [0.74;1.20] 1
Effect size = HR

Geijsen 2020 NL, AT, DE, US Yes PC 2024 675 84 66 mif 37 Liquid chromatography 3 Tertile 1 1.00 2
Geijsen 2020 Yes  PC 675 83 mit Liquid chromatography 159 Tertile 2 = 101 [0.74;137] 2
Geijsen 2020 Yes  PC . 674 91 mi Liquid chromatography 287 Tertile 3 e 1.14 [0.81:160] 2
Rossi 2006 AU No PC 1988 217 5 55 mif 23 Microbiological assay 34 Set categories 1.00 2
Rossi 2006 No  PC . 638 10 mif Microbiological assay 85 Set categories ————————— 050 [0.12;203] 2
Rossi 2006 No  PC . 489 14 mif Microbiological assay 19 Set categories  ———————— 0.76 [0.20;2.89] 2
Rossi 2006 No  PC . 644 12 mif Microbiological assay NR Set categories — 047 [0.16;1.38] 2

[ e e

02 05 1 5
Lower risk with folate Higher risk with folate

FIGURE 11 Observational studies on plasma/serum folate and incident/recurrent colorectal cancer, most adjusted RRs from PCs and NCCs.
Exposure values, age and duration correspond to the mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline;
(cc):incident colon cancer; (rc): incident rectal cancer; (m): men; (f): women; Rossi et al. and Kato et al. the cases denote CRC morbidity; Rossi et al.
presented values with the highest category as reference, which was converted; For Glynn et al., 1996, the risk estimates adjusted for matching
factors only is displayed; For Neuhouser et al. (2015), the plasma sampling period was between 1993 and 1998, thus before and after the introduction
of folate fortification; For Lee et al., 2012 the median levels of plasma folate across quartiles ranged between 9 and 40 nmol/L in the NHS, 7 and
25nmol/L in the HPFS and 5 and 25 nmol/L in the PHS. AT, Austria; AU, Australia; CN, China; DE, Germany; DK, Denmark; ES, Spain; Fl, Finland; FR,
France; GR, Greece; IT, Italy; JP, Japan; NL, The Netherlands; SE, Sweden; UK, United Kingdom; US, United States; pc, prospective cohort; ncc, nested
case—control study; Dur, duration; Mand fort, mandatory fortification; n per cat, number of participants per category; n event per cat, number of
events per category.

The findings across studies are inconsistent, with studies suggesting positive (five studies), null (six studies) or inverse
associations (three studies) between P/S folate and risk of incident/recurrent CRC (Figure 11). In the five studies suggesting
a positive association, a similar higher risk of CRC was found for all categories of P/S folate compared to the lowest category
and no indication of a dose-response was evident (Glynn et al., 1996; Gylling et al., 2014; Lee et al., 2012; Takata et al., 2014;
Van Guelpen et al., 2006).

Two US cohorts considered folate exposure after the introduction of mandatory fortification in 1998, thus including
participants with the highest folate exposure (P/S folate =60 nmol/L in the top quartiles) (Le Marchand et al., 2009;
Neuhouser et al., 2015). No evidence for a positive association was found after a follow-up duration of 10 and 15 years,
respectively.

In the two studies which assessed RBC folate in addition to P/S folate, no positive association with the risk of
CRC was found (findings between the two biomarkers were consistent) (Neuhouser et al., 2015; Rossi et al., 2006)
(Appendix C.2.2.a).

The Panel considers that the BoE from observational studies does not suggest a positive relationship between P/S folate
or RBC folate and risk of CRC over the range of exposures investigated in these studies.

P/S UFA
In a subgroup analysis, Geijsen et al. (2020) also investigated the association between UFA concentration and recurrent

CRC (median follow-up duration: 3.7 years) among participants from European and US cohort studies with detectable folic
acid (15% of all participants; median [IQR] 1.0 [0.7-1.9] nmol/L). A higher risk of CRC recurrence was observed for each
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two-fold increase in UFA (HR=1.31; 95% CI 1.02, 1.58). The HR was 1.86 (95% Cl 0.76,4.56) in the 2nd tertile (UFA 0.75-
1.46 nmol/L) and 3.12 (95% Cl 1.22, 8.00) in the 3rd tertile (UFA >1.46 nmol/L) as compared to the 1st tertile (UFA <0.75 nmo-
I/L). The study was judged at moderate risk of bias (tier 2).

In the NCC study within the NHS and HPFS cohorts, Cho et al. (2015) investigated the association between UFA concen-
tration, measured before the introduction of the mandatory fortification, and incident CRC (follow-up duration: 16 years
for HPFS and 20 years for NHS). UFA was detected in 21.4% of the control and 22.0% of the CRC case patients. Among those,
the median UFA level was 0.61 nmol/L in both control and case patients. Compared to individuals with undetectable folic
acid levels (254 cases/437 controls), the odds ratios (ORs) were 1.03 (95% Cl 0.73, 1.46) for participants with UFA concentra-
tion <0.5 nmol/L (233 cases/507 controls) and 1.12 (95% Cl 0.81, 1.55) for participants with UFA concentration >0.5 nmol/L
(131 cases/263 controls). The study was judged at moderate risk of bias (tier 2).

The Panel notes the low UFA concentrations in both studies. The Panel considers that the BoE available on a relationship
between UFA concentrations and risk of CRC is limited and insufficient to draw conclusions.

Dietary intake of folate/folic acid

A total of 23 studies investigated the relationship between dietary folate and risk of CRC. The exposure was assessed
as total folate intake (n=13), folate intake from natural sources and fortified foods (i.e. excluding intake from food supple-
ments; n=4), natural folate intake (n=16), folic acid intake (n=2) and supplemental folic acid intake (n=3), respectively.
Some studies reported findings on more than one of the aforementioned exposures.

Studies addressing natural folate intake provide no relevant information for the present evaluation (Akesson et al., 2023),
and are thus not further discussed below.

« Total folate intake

Among the 11 studies which investigated the relationship between total folate intake and incident CRC, 8 were PCs
(Flood et al., 2002; Gibson et al., 2011; Kim et al., 2010; Lee et al., 2011; Razzak et al., 2012; Roswall et al., 2010; Stevens
et al,, 2011; Wang, Wu, et al., 2021; Zhang et al., 2006; Zschabitz et al., 2013) and 3 were NCCs (Glynn et al., 1996; Kato
et al,, 1999; Le Marchand et al., 2005). Two additional articles included datasets which overlapped with the above-men-
tioned studies, i.e. Kim et al. (2010), which is a pooled analysis of individual PCs, 3 and Wang, Wu, et al. (2021), which in-
cluded a longer follow-up of the NHS cohort compared to Lee et al. (2011), but did not include the HPFS cohort.

The size of the PCs ranged between 35,216 and 322,206 participants, and of the NCCs between 140 and 2781 partici-
pants. The length of follow-up ranged from 5 to 8 years (Glynn et al., 1996) to 28 years (Wang, Wu, et al., 2021). The cohorts
were based in Europe (n=2), USA (n=9) or both (n=2). Six studies involved females only, one study males only and six
studies both males and females.

Food frequency questionnaires (FFQs) were used to assess total folate intake in all studies. Two studies included re-
peated measurements of dietary folate intake over the duration of follow-up (Lee et al., 2011; Wang, Wu, et al., 2021). The
median/mean total folate intake in the lowest categories of intake was between 36 and 268 ug/day and in the highest
categories of intake between 388 and 1417 ug/day.

Three studies were considered to be at low risk of bias (tier 1) and 10 studies at moderate risk of bias (tier 2)
(Appendix B.2.2).

*10ut of the seven cohorts included in the pooled analysis, five cohorts are included in the forest plot [(i.e. Breast Cancer Detection Demonstration Project (BCDDP)
Follow-up cohort (Flood et al., 2002); NHS and HPFS (Lee et al., 2011); Cancer Prevention Study Il (CPS-11) Nutrition Cohort (Stevens et al., 2011); WHI-OS (Zschébitz
etal, 2013) and two are not (unpublished data; Prospective Study on Hormones, Diet and Breast Cancer (ORDET); New York State cohort]).
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Mand Sample N N event Dur Exposure Intake

Author Year Country fort Design size per cat. per cat. Age(y) Sex (y) ascertainment Intake unit Category o] Ol 95%-Cl RoB Tier
Effect size = OR

Le Marchand 2005 us No NCC 2781 461 141 61 m/f NR FFQ 55 ug/d Tertile 1 1.00 1
Le Marchand 2005 No NCC . 440 123 m/f FFQ 457 pg/d Tertile 2 an 0.84 [0.62; 1.13] 1
Le Marchand 2005 No NCC . 453 119 m/f FFQ 858  ug/d Tertile 3 —— 0.69 [0.51; 0.94] 1
Kato 1999 NL, AT, DE, US  No NCC 628 66 f 9 FFQ 36 Hg/d Quartile 1 1.00 2
Kato 1999 No NCC . f FFQ 319 ug/d Quartile 2 — 0.92 [0.48; 1.75] 2
Kato 1999 No NCC f FFQ 520  ugid Quartile 3 —T 0.87 [0.45; 1.69] 2
Kato 1999 No NCC . f FFQ 837 g/ Quartile 4 —T 0.88 [0.46; 1.69] 2
Glynn (cc) 1996 Fl No NCC 245 29 NR m 5t08 Food use questionnaire 268  ug/d Quartile 1 1.00 2
Glynn (cc) 1996 No NCC . 17 m Food use questionnaire 308  ug/d Quartile 2 — 0.40 [0.16; 0.98] 2
Glynn (cc) 1996 No NCC . 19 m Food use questionnaire 337  pg/d Quartile 3 —_— 0.34 [0.13; 0.88] 2
Glynn (cc) 1996 No NCC . 21 m Food use questionnaire 388  pg/d Quartile 4 —_— 0.51 [0.20; 1.31] 2
Glynn (rc) 1996 Fl No NCC 140 14 NR m 5to8 Food use questionnaire 268  pg/d Quartile 1 1.00 2
Glynn (rc) 1996 No NCC 7 m Food use questionnaire 308  pg/d Quartile2 ~——————— 0.50 [0.11; 2.30] 2
Glynn (rc) 1996 No NCC . 17 m Food use questionnaire 337  ug/d  Quartile 3 _— 178 [0.42; 7.57) 2
Glynn (rc) 1996 No NCC . 12 m Food use questionnaire 388  ug/d  Quartile 4 _t 212 [0.43;1050] 2
Effect size = RR

Razzak 2012 us No PC 35216 8804 352 62 f 18 FFQ 150  pg/d Quartile 1 1.00 2
Razzak 2012 No PC . 8804 358 f FFQ 301 ug/d Quartile 2 Lol 1.04 [0.88; 1.23] 2
Razzak 2012 No PC . 8804 300 f FFQ 462 pg/d Quartile 3 - 0.91 [0.75; 1.11] 2
Razzak 2012 No PC . 8804 288 f FFQ 796 g/ Quartile 4 - 0.95 [0.76; 1.19] 2
Lee 2011 us Yes PC 135151 NR  m/f 24 FFQ 100  pg/d Quintile 1 ‘ 1.00 2
Lee 2011 Yes PC . m/f FFQ 325 g/ Quintile 2 L4 0.95 [0.81; 1.12] 2
Lee 2011 Yes PC . m/f FFQ 500  ug/d Quintile 3 0.90 [0.78; 1.04] 2
Lee 2011 Yes PC . m/f FFQ 700  ugid Quintile 4 0.84 [0.70; 1.00] 2
Lee 2011 Yes PC . m/f FFQ 999 ugrid Quintile 5 0.85 [0.67; 1.07] 2
Gibson 2011 us Yes PC 322206 145 62 mf 91 FFQ 100 pg/d Set categories 1.00 1
Gibson 2011 Yes PC . 773 m/f FFQ 250 pg/d  Set categories - 0.90 [0.75; 1.07] 1
Gibson 2011 Yes PC 1289 m/f FFQ 350 ug/d Set categories = 0.82 [0.69; 0.98] 1
Gibson 2011 Yes PC . 885 m/f FFQ 450  pg/d  Set categories = 0.75 [0.63; 0.90] 1
Gibson 2011 Yes PC . 483 m/f FFQ 550 ug/d Set categories = 0.75 [0.62; 0.90] 1
Gibson 2011 Yes PC . 641 m/f FFQ 650 ug/d Set categories = 0.77 [0.64; 0.92] 1
Gibson 2011 Yes PC . 949 m/f FFQ 750  ug/d Set categories = 0.75 [0.63; 0.89] 1
Gibson 2011 Yes PC . 704 m/f FFQ 850 ug/d Set categories L3 0.75 [0.62; 0.90] 1
Gibson 2011 Yes PC . 615 m/f FFQ 999  ug/d Set categories = 0.70 [0.58; 0.84] 1
Stevens 2011 us Yes PC 99523 19958 254 69 m/f 8 FFQ 246 DFE/d  Quintile 1 1.00 2
Stevens 2011 Yes PC . 19872 217 m/f FFQ 510 DFE/d  Quintile 2 L1 0.91 [0.75; 1.10] 2
Stevens 2011 Yes PC . 19900 201 m/f FFQ 814 DFE/d  Quintile 3 = 0.92 [0.76; 1.11] 2
Stevens 2011 Yes PC . 19871 178 m/f FFQ 1127 DFE/d  Quintile 4 - 0.86 [0.71; 1.05] 2
Stevens 2011 Yes PC . 19922 173 m/f FFQ 1417 DFE/d  Quintile 5 - 0.81 [0.66; 0.99] 2
Zhang 2006 us No PC 37916 38 54 f 101 FFQ 223 ugid Quintile 1 1.00 2
Zhang 2006 No PC . 46 f FFQ 288 g/ Quintile 2 —— 1.10 [0.71; 1.70] 2
Zhang 2006 No PC . 40 f FFQ 348 ugid Quintile 3 — 0.91 [0.58; 1.43] 2
Zhang 2006 No PC . 44 f FFQ 503  ug/d Quintile 4 — 0.97 [0.62; 1.52] 2
Zhang 2006 No PC 52 f FFQ 758 g/ Quintile 5 -1 1.16 [0.76; 1.78] 2
Flood 2002 us No PC 45264 9053 93 619 f 85 FFQ 122 pg/d Quintile 1 1.00 2
Flood 2002 No PC . 9053 93 f FFQ 221 pg/d  Quintile 2 —— 0.94 [0.70; 1.26] 2
Flood 2002 No PC . 9053 94 f FFQ 314 g/ Quintile 3 - 0.89 [0.66; 1.20] 2
Flood 2002 No PC . 9053 101 f FFQ 504  ug/d Quintile 4 — 0.97 [0.73; 1.29] 2
Flood 2002 No PC . 9052 109 f FFQ 892  ug/d Quintile 5 —-— 1.01 [0.75; 1.36] 2
Effect size = HR

Zschébitz 2013 us Yes PC 86820 21667 218 63 f 1" FFQ 121 DFE/d  Quartile 1 1.00 2
Zschébitz 2013 Yes PC . 21696 199 f FFQ 392 DFE/d  Quartile 2 L3 0.92 [0.76; 1.12] 2
Zschéabitz 2013 Yes PC . 21726 204 f FFQ 740 DFE/d  Quartile 3 e 0.96 [0.79; 1.16] 2
Zschabitz 2013 Yes PC . 21731 187 f FFQ 1336 DFE/d  Quartile 4 - 0.90 [0.74; 1.10] 2
Effect size = IRR

Roswall (cc) 2010 DK No PC 56332 56,2 mif 9to 13 FFQ 197 pg/d Quartile 1 1.00 2
Roswall (cc) 2010 No PC . m/f FFQ 312 ugid Quartile 2 —#7 0.83 [0.63; 1.10] 2
Roswall (cc) 2010 No PC m/f FFQ 396 ug/d Quartile 3 — 0.78 [0.57; 1.07] 2
Roswall (cc) 2010 No PC . m/f FFQ 533 g/ Quartile 4 —=— 0.67 [0.45; 0.99] 2
Roswall (rc) 2010 DK No PC 56332 56,2 m/f 9to 13 FFQ 203 g/ Quartile 1 1.00 2
Roswall (rc) 2010 No PC . m/f FFQ 323 g/ Quartile 2 —— 0.95 [0.67; 1.34] 2
Roswall (rc) 2010 No PC . m/f FFQ 412 pg/d Quartile 3 — 0.95 [0.64; 1.40] 2
Roswall (rc) 2010 No PC . m/f FFQ 560  ug/d Quartile 4 - 1.06 [0.67; 1.69] 2
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FIGURE 12 Total folate intake and incident colorectal cancer, most adjusted RRs from PCs and NCCs. Intake values, age and duration correspond
to the mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline; (cc): incident colon cancer; (rc): incident rectal cancer;
In Kato et al. the cases denote CRC morbidity; In Le Marchand et al., the values are for the CC genotype; For Lee et al. (2011), Zschdbitz et al. (2013)

and Gibson et al. (2011), mandatory fortification was considered as of 1998. Set categories refers to: Lee et al. (2011), Q1 (ref): <250; Q2: 250-<400;
Q3:400-<600; Q4: 600- < 800; Q5: =800 pg total folate/day, Gibson et al. (2011), Q1 (ref): <199; Q2: 200- < 299; Q3: 300- < 399; Q4: 400-<499; Q5:
500-<599; Q6: 600-<699; Q7: 700- < 799; Q8: 800—<899; Q9: =900 ng total folate/day. AT, Austria; DE, Germany; DK, Denmark; Fl, Finland; NL, The
Netherlands; US, United States; pc, prospective cohort; ncc, nested case—control study; Dur, duration; Mand fort, mandatory fortification, n per cat,
number of participants per category; n event per cat, number of events per category; DFE, dietary folate equivalent.

The evidence tables are in Appendix C.2.2.b and C.2.2.c. Key study characteristics, together with the risk estimates and
related 95% Cls, are plotted in Figure 12 (all studies except Kim et al. (2010) and Wang, Wu, et al. (2021)).

Four studies suggested an inverse association (Gibson et al., 2011; Le Marchand et al., 2005;Lee et al., 2011 ; Stevens
et al., 2011) and five studies found no association with incident colorectal cancer (Flood et al., 2002; Kato et al., 1999; Razzak
et al,, 2012; Zhang et al., 2006; Zschabitz et al., 2013). Glynn et al. (1996) and Roswall et al. (2010) reported a site-specific
association for the colon, but not the rectum (Figure 12).

No evidence for a positive relationship between total folate intake and risk of CRC was found in the additional analyses
by Kim et al. (2010) and Wang, Wu, et al. (2021) (see evidence table Appendix C.2.2.c).

Five US studies considered total folate intake after the introduction of mandatory fortification, thus including partici-
pants with the highest total folate intake (=800 ug/day in the top categories) (Gibson et al., 2011; Lee et al., 2011; Stevens
et al., 2011; Wang, Wu, et al., 2021; Zschabitz et al., 2013). No evidence for a positive association with the risk of CRC was
found after of 8-28 years follow-up, depending on the study.

The Panel considers that the BoE from observational studies does not suggest a positive relationship between total
folate intake and risk of CRC over the range of intakes investigated in these studies.

« Folate intake from natural sources and fortified foods

Four PCs investigated the relationship between folate intake from natural sources and fortified foods and incident CRC
(Gibson et al., 2011; Lee et al., 2011; Stevens et al., 2011; Zschabitz et al., 2013). The size of the cohorts ranged between 86,820
to 322,206 participants. The length of follow-up ranged from 8 (Stevens et al., 2011) to 24 years (Lee et al., 2011). All cohorts
were located in the USA and three involved both males and females, while one involved females only.
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FFQs were used to assess dietary folate intake in all studies. The median/mean folate intake from natural sources and
fortified foods were between 126 and 258 ug/day in the lowest categories of intake and between 434 and 599 ug/day in
the highest categories of intake.

One study was considered to be atlow risk of bias (tier 1) and three studies at moderate risk of bias (tier 2) (Appendix B.2.2).

The evidence tableisin Appendix C.2.2.c. Key study characteristics, together with the risk estimates and related 95% Cls,
are plotted in Figure 13.

Mand Sample N N event Dur  Exposure Intake

Author  Year Country fort Design size percat. per cat. Age (y) Sex (y) ascertainment Intake unit Category RR/HR RR/HR 95%~Cl RoB Tier
Effect size = RR

Lee 2011 US Yes PC 135151 NR  m/f 24 FFQ 200 g Quintile 1 1.00 2
Lee 2011 Yes PC . m/f FFQ 275  ug/d Quintile 2 T 1.07 [0.94; 1.22] 2
Lee 2011 Yes PC . m/f FFQ 350  ug/d Quintile 3 — . 1.02 [0.90; 1.16] 2
Lee 2011 Yes PC . m/f FFQ 450  ug/d Quintile 4 —— 1.00 [0.83; 1.21] 2
Lee 2011 Yes PC . m/f FFQ 599  ug/d Quintile 5 e i — 1.07 [0.82; 1.39] 2
Gibson 2011 us Yes PC 322206 NR 243 62 m/f 9,1 FFQ 100 pg/d Set categories 1.00 1
Gibson 2011 Yes PC . NR 1359 m/f FFQ 250  ug/d Set categories — 0.92 [0.80; 1.06] 1
Gibson 2011 Yes PC . NR 2389 m/f FFQ 350 ug/d Set categories —— 0.86 [0.75; 0.98] 1
Gibson 2011 Yes PC . NR 1605 m/f FFQ 450 pg/d Setcategories —+—— 0.81 [0.70; 0.93] 1
Gibson 2011 Yes PC . NR 629 m/f FFQ 550  ug/d Set categories — 0.86 [0.74; 1.00] 1
Gibson 2011 Yes PC . NR 259 m/f FFQ 699 pug/d Setcategories ——F—— 0.81 [0.67; 0.97] 1
Stevens 2011 us Yes PC 99523 19958 242 69 m/if 8 FFQ 251 ug/d Quintile 1 1.00 2
Stevens 2011 Yes PC . 19872 196 m/f FFQ 320 g Quintile 2 —— 0.85 [0.70; 1.03] 2
Stevens 2011 Yes PC . 19900 202 m/f FFQ 365  ug/d Quintile 3 — 8 0.89 [0.73; 1.08] 2
Stevens 2011 Yes PC . 19871 202 m/f FFQ 416 pg/d Quintile 4 —_— T 0.90 [0.74; 1.09] 2
Stevens 2011 Yes PC . 19922 181 m/f FFQ 504  ugid Quintile 5 ~———#———| 0.81 [0.66; 0.99] 2
Effect size = HR

Zschabitz 2013 US Yes PC 86820 21667 221 63 foon FFQ 126 DFE/d  Quartile 1 1.00 2
Zschabitz 2013 Yes PC . 21696 194 f FFQ 220 DFE/d  Quartile 2 — 0.86 [0.71; 1.05] 2
Zschabitz 2013 Yes PC . 21726 216 f FFQ 297 DFE/d  Quartile 3 — 0.96 [0.79; 1.16] 2
Zschabitz 2013 Yes PC . 21731 177 f FFQ 434 DFE/  Quartle4 ———*—— 0.83 [0.68; 1.01] 2

1
0.75 1 1.5

Lower risk with folate Higher risk with folate

FIGURE 13 Folate intake from natural sources and fortified foods and incident colorectal cancer, most adjusted RRs from PCs. Intake values, age
and duration correspond to the mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline; Set categories refers to: Lee
etal. (2011), Q1 (ref): <250; Q2: 250- < 400; Q3: 400-< 600; Q4: 600-< 800; Q5: =800 pg total folate/day; For Lee et al. (2011), Zschabitz et al. (2013) and
Gibson et al. (2011), mandatory fortification was considered as of 1998. US, United States; pc, prospective cohort; Dur, duration; Mand fort, mandatory
fortification; n per cat, number of participants per category; n event per cat, number of events per category.

There was no indication for an increased risk of CRC associated with higher folate intake from natural sources and forti-
fied foods in any of these studies (Figure 13).

The Panel considers that the BoE from observational studies does not suggest a positive relationship between folate
intake from natural sources and fortified foods and risk of CRC over the range of intakes investigated in these studies.

« Folic acid intake

Amongthe PCsreported above, five also analysed the association between intake of folic acid, either total (Lee et al., 2011;
Stevens et al., 2011) or from supplementation alone (Gibson et al., 2011; Roswall et al., 2010; Zschabitz et al., 2013), and risk
of CRC. In this subset, the size of the PCs ranged between 56,332 and 322,206 participants. The length of follow-up ranged
from 8 (Stevens et al., 2011) to 24 years (Lee et al., 2011). Four cohorts were based in the USA and one in Denmark. One study
involved females only, while the rest included both males and females.

One study was at low risk of bias (tier 1) and four studies at moderate risk of bias (tier 2) (Appendix B.2.2).

None of these studies support a positive relationship between folic acid intake (either total or from supplementation
only) and risk of CRC (evidence table in Appendix C.2.2.c; data not plotted).

LoET1. Conclusion on observational prospective studies

The Panel considers that the available BoE from observational studies does not suggest a positive relationship between
dietary folate intake and risk of CRC over the range of exposures investigated in these studies. No comprehensive UA is
performed.

LoE2. Standalone surrogate: incidence/recurrence of colorectal adenoma

Preliminary UA

P/S folate

Two prospective studies investigated the association between P/S folate and occurrence or recurrence of colorectal
adenomas (Appendix C.2.2.d). The study by Ding et al. (2016) is not further discussed as it compared the risk of colorectal
adenomas between subjects with P/S folate above or below 10 nmol/L, thus providing no relevant information for this
assessment.

Martinez et al. (2006) used data collected in 2125 US participants from two trials (Wheat bran fibre [WBF] trial and
Ursodeoxycholic Acid [UDCA] trial), who were followed-up for 2-3years. An inverse association between plasma folate

85U8017 SUOWIWOD SR 8|gedljdde ay) Ag pauienob ale sejone O ‘SN Jo sajni Joj Akeiqi auljuo AS|1/V\ UO (SUONIPUOD-PUR-SWLBIL0D A8 1M Alelq 1Bl |uoy/:Sdhy) SUOnIpUOD pue SWB | 8y} 8es *[7202/T0/70] uo Akeigiauliuo As|im euspolN A1sieAlun Aq £588'€202 eI (/062 0T/10p/Wod A3 imAleuq 1 jpuluo'es j9//:sdxy Wo.j pepeojumod ‘TT ‘€202 ‘ZELPTEST



TOLERABLE UPPER INTAKE LEVEL FOR FOLATE | 43 0f 119

at baseline and adenoma recurrence was observed across quartiles (OR 0.74 [95% Cl 0.56, 0.98] for the highest quartile
>15.4nmol/L vs. lowest <7.2 nmol/L; p-trend <0.01). The study was judged at moderate risk of bias (tier 2).

Dietary intake of folate/folic acid

A total of five studies investigated the relationship between dietary folate/folic acid and the risk of colorectal adenomas.
The exposure was assessed as total folate intake (n =5), folate intake from natural sources and fortified foods (i.e. excluding
intake from food supplements; n=1) and natural folate intake (n=3).

Evidence from studies addressing natural folate intake provides no relevant information for the present evaluation
(Akesson et al., 2023), and is thus not further discussed below.

« Total folate intake

Four studies investigated the association between total folate intake and adenoma recurrence (polyp prevention trial
[PPT] [Murphy et al., 2008]; polyp prevention study [PPS] [Baron et al., 1998]; WBF trial [Martinez et al., 2004]) or incidence
[NHS/HPFS [Lee et al., 2011]). Three were PCs and one NCC. In addition, He et al. (2018) reported further analyses of the NHS
and HPFS cohorts, adding data from the NHS Il cohort and investigating the risk of conventional adenomas and serrated
polyps separately.

The size of the cohorts ranged between 706 and 141,143 participants. The length of follow-up ranged from 3 to 24 years.
The studies were conducted in the USA and included both males and females.

FFQs were used to assess total folate intake in all studies. Two studies included repeated measurements of dietary folate
intake over the duration of follow-up (He et al., 2018; Lee et al., 2011). The median/mean total folate intake in the lowest cat-
egories of intake were between 100 and 243 pug/day and in the highest categories of intake between 391 and 999 ug/day.

The five studies were considered to be at moderate risk of bias (tier 2) (Appendix B.2.2).

The evidence tables are in Appendix C.2.2.e and Appendix C.2.2.f. Key study characteristics, together with the risk esti-
mates and related 95% Cls, are plotted in Figure 14 (all studies except [He et al., 2018]).

Mand Sample N N event Dur Exposure Intake
Author Year Country fort Design size percat. percat. Age(y) Sex (y) ascertainment Intake unit Category OR OR 95%-Cl RoB Tier
Effect size = OR
Lee 2011 us Yes PC 79652 NR NR NR  m/if 24 FFQ 100  pg/d  Set categories 1.00 2
Lee 2011 Yes PC . NR NR m/f FFQ 325 ug/d Set categories E o 0.97 [0.87; 1.08]
Lee 2011 Yes PC . NR NR m/f FFQ 500 ug/d Set categories — 0.93 [0.70; 1.23]
Lee 2011 Yes PC . NR NR m/f FFQ 700 pg/d Set categories Rk 0.75 [0.55; 1.03]
Lee 2011 Yes PC . NR NR m/f FFQ 999 pg/d Set categories — 0.73 [0.57; 0.94] .
Murphy 2008 US No PC 1658 414 166 61,16 m/f 10to 14 FFQ 113 pgid Quartile 1 1.00 2
Murphy 2008 No PC . 415 177 m/f FFQ 221 Hg/d Quartile 2 — 1.12 [0.83; 1.52] .
Murphy 2008 No PC . 415 150 m/f FFQ 360 pg/d Quartile 3 —T 0.88 [0.64; 1.21]
Murphy 2008 No PC . 414 153 mif FFQ 661 ug/d  Quartile 4 —— 0.91 [0.67; 1.23] .
Martinez 2004  US No PCC 1014 254 137 65 m/f 3 FFQ 135  pg/d Quartile 1 1.00 2
Martinez 2004 No PCC . 253 126 m/f FFQ 345 g/ Quartile 2 — 0.75 [0.52; 1.09]
Martinez 2004 No PCC . 254 119 m/f FFQ 540  pg/d Quartile 3 —_— 0.71 [0.48; 1.04]
Martinez 2004 No PCC . 253 113 m/f FFQ 914  pg/id Quartile 4 ——— 0.61 [0.42; 0.89] .
Baron 1998 US No PC 706 182 65 61 m/f 10to 14 FFQ 243 ug/d Quartile 1 1.00 2
Baron 1998 No PC . 178 69 m/f FFQ 338  ug/d Quartile 2 e 1.08 [0.69; 1.70]
Baron 1998 No PC . 175 64 m/f FFQ 366  pg/d Quartile 3 —_— 0.97 [0.61; 1.53]
Baron 1998 No PC . 171 61 m/f FFQ 391 pg/d Quartile 4 — e — 1.11 [0.69; 1.78]
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FIGURE 14 Total folate intake and incident/recurrent colorectal adenomas, most adjusted RRs from PCs and PCCs. Intake values, age and
duration correspond to the mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline; Set categories refers to Q1

(ref): <250; Q2: 250- < 300; Q3: 300- < 400; Q4: 400- < 500; Q5: =500 pg dietary folate/day. For Murphy et al. (2008), total folate intake estimate was
calculated as energy density-adjusted dietary folate + intake of folate from supplements as presented by the authors. For Lee et al. (2011), mandatory
fortification was considered as of 1998. pc, prospective cohort; pcc, case cohort study; Dur, duration; Mand fort, mandatory fortification; n per cat,
number of participants per category; n event per cat, number of events per category.

The available studies reported null (two studies; [Baron et al., 1998; Murphy et al., 2008]) or negative associations (two
studies; [Lee et al., 2011; Martinez et al., 2004] between total folate intake and the risk of colorectal adenomas (Figure 14).

In the additional analysis of the NHS, NHS II, HPFS cohorts, He et al. (2018) investigated the association between total
folate intake and the risk of conventional adenomas and serrated polyps (SPs) separately, over a follow-up of 18-20years.
Any diagnosis of polyps was reported by the participants every 2years and records of endoscopy and pathology were
reviewed by study investigators. SPs included hyperplastic polyps and mix/serrated adenomas, while conventional ade-
nomas included tubular, tubulovillous and villous adenomas, and adenomas with high-grade dysplasia. Mean +SD total
folate intake was 527 £ 212 ug/day. A higher risk of SPs was observed in all quartiles of total folate intake compared to the
lowest quartile, with no indication of a dose-response (OR for Q2=1.14 [95% Cl 1.07, 1.21]; Q3=1.08 [95% CI 1.01, 1.15];
Q4=1.04[95% C1 0.97, 1.11]). An inverse association was reported with conventional adenomas (OR for Q4 vs. Q1=0.93 [95%
C10.87,0.99]) (Appendix C.3.2). The study was considered to be at moderate risk of bias (tier 2).

The Panel considers that the BoE from observational studies does not suggest a positive relationship between total
folate intake and risk of colorectal adenomas over the range of intakes investigated in these studies.
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« Folate intake from natural sources and fortified foods

Lee et al. (2011) also analysed the association between folate intake from natural sources and fortified foods and risk of
colorectal adenoma. An inverse association comparing highest (=500 ug/day) versus lowest (<250 ug/day) categories (OR
0.71;95% Cl 0.59,0.85) was found. The study was judged at moderate risk of bias (tier 2).

LoE2. Conclusion on observational prospective studies

The Panel considers that the available BoE from observational studies does not suggest a positive relationship between
dietary folate intake and risk of colorectal adenomas over the range of exposure investigated in these studies. No compre-
hensive UA is performed.

34.3.3 | Animaldata
Several experiments in rodents have investigated the effect of dietary intake of folate on the risk of CRC. Supplemental
intake of folate was given in the form of folic acid.

In male Fischer 344 rats exposed to AOM as carcinogenic agent (Wargovich et al., 1996), the number of colonic aberrant
crypt foci (ACF) was found to be increased in the group receiving a diet containing 2.5 g folic acid/kg diet compared to
control, when supplemental intake of folic acid was initiated before the induction of neoplastic lesion. The opposite was
observed when supplemental intake of folic acid started after the induction of neoplastic lesion. There was no difference
between the group receiving a diet containing 5 g folic acid/kg diet and the control group under either of the conditions.
Notably, the doses of folic acid used in these experiments were >1000-2500 times rat basal dietary requirement (BDR) for
folate.

In male Sprague-Dawley rats, Kim et al. (1996) found a protective effect of supplemental intake of folic acid of 8000 ug/
kg diet compared to a folate-adequate (2000 ug/kg diet, i.e. rat BDR for folate) or a folate-deficient (0 pug/kg diet) diet for
30weeks on the development of colorectal macroscopic tumours induced by DMH (injected weekly from week 5 to 15)
as carcinogenic agent. At the highest dose tested of 40,000 ug/kg diet, no difference was found with the group receiving
the folate-adequate diet. In a later experiment in which folic acid dietary intervention was initiated for 28 weeks after the
induction of neoplastic lesion by AOM, the mean numbers of colorectal tumours, adenocarcinomas and ACF per animal
were not statistically significantly different in animals treated with folic acid at 2000, 5000 or 8000 pug/kg in the diet. Rectal
epithelial proliferation increased significantly with FA doses (Lindzon et al., 2009).

In another experiment in Apc”™ mice, a genetic murine model characterised by the spontaneous development of
small intestinal and colonic tumours, which were randomised to a folate-deficient (0 ug folic acid /kg diet), a folate-ade-
quate (2000 ug folic acid/kg diet) or diets containing either 8000 ug folic acid/kg diet or 20,000 ug folic acid/kg diet, Song
et al. (2000) found no effect of the ‘high’ folic acid diets compared to the folate-adequate on the risk of developing colonic
ACF, colorectal adenomas or small intestinal adenomas.

The Panel considers that evidence from animal experiments on an adverse effect of ‘high’ folate intake on the risk of CRC
is limited and inconclusive.

3434 | Mode of action

In the light of folate's role in nucleotide biosynthesis and DNA methylation processes (Section 3.2.3), hypotheses have been
formulated by which excess folate intake may have a dual effect in CRC risk, depending on the stage of cell transformation
at the time of the intervention. In normal colorectal epithelial cells, folate supplementation might prevent global DNA hy-
pomethylation and reduce the risk of neoplastic transformation by ensuring genomic stability and integrity. An opposite
effect might be induced in transformed colorectal epithelial cells, by providing nucleotide precursors for proliferation and
growth of neoplastic cells, and/or by inducing de novo methylation of the promoter CpG island of cancer-related genes,
thereby altering gene expression and promoting tumour progression (Kim, 2016; Pieroth et al., 2018). Notably, FRs, which
can transport folate into cells via endocytosis (Section 3.2.2), are often overexpressed in cancer cells. FRs are now being
used as target molecules in the development of anti-cancer drugs and in the delivery of drugs to cancer tissues (Scaranti
et al., 2020). FRa has been found to be more frequently expressed in colon carcinoma compared to normal colonic tissue
or adenomas (Shia et al., 2008).

The Panel notes that the fundamental role of folate in one-carbon metabolism provides several potential pathways by
which folate might affect cancer development. These are intricate pathways, subject to complex modulatory mechanisms
and potentially affected by numerous factors (e.g. nutrition, environment, genetics). Further research is required to better
understand the biological processes involved in CRC development and how they might be affected by the folate body
pool.

3.4.3.5 | Overall conclusions on colorectal cancer
The Panel considers that the available BoE is insufficient to conclude on a positive and causal relationship between high
dietary intake of folate and risk of CRC.
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344 | Riskof prostate cancer

For the risk of prostate cancer, studies addressing the incidence of prostate cancer are included in the standalone main LoE.
A systematic review of the literature was conducted (see protocol in Annex A). The flow chart is provided in Appendix A.2.
An overview of the eligible studies retrieved is provided in Table 10.

TABLE 10 Outcome of the systematic search on folate and prostate cancer

(sQ30).
LoE Endpoints RCTs PCs/NCCs
LoE1. Standalone Incidence of prostate ~ 2° 14
(main) cancer P/S folate: 7

RBC folate: 1°
Dietary intake of
FA/folate: 7

Abbreviations: FA, folic acid; LoE, line of evidence; NCC, nested case—control; P/S, plasma/
serum; PC, prospective cohort; RBC, red blood cell; RCT, randomised controlled trial.

*The two papers (Figueiredo et al., 2009; Passarelli et al., 2019) addressed the AFPPS trial.
POne study assessing P/S folate also assessed RBC.

3.4.4.1 | Intervention studies
LoE1. Standalone main: incidence of prostate cancer

Preliminary UA

One eligible RCT, i.e. the AFPPS, was identified (Figueiredo et al., 2009) (Appendix C.3.1). The design of the trial has been
described above (Section 3.4.3.1). Participants were randomised to 1000 ug folic acid/day (with or without aspirin) or a pla-
cebo (with or without aspirin) for 3years (first follow-up). Then, 71.4% of participants voluntarily continued the folic acid/
placebo intervention for an additional 3-5years. While on treatment, medical events, including illnesses and hospitalisa-
tions, were reported by participants through a questionnaire sent every 4 months. Cancer cases were centrally adjudicated
based on medical records and diagnosis was confirmed by histopathology. A total of 643 males were included in the anal-
ysis (N=316 in control group and N=327 in folic acid group). The mean Gleason score (available for all subjects) was 6.4
(SD=1.1) and did not differ between treatment groups. Information on the clinical stage was not available for all cases. A
total of 25 cases (9.7%) of prostate cancer were reported in the folic acid group versus 9 (3.3%) in the control group during
follow-up (median [IQR] follow-up duration: 7 [6-7.8] years). The HRs were 2.63 (95% Cl 1.23, 5.65) after adjustment for age,
and 2.58 (1.14, 5.86) after further adjustment for aspirin treatment group, alcohol use, baseline multivitamin use and base-
line plasma levels of vitamins B2, B6 and cobalamin. The study was judged at low risk of bias (tier 1) (Appendix B.3.1). When
including the additional cases identified during the post-trial surveillance period which followed the termination of the
study, a total of 35 men (11%) in the folic acid group developed prostate cancer compared with 22 men (7%) in the control
group (Passarelli et al., 2019).

The Panel notes that the BoE is limited to one intervention study in which prostate cancer was recorded among poten-
tial adverse events.

The Panel considers that the available BoE from intervention studies is insufficient to conclude on a positive and causal
relationship between dietary intake of folate and risk of prostate cancer. The Panel notes that the available evidence is on
folic acid. No comprehensive UA is performed.

34.4.2 | Observational prospective studies
LoE1. Standalone main: incidence of prostate cancer

Preliminary UA

P/S and RBC folate

Among the seven studies which assessed P/S folate, two were PCs (Essén et al., 2019; Rossi et al., 2006) and five were
NCCs (Beilby et al., 2010; de Vogel et al., 2013; Hultdin et al., 2005; Johansson et al., 2008; Weinstein et al., 2003). All investi-
gated incident prostate cancer. The size of the PCs ranged between 964 and 8783 participants and of the NCCs between
306 and 6000 participants. The length of follow-up ranged from 4.9 years (Hultdin et al., 2005) to 23 years (Rossi et al., 2006).
In two studies the duration was not reported (de Vogel et al., 2013; Weinstein et al., 2003). The studies were based in Europe
(n=>5) and Australia (n=2).

Three studies were at low risk of bias (tier 1) and four studies at moderate risk of bias (tier 2) (Appendix B.3.2).

The evidence table is in Appendix C.3.2.a. Key study characteristics, together with the risk estimates and related 95%
Cls, are plotted in Figure 15.
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Mand . Sample N N event Dur Exposure o RoB
Author Year Country fort Design sizs percat percat Age (y) Sex % ascertainment Exposure (nmol/L) Category OR/RR/HR OR/RR/HR [95%-CI] Tier

Effect size = OR

de Vogel 2013 NO No NCC 6000 1162 585 49.1 NR Pabg equivalents 9.1 Quintile 1

m J 1
de Vogel 2013 No NCC 1167 566 m Pabg equivalents 1.8 Quintile 2 o 0.92 [0.78; 1.09] 1
de Vogel 2013 No NCC - 1152 556 m Pabg equivalents 13.7 Quintile 3 R 0.92 [0.77; 1.09] 1
de Vogel 2013 No NCC - 1204 590 m Pabg equivalents 16 Quintile 4 + 0.94 [0.80; 1.12] 1
de Vogel 2013 No NCC - 1315 703 m Pabg equivalents 20.2 Quintile 5 - 1.15 [0.97;1.37] 1
Beilby 2010 AU No NCC 306 103 33 69.5 m 14 Immunoassay 34 Tertile 1 1.00 2
Beilby 2010 No NCC - 102 32 m Immunoassay 11.4 Tertile 2 e 1.10 [0.57;2.11] 2
Beilby 2010 No NCC - 101 27 m Immunoassay 19.5 Tertile 3 —_— 1.09 [0.48; 2.46] 2
Hultdin 2005 SE No NCC 761 190 60 58.2 m 49 Immunoassay 4 Quartile 1 1.00 1
Hultdin 2005 No NCC - 192 58 m Immunoassay 68 Quartile 2 —_— 0.78 [0.46; 1.32) 1
Hultdin 2005 No NCC - 191 58 m Immunoassay 9 Quartile 3 —_— 0.76 [0.44; 1.31] 1
Hultdin 2005 No NCC - 188 7 m Immunoassay 129 Quartile 4 - 1.30 [0.74; 2.24] 1
Weinstein 2003 Fl No NCC 678 174 56 NR m NR Immunoassay 5.1 Quartile 1 1.00 2
Weinstein 2003 No NCC - 164 55 m Immunoassay 7.8 Quartile 2 -1 1.10 [0.69; 1.75] 2
Weinstein 2003 No NCC - 166 52 m Immunoassay 9.7 Quartile 3 o 1.04 [0.64; 1.67] 2
Weinstein 2003 No NCC - 174 61 m Immunoassay 129 Quartile 4 -T— 1.20 [0.74; 1.94] 2
Effect size = RR
Johansson 2008 DE, GR, IT, NL, ES, SE, UK No NCC 2005 346 17 59 m 14 Microbiological assay 29 Quintile 1 1.00 1
Johansson 2008 No  NCC - 351 119 m Microbiological assay 58 Quintile 2 —— 102 [0.74;1.39] 1
Johansson 2008 No NCC = 391 162 m Microbiological assay 8.3 Quintile 3 - T 1.18 [0.84; 1.66] 1
Johansson 2008 No NCC = 483 250 m Microbiological assay 13.2 Quintile 4 —— 1.62 [1.12;2.34] 1
Johansson 2008 No NCC - 434 207 m Microbiological assay 232 Quintile 5 T 1.30 [0.88; 1.93] 1
Effect size = HR
Essén 2019 SE No PC 8783 65 6 64 m 13 Immunoassay NR Low NA 2
Essén 2019 No PC - 8030 646 m Immunoassay 18.5 Normal 1.00 2
Essén 2019 No PC - 688 51 m Immunoassay NR High — 0.73 [0.48; 1.10] 2
Rossi 2006 AU No PC 964 96 10 55 m 23 Microbiological assay 34 Set categories 1.00 2
Rossi 2006 No PC - 298 16 m Microbiological assay 85 Set categories —_— 0.52 [0.17; 1.55] 2
Rossi 2006 No PC - 256 9 m Microbiological assay 19 Set categories ——————— 023 [0.07;0.75] 2
Rossi 2006 No PC - 314 17 m Microbiological assay NR Set —— 0.40 [0.17;0.92] 2

T T T 1
0.1 05 1 2 10

Lower risk with folate Higher risk with folate

FIGURE 15 Observational studies on plasma/serum folate and incident prostate cancer, most adjusted RRs from PCs and NCCs. Exposure
values, age and duration correspond to the mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline; Hultdin et al.
assessed plasma; Johansson et al. assessed both plasma and serum; Rossi et al. presented values with the highest category as reference, which was
converted. AU, Australia; DE, Germany; ES, Spain; Fl, Finland; GR, Greece; IT, Italy; NL, The Netherlands; NO, Norway; SE, Sweden; UK, United Kingdom;
pc, prospective cohort; ncc, nested case—control study; pcc, case cohort study; Dur, duration; Mand fort, mandatory fortification; n per cat, number of
participants per category; n event per cat, number of events per category; NA, not applicable.

Five studies found no association between P/S folate and risk of prostate cancer (Beilby et al., 2010; de Vogel et al., 2013;
Essén et al., 2019; Hultdin et al., 2005; Weinstein et al., 2003), while one study found an inverse association (Rossi et al., 2006)
and one suggested a positive association in the highest quartiles of plasma folate (Johansson et al., 2008) (Figure 15). None
of the studies included participants in settings with mandatory folate fortification. The mean/median P/S folate in the top
categories were between 13 and 23 nmol/L.

In the only study which assessed RBC folate in addition to P/S folate, no association was found (Rossi et al., 2006)
(Appendix C.3.2.a).

The Panel considers that the BoE does not suggest a positive relationship between P/S folate or RBC folate and risk of
prostate cancer.

Dietary intake of folate/folic acid

A total of seven studies investigated the relationship between dietary folate/folic acid and prostate cancer risk. The
study by (Tomaszewski et al., 2014) is not further discussed as it compared the risk of recurrent prostate cancer in subjects
in the lowest decile of folate intake compared to the combined 2nd to 10th deciles (taken as reference category), thus pro-
viding no relevant data for this assessment.

The exposure was assessed as total folate intake (n=3), folate intake from natural sources and fortified foods (i.e. exclud-
ing intake from food supplements; n=1), natural folate intake (n=4) and supplemental folic acid intake (n=1). Some studies
reported on several exposure variables.

Studies addressing natural folate intake provide no relevant information for the present evaluation (Akesson et al., 2023),
and are thus not further discussed below.

. Total folate intake

Three PCs studies investigated the relationship between total folate intake and incidence of prostate cancer (Roswall
et al., 2013; Stevens et al., 2006; Weinstein et al., 2006). The studies included between 26,856 and 65,836 participants. The
length of follow-up ranged from 5 years (Weinstein et al., 2006) to 14.3years (median value; [Roswall et al., 2013]). The co-
horts were based in Europe (n=2) and the USA (n=1).

FFQs were used to assess total folate intake in all studies. The median/mean total folate intake in the lowest categories
of intake were between 179 pg/day and 254 ug/day and in the highest categories of intake between 415 pug/day and 910 ug/
day.

One study was at low risk of bias (tier 1) and two studies at moderate risk of bias (tier 2) (Appendix B.3.2).

The evidence table is in Appendix C.3.2.b. Key study characteristics, together with the risk estimates and related Cls, are
plotted in Figure 16.
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Mand . Sample N N event Dur Exposure Intake o RoB

Author Year Country fort Design size  percat. percat. Age (y) Sex (y) ascertainment Intake unit Category OR/RR/HR OR/RR/HR [95%-CI] Tier
Effect size = RR

Weinstein 2006 FI No PC 27111 NR 256 58 m 5to8 FFQ 254 Hg/d  Quintile 1 1.00 1
Weinstein 2006 No PC - NR 242 m FFQ 298 Hg/d  Quintile 2 —— 0.91 [0.77; 1.09] 1
Weinstein 2006 No PC - NR 263 m FFQ 328 Hg/d  Quintile 3 —_—— 1.00 [0.84;1.19] 1
Weinstein 2006 No PC - NR 250 m FFQ 360 Hg/d  Quintile 4 — 0.95 [0.80; 1.13] 1
Weinstein 2006 No PC - NR 259 m FFQ 415 Hg/d  Quintile 5 — 0.96 [0.81;1.15] 1
Stevens 2006 us No PC 65836 13143 902 NR m 8to9 FFQ 179 Mg/d  Quintile 1 1.00 2
Stevens 2006 No PC - 13246 1070 m FFQ 260 Hg/d  Quintile 2 —— 1.12 [1.02; 1.22] 2
Stevens 2006 No PC - 13201 1085 m FFQ 328 Hg/d  Quintile 3 (—— 1.11 [1.01;1.22] 2
Stevens 2006 No PC - 13153 1009 m FFQ 505 Hg/d  Quintile 4 i 1.06 [0.96; 1.16] 2
Stevens 2006 No PC - 13093 1092 m FFQ 910 Mg/d  Quintile 5 [~ 1.11 [1.01; 1.22] 2
Effect size = HR

Roswall 2013 DK No PC 26856 NR NR 57 m 17 FFQ 220 Hg/d  Quartile 1 1.00 2
Roswall 2013 No PC - NR NR m FFQ 340 Hg/d  Quartile 2 — 0.89 [0.77;1.03] 2
Roswall 2013 No PC - NR NR m FFQ 424 Hg/d  Quartile 3 —— 0.99 [0.84;1.17] 2
Roswall 2013 No PC - NR NR m FFQ 556 Hg/d  Quartile 4 — 0.87 [0.71;1.07] 2

r 1
05 1 2

Lower risk with folate Higher risk with folate

FIGURE 16 Total folate intake and incident prostate cancer, most adjusted RRs from PCs. Intake values, age and duration correspond to the
mean/median of each category; mandatory fort, yes/no: reflects policy status at baseline. DK, Denmark; Fl, Finland; US, United States; pc, prospective
cohort; Dur, duration; Mand fort, mandatory fortification; n per cat, number of participants per category; n event per cat, number of events per
category.

Of the three studies which investigated the relationship between total folate intake and incident prostate cancer, two
reported null associations and one reported a higher risk of prostate cancer in all quartiles of intake compared to the lowest
quartile, with no indication of a dose-response (Stevens et al., 2006) (Figure 16).

The Panel considers that the BoE does not suggest a positive relationship between total folate intake and risk of prostate
cancer.

- Folate intake from natural sources and fortified foods

Stevens et al. (2006) also analysed the association between folate intake from natural sources and fortified foods and
risk of prostate cancer. Taking the lowest quintile of intake as referent category (<204 pg/day), the RR in the 5th quintile
(=347 pg/day) was 1.03 (95% Cl 0.94, 1.13), with similar RRs in the other quintiles (Appendix C.3.2.b). The study was judged
at moderate risk of bias (tier 2) (Appendix B.3.2).

- Folic acid intake

Roswall et al. (2013) also investigated the relationship between supplemental intake of folic acid and prostate cancer risk
(Appendix C.3.2.b). This PC study included 26,856 participants, had a median follow-up of 14.3years, and was conducted
in Denmark. Supplement use was assessed through open-ended questions on brands, doses and consumption frequency.
The median (5-95th percentiles) supplemental folic acid intakes, among users, were 100 (11.9-250) pg/day. The HRs for the
4th quartile (>133.2 ug/day supplemental folic acid intake) versus 1st quartile (no supplemental folic acid intake) was 0.93
(95% C1 0.73, 1.17). The study was judged at moderate risk of bias (tier 2).

Conclusion. The Panel considers that the available BoE from observational studies does not suggest a positive relationship
between dietary folate intake and the risk of prostate cancer over the range of exposures investigated in these studies. No
comprehensive UA is performed.

3443 | Animaldata

Male mice of the transgenic adenoma of the mouse prostate (TRAMP) model, which spontaneously develops prostate tu-
mours following the onset of puberty, were randomised to a folate adequate diet (2000 jg/kg diet), a folate-deficient diet
(300 ng/kg diet) and a folic acid-supplemented diet (20,000 pg/kg diet) between 3 and 22 weeks of age (Bistulfi et al., 2011).
No effect of the ‘high’ folic acid diet compared to the folate-adequate diet was found on the development of prostate
cancer.

In a further experiment in male mice, the CWR22 human xenograft model was used to investigate the effect of
dietary folate on prostate cancer recurrence (Affronti et al., 2017). Engrafted mice were fed a folate-adequate diet
(2000 pg/kg diet), a folate deficient diet (200 pg/kg diet) and a folic acid-supplemented diet (20,000 pg/kg diet), begin-
ning at androgen withdrawal or prior to xenograft injection. Under both conditions, the percent of animals with pros-
tate cancer recurrence was lower in the group fed the folic acid-supplemented diet compared to the group receiving
folate adequate diet.

The Panel considers that evidence from animal experiments is limited and does not support an adverse effect of ‘high’
folate intake on the risk of prostate cancer.

3444 | Mode ofaction

As discussed in relation to CRC (Section 3.4.3.4), the Panel notes that the fundamental role of folate in one-carbon metabo-
lism provides several potential pathways by which folate might affect cancer development. These are intricate pathways,
subject to complex modulatory mechanisms and potentially affected by numerous factors (e.g. nutrition, environment,
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genetics). Further research is required to better understand the biological processes involved in prostate cancer develop-
ment and how they might be affected by the folate body pool.

3.4.4.5 | Overall conclusions on prostate cancer
The Panel considers that the available BoE is insufficient to conclude on a positive and causal relationship between high
dietary intake of folate and risk of prostate cancer.

34.5 | Riskof cancer at other sites

At the time of protocol development for the assessment, colorectal cancer and prostate cancer were identified to provide
the strongest available evidence for a relationship between folate and risk of cancer (Annex A) (Maruvada et al., 2020;
National Toxicology Program, 2015). Thus, these two sites were prioritised and no systematic reviews have been conducted
on the risk of cancer occurring at other sites. Instead, a narrative overview of the evidence, based on recent systematic
reviews and meta-analyses, is provided below.

3.4.51 | Randomised controlled trials
Several systematic reviews have assessed the evidence from RCTs on the effect of folate supplementation on overall and
site-specific cancer incidence or mortality (Qin et al., 2013; Vollset et al., 2013; Wien et al., 2012).

A total of 15 individual RCTs, published between 2004 and 2014, were identified across these reviews, of which 12 were
designed for the prevention of cardiovascular disease (CVD) and three for the prevention of colorectal adenomas. Fourteen
trials used folic acid with daily doses ranging between 500 and 50,000 ug and one trial used MTHF at a dose of 560 ug per
day. Trial durations ranged between 2 and 8years. All of the CVD trials used supplemental folate in combination with other
nutrients (i.e. cobalamin [n=2]; cobalamin and vitamin B6 [n=9]; cobalamin and vitamin B6 and fatty acids [n=1]).

The meta-analyses by Qin et al. (2013), Vollset et al. (2013) and Wien et al. (2012) combined largely overlapping bodies
of evidence (Appendix E). However, Qin et al. (2013) and Wien et al. (2012) conducted meta-analyses of summary esti-
mates of individual trials, while Vollset et al. (2013) used individual data collected through the B-Vitamin Treatment Trialists'
Collaboration. Pooled RRs for overall cancer risk were similar: the pooled RRs were 1.06 (95% Cl 0.99, 1.13) based on 13 stud-
ies, 1.05 (95% C1 0.99, 1.11) based on 13 studies and 1.07 (95% Cl 1.00, 1.14) based on 10 studies in the respective analyses of
Vollset et al. (2013), Qin et al. (2013) and Wien et al. (2012). With respect to total cancer mortality, pooled RRs of 1.02 (95% Cl
0.90, 1.15) based on six trials and 1.09 (95% Cl 0.92, 1.30) based on five studies (561/15,408 vs. 573/16,919) were estimated by
Wien et al. and Qin et al., respectively.

The most recent review by O'Connor et al. (2021) had a narrower scope, i.e. was restricted to trials using folic acid alone
or in combination with cobalamin; also, it excluded trials using doses above the current UL or which involved % individ-
uals with active/current CVD, diabetes mellitus or cancer. As compared to the previous reviews, one additional trial, the
B-Vitamins for the Prevention Of Osteoporotic Fractures (B-PROOF), published in 2014, was identified. Three trials (AFPPS,
NHS/HPPS and B-PROOF) were eligible for the meta-analysis on total cancer incidence, with a pooled RR of 1.42 (95% Cl
1.10, 1.84).

Regarding site-specific cancers (other than prostate and CRC which were discussed above), no evidence was found
for an increased risk of cancer at any site in the folic acid groups compared to the control groups, in any of the reviews
(O'Connor et al., 2021; Qin et al., 2013; Vollset et al., 2013; Wien et al., 2012). The number of cases for each cancer type were
limited.

The Panel notes that the majority of the trials used supplemental folate in combination with other nutrients (i.e. B-vitamins)
and concomitant effects cannot be excluded. Only three trials used folic acid alone, i.e. the AFPPS, NHS/HPPS and UkCAP
trials. These trials, which are discussed above with respect to prostate cancer and colorectal cancer (Section 3.4.3), did not
report increased cancer risk at other sites (Cole et al., 2007; Logan et al., 2008; Passarelli et al., 2019; Wu et al., 2009).

3.4.5.2 | Evidence from observational prospective studies

A number of systematic reviews and meta-analyses have also reviewed observational studies which investigated the as-
sociation between dietary folate intake (using P/S folate as biomarker of intake or estimated through dietary assessment
methods) and incidence of cancer at specific sites, i.e. pancreatic cancer, oesophageal cancer, gastric cancer, breast cancer,
lung cancer, ovarian cancer, endometrial cancer, urothelial cancer and skin cancers. The most recent systematic reviews
and meta-analyses of observational studies of prospective design (i.e. PCs or NCCs), as well as pooled analyses, are tabu-
lated in Appendix F.

Most of the individual studies included in these reviews reported null or negative associations, while the direction of the
association with folate/folic acid intake or folate status was positive in some studies addressing pancreatic cancer (2 out of
10 studies [Keszei et al., 2009; Schernhammer et al., 20071), breast cancer (1 out of 21 studies, (Kim et al., 2016), lung cancer (1
out of 9 studies, Kabat et al., 2008), endometrial cancer (1 out of 5 studies, Uccella et al., 2011), urothelial carcinoma (2 out of
10 studies, Bassett et al., 2019; Michaud et al., 2002), basal cell carcinoma (2 out of 2 studies, van Dam et al., 2000; Fung et al,
2002) and overall skin cancer risk (1 out of 1 study, Donnenfeld et al., 2015) (Appendix F). The Panel notes the imprecision of
the risk estimates in these studies (low number of cases). The Panel also notes that, in all studies, individuals included in the
referent categories had folate intake or plasma/serum concentrations indicative of an inadequate intake/status.
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The Panel notes that evidence for a positive relationship between 'high’ folate/folic acid intake or folate status and risk
of cancer at these sites is scarce. Further investigation of the relationship between high folate intake and the risk of cancer
is needed.

34.6 | Otheradverse health effects

3.4.6.1 | Riskofinsulin resistance
In a systematic review of human studies and animal experiments which investigated the effect of maternal folate/folic acid
intake during pregnancy on the risk of insulin resistance in offspring, Xie et al. (2016) retrieved one RCT, two PCs and four
studies in rodents. The RCT involved Nepalese women who received supplementation with folic acid (400 pg/day, alone
or in combination with other nutrients) during pregnancy (Stewart et al., 2009). No effect of folic acid supplementation
or maternal folate status during pregnancy were found on homeostasis model assessment-estimated insulin resistance
(HOMA-IR) measured in their children at ages 6-8years. In a sub-group analysis, an increased HOMA-IR was found in chil-
dren born to mothers with cobalamin concentration below 148 pmol/L during pregnancy as compared with those children
born to mothers with cobalamin concentration above this threshold, while no association between maternal folate status
and HOMA-IR was observed (Stewart et al., 2011). In two PCs in India, higher RBC folate concentration at 28 weeks of gesta-
tion was positively associated with HOMA-IR in the offspring at age of 6 years (Yajnik et al., 2008), while no association was
found between maternal plasma folate and this outcome when measured in their children at 5 years of age and a positive
association was reported when assessed at 9years of age (Krishnaveni et al., 2014). Data from animal experiments were
inconsistent (Cho et al., 2013; Hoile et al., 2012; Huang et al., 2014; Sinclair et al., 2007).

In a RCT among children with overweight or obesity, supplemental folic acid in doses up to 5000 pg/day for 8 weeks was
reported to decrease insulin resistance, measured using HOMA-IR (Dehkordi et al., 2016).

The Panel notes that evidence on the association between folate/folic acid intake and risk of insulin resistance is limited
and inconsistent.

The Panel considers that the available evidence on the relationship between dietary intake of folate intake and risk of
insulin resistance cannot be used for establishing a UL for folate.

34.6.2 | Impairedimmune function

In a cross-sectional analysis among US women, reduced nature killer (NK) cytotoxicity was observed among those who
consumed folic acid supplements >400 pg/day in addition to a diet supplying >233 pg/day, compared to those who did not
consume supplements or lower supplemental doses (Troen et al., 2006). Lower NK cytotoxicity was found among women
in the top tertile of UFA concentration (>3 nmol/L) vs. bottom tertile (<1.7 nmol/L). Paniz et al. (2017) reported a reduction in
absolute NK cell count and their cytotoxicity capacity in Brazilian adults supplemented with 5000 pg folic acid per day for
90days. The Panel notes that this trial was uncontrolled.

In mice experiments, reduced survival to infection, decreased numbers of splenocytes, total T cells and specific T and
NK cells, and lower NK cell cytotoxicity have been found in animals fed high folic acid diet (10-20 times the basal folate
requirement) compared to the those on control diet (Meadows et al., 2015; Sawaengsri et al., 2016).

The Panel notes that evidence on an effect of folate/folic acid intake on immune function is limited.

The Panel considers that the available evidence on the relationship between folate intake and impairment of immune
function cannot be used for establishing a UL for folate.

34.6.3 | Riskofallergies

Crider et al. (2013) conducted a systematic review of the association of folate and folic acid intake during pregnancy
and risk of asthma and other allergic outcomes in children. A total of 12 prospective observational studies were identi-
fied (published until 2012) (Dunstan et al., 2012; Granell et al., 2008; Haberg et al., 2009, 2011; Kiefte-de Jong et al., 2012;
Litonjua et al., 2006; Magdelijns et al., 2011; Martinussen et al., 2012; Miyake et al., 2011; Nwaru et al., 2011; Triche et al., 2011;
Whitrow et al., 2009). In a more recent systematic review, Chen, Xing, et al. (2021) identified seven additional prospective
observational studies (published between 2013 and 2019) (den Dekker et al., 2018; Molloy et al., 2020; Parr et al., 2017; Roy
et al., 2018; Trivedi et al., 2018; Veeranki et al., 2015; Zetstra-van der Woude et al., 2014). There is substantial heterogeneity
across studies in the folate exposure measures (i.e. folic acid supplements, dietary folate, total folate from diet and sup-
plements, blood folate concentrations [maternal red blood cell, maternal plasma and cord blood]), the timing of exposure
assessment (e.g. pre-pregnancy, different stages of pregnancy, at delivery), the allergic outcomes assessed and the age of
children at the time of assessment.

Among seven studies which examined the effect of maternal folic acid supplement use compared with no use in the
periconceptional period or first trimester on risk of asthma or wheezing in childhood, one reported an increased risk of
wheezing associated with folic acid supplementation taken in late pregnancy (median dose 300 ug/day), but not when
taken in early pregnancy, among Australian women (Veeranki et al., 2015; Whitrow et al., 2009) and another reported an
increased risk of asthma associated with folic acid supplementation in both early and late pregnancy (dose of 1000 pg/day
in most cases) among US women (Veeranki et al., 2015); the other five studies found no association (Haberg et al., 2009;
Kiefte-de Jong et al., 2012; Magdelijns et al., 2011; Martinussen et al., 2012; Trivedi et al., 2018). No increased risk of asthma
or wheezing was reported among the six studies which examined the association with other folate exposure variable
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(i.e. dietary folate or blood folate measurements) measured in the first trimester (den Dekker et al., 2018; Kiefte-de Jong
etal.,, 2012; Litonjua et al., 2006; Martinussen et al., 2012; Triche et al., 2011; Whitrow et al., 2009). No increased risk of asthma
or wheezing in childhood was found in the three studies which examined the effect of maternal folic acid supplement use
compared with no use (Kiefte-de Jong et al., 2012; Veeranki et al., 2015; Whitrow et al., 2009), and the seven studies which
used other folate exposure variables, in the second and third trimester (Haberg et al., 2009, 2011; Magdelijns et al., 2011;
Miyake et al., 2011; Nwaru et al., 2011; Roy et al., 2018; Trivedi et al., 2018). Finally, among five studies which investigated the
association between folic acid supplement use, total folate intake or plasma folate throughout pregnancy, one reported
an increase in the risk of wheezing with the use of folic acid supplement (Whitrow et al., 2009), one reported an increased
risk of asthma with total folate intake (Parr et al., 2017), while no association with asthma and/or wheezing was found in the
other three studies (Granell et al., 2008; Haberg et al., 2009; Zetstra-van der Woude et al., 2014).

Among five studies, which investigated folic acid supplement use compared with no use or other folate exposure vari-
ables in the periconceptional period or first trimester and risk of other allergic outcomes (i.e. atopy, eczema and atopic
dermatitis), no association was found (Dunstan et al., 2012; Haberg et al., 2009; Litonjua et al., 2006; Martinussen et al., 2012;
Molloy et al., 2020), except for a higher risk of atopic dermatitis in children of mothers belonging to the top quartile of
plasma folate versus bottom quartile (Martinussen et al., 2012). Among five studies, which investigated folic acid supple-
ment use compared with no use or other folate exposure variables in the second and third trimester, and three studies,
which investigated folic acid supplement use compared with no use or other folate exposure variables throughout preg-
nancy, no association was found with the risk of other allergic outcomes (Dunstan et al., 2012; Granell et al., 2008; Haberg
etal, 2009, 2011; Kiefte-de Jong et al., 2012; Nwaru et al., 2011; Roy et al., 2018).

In a cohort of infants at hereditary risk of allergic disease in Australia, no association was found between maternal
serum folate or UFA concentrations (detectable at 93% of samples, median 1.6 nmol/L, IQR 0.6-4.7 nmol/L, min-max 0.03-
244.7 nmol/L) assessed in late pregnancy and allergic disease outcomes at 1year of age (Best et al., 2021).

The Panel notes that most of the studies investigated the risk of asthma or wheezing, while studies on other allergic out-
comes are limited. Evidence for a positive relationship between maternal folate/folic acid intake or folate status pre- and
during pregnancy and risk of allergies is scarce; most studies reported no association between maternal intake of folate/
folic acid pre- or during pregnancy and risk of allergies in offspring.

The Panel considers that the available evidence on the relationship between folate intake and risk of allergies cannot be
used for establishing a UL for folate.

3.4.64 | Riskof autism/autism spectrum disorder

A systematic review and meta-analysis which included six prospective observational studies reported that folic acid intake
supplements before and during pregnancy (at different time periods) was associated with a lower risk of autism spectrum
disorder in the offspring (OR 0.51, 95% Cl 0.37, 0.69; I=78.9%) (Liu et al., 2022). Similar results were also reported in another
systematic review and meta-analysis (Chen, Qin, et al., 2021), which investigated the association between maternal folic
acid supplementation and the risk of autistic traits in the offspring. An inverse association was found when pooling results
of eight eligible prospective observational studies (OR fixed effects model 0.81; 95% Cl 0.78, 0.95, OR random effects model
0.69; 95% Cl 0.51, 0.93; /2=92%). Out of the 10 individual prospective observational studies identified by these reviews
(Chen et al., 2014; DeVilbiss et al., 2017; Jiang et al., 2016; Levine et al., 2018; Nilsen et al., 2013; Schmidt et al., 2019; Strgm
etal., 2018; Sun et al., 2016; Surén et al., 2013; Virk et al., 2016), all reported a protective effect of folic acid supplementation
during pregnancy, except one which reported an increased risk of autism spectrum disorder among children of mothers
who used folic acid supplementation in early pregnancy compared with no use (dose not reported) (DeVilbiss et al., 2017).
All studies compared the risk among women who took folic acid supplements vs. not, without categorising the doses,
except in the study by (Schmidt et al., 2019), which categorised individuals into tertiles of folic acid doses (T1: 0-57 pg/day,
T2: 80-800 pg/day, T3: 805-4800 pg/day) and reported RR, vs. T1 of 0.63 (95% Cl 0.40-0.98) and RR of 0.42 (95% ClI
0.17-0.99).

A few studies used cord/maternal plasma folate concentrations as a measure of folate exposure. (Raghavan et al., 2018)
investigated the relationship between the use of multivitamin supplements and the risk of ASD among mother—child pairs
attending the Boston Medical Center in the US. Moderate use of multivitamin supplements (three to five times/week)
during pregnancy was associated with a decreased risk of ASD, while high maternal plasma folate (=60.3 nmol/L; measured
in samples collected 24-72 h after delivery) was associated with higher risk of ASD in their infants (HR 2.5; 95% Cl 1.3, 4.6;
n=125), compared to lower maternal post-delivery concentrations (>14.7 to <60.3 nmol/L; n=1007). In a subsequent publi-
cation on a subsample of the same cohort (n=567), Raghavan et al. (2020) found no association between cord blood total
folate or 5-MTHF concentrations and risk of ASD; a positive association between cord UFA concentration and risk of ASD,
restricted to Black children, was reported. In a retrospective case—control study (100 women with an offspring diagnosed
with ASD and 100 matched control women from Sweden), Egorova et al. (2020) assessed the association between 62 serum
biomarkers and risk of ASD. Early pregnancy folate concentrations (collected during the first or second trimester) were
associated with an increased risk of having an offspring with ASD (ORper1 sp 1:70; 95% Cl 1.22, 2.37) (Egorova et al., 2020).
Taking multiple testing into account, weak evidence remained (FDR adjusted p=0.07).

The Panel notes that evidence for a positive relationship between maternal folate/folic acid intake or folate status pre-
and during pregnancy and risk of autism/autism spectrum disorder is scarce; most prospective observational studies re-
ported a protective association between maternal folic acid intake pre- and during pregnancy and risk of autism/autism
spectrum disorder in offspring.

T3 vs. T1
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The Panel considers that the available evidence on the relationship between folate intake and autism/autism spectrum
disorder cannot be used for establishing a UL for folate.

3.4.6.5 | Risk of anaemia

In a cross-sectional analysis among older adults with a low cobalamin status (defined as serum cobalamin concentra-
tion < 148 pmol/L) from the 1999 to 2002 US National Health and Nutrition Examination Survey, Morris et al. (2007) reported
that serum total folate >59 nmol/L vs. <59 nmol/L, was associated with a higher risk of anaemia (defined as a haemoglobin
concentration <120g/L in women or<130g/L in men) (OR: 3.1; 95% Cl: 1.5, 6.6). In a further cross-sectional analysis using
data from the same survey, Morris et al. (2010) reported that higher serum 5-MTHF was associated with an increased risk of
anaemia (defined as above) (OR 1.01, 95% Cl 1.0, 1.02). Presence of detectable UFA in serum was associated with increased
risk of anaemia among alcohol users (OR: 3.37, 95% Cl 1.42, 8.01), but not among nonusers (OR: 0.77, 95% Cl 0.41, 1.45). No
association was found between 5-MTHF or UFA and risk of macrocytosis (defined as mean cell volume >99fL).

In a cross-sectional study among older people with low cobalamin status (defined as holotranscobalamin <45 pmol/L)
in the UK, no evidence for a modification by ‘high’ folate status (defined either as serum folate >30 nmol/L or>60 nmol/L)
of the associations of low cobalamin with anaemia (defined as Hb level <110 g/L in women and <120 g/L in men) was found
(Clarke et al., 2008).

The Panel notes that severe cobalamin deficiency leads to increased risk of anaemia and is also associated with high
plasma/serum folate concentrations because of the metabolic interactions between these vitamins (Section 3.2.5.4). The
Panel notes that the available evidence is limited to a few cross-sectional studies, with inconsistent results.

The Panel considers that the available evidence on the relationship between folate intake and risk of anaemia cannot be
used for establishing a UL for folate.

3.5 | Hazard characterisation
3.51 | Selection of a critical effect

The Panel systematically reviewed the available evidence on a relationship between high dietary intake of folate and risk
of cognitive decline, prostate cancer and CRC:

« The Panel considers that the available BoE is insufficient to conclude on a positive and causal relationship between dietary
intake of folate and impaired cognitive function in individuals with low cobalamin status.

« The Panel considers that the available BoE is insufficient to conclude on a positive and causal relationship between dietary
intake of folate and CRC risk.

« The Panel considers that the available BoE is insufficient to conclude on a positive and causal relationship between dietary
intake of folate and risk of prostate cancer.

Since the previous assessment by the SCF, no new evidence has emerged to support a causal role of folic acid in the ex-
acerbation of the neurological manifestations of cobalamin deficiency. Because of their uncontrolled design, case studies
cannot reliably investigate any exacerbation of neurological manifestations due to folic acid intake. The Panel considers
that, based on the available BoE, there is low level of certainty for a positive and causal relationship between dietary intake
of folic acid and exacerbation of the neurological manifestations of cobalamin deficiency (15%-50% probability).

On the other hand, there is a well-established relationship between the dietary intake of folic acid and a (transient) cor-
rection of megaloblastic anaemia in cobalamin deficient individuals, which could lead to masking of cobalamin deficiency.
Early diagnosis and treatment of cobalamin deficiency is critical, as patients with severe/prolonged neurological symptoms
tend to have persistent symptoms despite treatment. Cobalamin deficiency (due to PA or other more common causes e.g.
hypochlorhydria, low cobalamin diets) is frequent in EU populations, and the prevalence of these conditions is likely to be un-
derdiagnosed due to the limitations in available diagnostic tests (Bizzaro & Antico, 2014; Green et al., 2017; Harrington, 2017).

In line with the SCF, the Panel considers that the risk of progression of cobalamin-dependent neurological symptoms in co-
balamin-deficient patients should be considered the most serious adverse effect of ‘high’ folic acid intake and used as the crit-
ical effect to establish an UL for folic acid. No new evidence has been published that could improve the characterisation of the
dose-response between the intake of folic acid and resolution of megaloblastic anaemia in cobalamin deficient individuals.

3.5.2 | Derivation of a tolerable upper intake level

The SCF did not set an UL for natural folate because no adverse effect was found from background intakes of folates
(SCF, 2000). At that time, synthetic forms of reduced folates were not available for addition to food or use in food
supplements.

The SCF considered that ‘an upper safe level can be set for (synthetic) folic acid on the basis of findings in PA patients
treated with high doses of folic acid’. The committee concluded that dosages up to 1000 ug of folic acid ‘are unlikely to
cause masking of the haematological signs in PA patients’. The UL was set at 1000 ug of folic acid for adults (SCF, 2000).
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Considering the totality of the available evidence and related uncertainties (Section 3.4), the Panel found no basis to
change this conclusion. The Panel retains the UL previously established by the SCF of 1000 ug folic acid/day for adults.

On the consideration that the data available did not suggest that other life-stage groups have increased susceptibility
to adverse effects of high folic acid intake compared to adults, the SCF considered the UL for adults to be also applicable
to pregnant or lactating women and adjusted the ULs for children and adolescents aged 1-17 years on the basis of body-
weight (isometric scaling). In the absence of new data on these other life stages, the previously established ULs for folic acid
are also maintained for all population groups (Table 12).

There are no data to support a derivation of an UL for infants. On the other hand, there is no indication from the litera-
ture that infants may be more susceptible than adults to folate toxicity. In selecting the scaling approach for the extrapola-
tion of UL of adults to infants aged 4-6 months (EFSA NDA Panel, 2022b), the Panel considered that:

» mean/median folate concentration of mature breast milk is reported to be in the range of 45-99 ug/L, with an approxi-
mate average of 80 ug/L (EFSA NDA Panel, 2014)

« applying isometric scaling®* for the derivation of the UL for infants aged 4-6 months based on the UL for adults would
result in a value of ca. 100 pg/day for the combined intake of folic acid and other forms of folates, which is in the order of
estimated folate intake from breast milk.

« infantformulais the sole source of nutrition for exclusively formula fed infants and most folate in infant formulae is in the
form of added folate (i.e. typically folic acid) (Campos-Giménez et al., 2018).

Thus, the Panel considered isometric scaling to be an overconservative approach for this age group. Instead, allometric
scaling was considered to be sufficiently conservative, in view of the physiological requirement for folate at that age. The
following equation was applied:

. . 0.75
ULinfant 4—6mo — UI-adult X (bOdy We'9htinfant 4—6mo/b0dy We|ghtadult) = 1000 x (7-2/70)0'75'

This results in an UL of 200 pug/day for this age group. The value is rounded to the closest 0.1 mg.
For infants aged 7-11 months, a UL of 200 pg/day is established by interpolation of the ULs for infants aged 4-6 months
and for young children aged 1-3 years.

TABLE 11 ULforinfantsaged 4-11 months.

Reference bw males UL males and

Age range and females (kg)? females (ng/day)
4-6months 7.2 200
7-11 months 8.6 200

Abbreviations: bw: body weight; UL: tolerable upper intake level.

“The averages of the median weights-for-age for boys and girls at5 and
9months, respectively, were used as reference weights (WHO Multicentre
Growth Reference Study Group, 2006)

The safety of 5-MTHF-glucosamine for use in food supplements, and of 1-5-MTHF-Ca for addition to food and use in
food supplements, was previously evaluated by the EFSA AFC and ANS Panels (EFSA AFC Panel, 2004; EFSA ANS Panel, 2013)
(Section 1.4). The safety of these folate forms was established under the consideration that the UL of 1000 ug/day for folic acid
would apply to the combined intake of folic acid and 5-MTHF salts. The Panel notes that most of the data available for this
risk assessment concern folic acid. The Panel acknowledges that there are differences in ADME of these forms compared to
folic acid and that there is no indication that 5-MTHF salts would correct the haematological manifestations of cobalamin de-
ficiency, thereby increasing the risk of progression of the neurological manifestations of cobalamin deficiency. On the other
hand, no new data have been identified regarding 5-MTHF-glucosamine or 1-5-MTHF-Ca and the Panel considers that no
statement can be made about the safety of 5-MTHF-glucosamine or 1-5-MTHF-Ca above the UL for folic acid. The Panel retains
that the proposed UL applies to the combined intake of folic acid and 5-MTHF salts under their authorised conditions of use.

3.6 | Riskcharacterisation

The ULs are established for the general European population and apply to the combined intake of supplemental folate
from currently authorised forms for addition to food and use in food supplements.

BUL, 4 X (Weight,

infant 4-6mo’

/weight, )= 1000 X (7.2/70) =102.
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Harmonised data on folate intake from all sources, including fortified foods and food supplements, for the European
population are currently not available. Data on the intake of folate from fortified foods and food supplements available
from national surveys are scarce (Section 3.3.3).

The Panel considers that it is unlikely that the ULs for supplemental folate are exceeded in European populations, except
for regular users of food supplements containing high doses of folic acid/5-MTHF salts (Sections 3.3.1 and 3.3.3).

4 | CONCLUSIONS

The following ULs are established for the intake of supplemental folate (i.e. folic acid, 5-MTHF-glucosamine and L-5-
MTHF-Ca; Table 12) from fortified foods and food supplements:

TABLE 12 ULs for supplemental folate® from
fortified foods and food supplements, for all
population groups.

UL males and

Age group females (ng/day)
4-6months 200
7-11 months 200
1-3years 200
4-6years 300
7-10years 400
11-14years 600
15-17 years 800
Adults 1000
Pregnant women 1000
Lactating women 1000

Abbreviation: UL: tolerable upper intake level.
?Folic acid, 5-MTHF-glucosamine and 1-5-MTHF-Ca.

5 | RECOMMENDATIONS FOR RESEARCH

« Further research is required regarding all groups of the population to characterise potential critical effects of excess fo-
late intake. This should address potential differences in the toxicity profile of the various forms of folate added to foods
and used in food supplements. Also, investigations of the potential vulnerability of specific subgroups of the population,

such as infants and children, pregnant women and older adults, is needed, taking into account specific issues in terms of

absorption, metabolism, distribution and excretion of various folate forms in these groups.

« Further investigation of the relationship between high folate intake and the risk of cancer is needed, including colorectal
and prostate cancer. Additional research is needed on the relationship between high folate intake and the risk of SSA/Ps.

« Furtherresearch is required to clarify the impact of high doses of folic acid and 5-MTHF on brain structures and functions.

« Research is needed to investigate whether the epigenetic changes found in interventions with high doses of folic acid
in some populations are causally related to alterations in any phenotypic characteristics. Research is also needed in that
respect on the other forms of folate.

» Additional research on UFA is required, in particular whether UFA can specifically affect biological pathways leading to
adverse health effects.

» Data on the consumption of fortified foods and food supplements containing folic acid and/or 5-MTHF salts in EU pop-
ulations are scarce. For the risk characterisation, there is a need to generate more and harmonised data on folate intake
in its different forms from food supplements and fortified foods among users of those products.

ABBREVIATIONS

5-MTHF (6S)-5-methyl-tetrahydrofolate

5-MTHF-glucosamine (6S)-5-methyltetrahydrofolic acid glucosamine salt

ACF aberrant crypt foci

ADME absorption, distribution, metabolism and excretion

AFC Panel on food additives, flavourings, processing aids and materials in contact with food
AFPPS aspirin/folate polyp prevention study

Al adequate intake

AR average requirement

BDR basal dietary requirement
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BoE body of evidence

B-PROOF B-Vitamins for the PRevention Of Osteoporotic Fractures
bw body weight

CF conversion factor

a confidence interval

CRC colorectal cancer

CSF cerebrospinal fluid

CSPPT China Stroke Primary Prevention Trial

CVD cardiovascular disease

DFE dietary folate equivalents

DHF dihydrofolate

DHFR dihydrofolate reductase

dTMP deoxythymidine monophosphate

dUMP deoxyuridine monophosphate

FAF Panel on Food Additives and Flavourings
FAO Food and Agriculture Organization

FCDB Food composition database

FDR false discovery rate

FFQ food frequency questionnaire

FR folate receptor

GL guidance level

GNPD Global New Products Database

HCT human controlled trial

HOMA-IR homeostasis model assessment-estimated insulin resistance
HPFS health professionals follow-up study

HR hazard ratio

IOM Institute of Medicine

IQR interquartile range

ITT intention-to-treat

-5-MTHF-Ca L-5-methyltetrahydrofolic acid calcium salt
LOAEL lowest observed adverse effect level

LoE line of evidence

MMSE mini-mental state examination

MS methionine synthase

MTHFR methylenetetrahydrofolate reductase

NANS National Adult Nutrition Survey

NCC nested case-control study

NDA Nutrition, Novel Foods and Food Allergens Panel
NF natural food folate

NHMRC National Health and Medical Research Council
NHS Nurses' Health Study

NOAEL no-observed-adverse effect level

NR not reported

NRV Nutrient Reference Value

NTP US National Toxicology Program

OHAT Office of Health Assessment and Translation
OR odds ratio

P/S plasma/serum

PA pernicious anaemia

PC prospective cohort study

PCFT proton-coupled folate transporter

PPS polyp prevention study

PPT polyp prevention trial

PRI population reference intake

RBC red blood cell

RCT randomised controlled trial

RFC reduced folate carrier

RoB risk of bias

RP reference point

RR risk ratio

SACN UK Scientific Advisory Committee on Nutrition
SAM S-adenosylmethionine
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SCF Scientific Committee on Food

SP serrated polyps

sQ sub-question

SSA/P sessile serrated adenomas/polyps

THF tetrahydrofolate

TRAMP transgenic adenoma of the mouse prostate

UA uncertainty analysis

UF uncertainty factor

UFA unmetabolised folic acid

UkCAP United Kingdom Colorectal Adenoma Prevention
UL tolerable upper intake levels

WBF Wheat bran fibre

WG Working Group

WHO World Health Organization
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APPENDIX A

Literature screening and selection - Flow charts

A.1 | Flow chart for the selection of studies on dose-response for serum/plasma-intake (sQ2)
[ Identification of studies via databases and registers ]
)
s
E= Records identified from: .
S Databases (n = 8185) Records removed before screening:
= ) —> Duplicate records removed (n = 2762)
S Registers (n = 0)
S
—
o
Records screened Records excluded
(n =5423) > (n=4972)
Reports sought for retrieval Reports not retrieved
(n=451) ’ (n=2)
bo
(=
g I
[}
L
= o Reports excluded: 403
Reports assessed for eligibility > Wrong exposure (n = 174)
(n = 449) Wrong population (n = 56)
Wrong publication type (n = 54)
Selected/presented by polymorphism (n = 46)
Wrong outcome (n = 27)
Results presented as change/graphically (n = 14)
Only assessed intake using FFQ (n = 13)
— Duplicate (n=7)
— Full text not in English (n = 6)
Wrong design (n = 6)
E Reports of included studies
= (n = 46)
e —>
- Reports excluded: 22
— Wrong exposure (n = 10)
l Unclear conversion of FA (n = 7)
Wrong design (n = 3)
Reports of included studies after Du.plicate (n=1)
data extraction Units of RBC folate not reported (n = 1)
(n = 24) of which 22 included

serum/plasma folate

FIGURE A.1 Flow chartfor the selection of studies on dose-response for serum/plasma-intake.
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A.2 | Flow chartfor the selection of studies on cognitive function (sQ3)
Identification of studies via databases and registers
S
= Records identified from: .
s Records removed before screening:
2 Databases (n = 8726) .
s . — Duplicate records removed (n = 2922)
< Registers (n = 0)
S
—
R d d R d luded
ecords screene ecords exclude
(n=5804) (n=5722)@
Reports sought for retrieval R i
eports not retrieved
" (n=283) (n=1)
c
'c
]
Q
s l
w
Reports assessed for eligibilit
(n 5) 82) 81Tt — | Reports excluded: 77
B Wrong design (n = 63)
Duplicates (n = 6)
Wrong publication type (n = 5)
Wrong population (n = 3)
—
= Studies included in review (n = 5)
§ RCT (n=1)
Té Cohort (n = 4)
= Reports of included studies (n = 5)
~—
FIGURE A.2 Flow chart for the selection of studies on cognitive function. °The figures differ from the original flow chart (Akesson et al., 2023)

because, as a result of public consultation on this scientific opinion, the study by Doets et al. (2014), which had been erroneously excluded at the time

of title/abstract screening was re-incorporated in the eligible body of evidence.
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TOLERABLE UPPER INTAKE LEVEL FOR FOLATE
A.3 | Flow chartfor the selection of studies on colorectal and prostate cancer (sQ4b & sQ4c)
Identification of studies via databases and registers ]
S
= Records identified from: .
s Records removed before screening:
= Databases (n = 4096) .
= Duplicate records removed (n = 1452)
< Other sources (n = 0)
3
—
)
Records screened Records excluded
(n = 2644) (n = 2505)
Reports sought for retrieval Reports not retrieved
w0 (n =139) (n=0)
(=]
=
(7]
()
b l
wv
Reports assessed for eligibility Reports excluded: 76
(n = 139) Included in other publication (n = 29)
Wrong design (n = 15)
Wrong exposure/intervention (n = 12)
Wrong outcome (n = 11)
Wrong publication type (n = 5)
Wrong population (n = 3)
Full text not in English (n = 1)
Reports of included studies (n = 63)
e CRC/adenomas (n = 49*; 8 RCT reports from 6 interventions & 41 reports from observational
5 studies)
3 e  Prostate cancer (n = 16*; 2 RCT reports from 1 intervention & 14 reports from observational
[%)
£ studies)
*Two reports addressed both CRC/adenomas and prostate cancer

FIGURE A.3 Flow chartfor the selection of studies on colorectal cancer and prostate cancer.
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APPENDIX B
Risk of bias appraisal
B.1 | Cognitive function (sQ3b)

B.1.1 | Intervention study

Risk of bias (RoB) domains®

Other threats
Exposure Outcome Randomization Allocation to internal
References KEY KEY KEY concealment Blinding Attrition Reporting validity Tier®

? Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (NR): not reported;
(=): probably high RoB; (— -): definitively high RoB.

b The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB;
RoB tier 2: moderate RoB; RoB tier 3: high RoB).

B.1.2 | Observational studies

Risk of bias (RoB) domains®

Exposure  Outcome Inappropriate Other sources of bias/
References KEY KEY Confounding KEY selection Attrition statistics Tier®

Clarke et al. (2007) + - + 1
Morris et al. (2012) + NR + 1
Doets et al. (2014) + + + NR + 1

? Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (NR): not reported;
(-): probably high RoB; (— -): definitively high RoB.

® The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB;
RoB tier 2: moderate RoB; RoB tier 3: high RoB).

B.2 | Colorectal cancer (sQ4b)

B.2.1 | Intervention studies

Risk of bias domains?

Other threats
Exposure Outcome Randomization Allocation to internal

References KEY KEY KEY concealment Blinding Attrition Reporting validity Tier®
Colorectal cancer

Qin et al. (2017) + + + + + + + + 1
Colorectal adenomas

Cole et al. (2007) + 3 3 NR 1

Passarelli et al. (2019)° | + - - NR 1

Logan et al. (2008) + + + NR 1

Wu et al. (2009) + 3 3 + 1

Jaszewski et al. (2008) |+ + + - —
Abbreviations: ITT, intention-to-treat; AFPPS, Aspirin/Folate Polyp Prevention Study (AFPPS); HPFS, Health Professionals Follow-Up Study; NHS, Nurses' Health Study; NR,
Not reported; RoB, risk of bias; ukCAP, the United Kingdom Colorectal Adenoma Prevention.

@ Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (-): probably high RoB;
(- -): definitively high RoB.

b The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB;
RoB tier 2: moderate RoB; RoB tier 3: high RoB).

¢ The rating differs from the initial appraisal (Akesson et al., 2023); the Panel noted that the number of participants having a 2nd colonoscopy in the treated vs. control groups
was balanced (91% of the participants who accepted to prolong treatment) and that care was taken by the investigators to adjust for factors associated with missing data.
9The rating differs from the initial appraisal (Akesson et al., 2023); the Panel noted that discrepant figures were reported in different places of the publication (e.g.

the number of subjects randomised and analysed in the respective arms) and the reporting of the study results was unclear. Due to unclear reporting, attrition in the
intervention vs. control groups is unknown, thus a NR is assigned to this domain.

€ Results for the 2nd follow-up are appraised.
fThe rating differs from the initial appraisal (Akesson et al., 2023); the Panel noted that 91% of the participants initially randomised completed a colonoscopy and the
distribution of drop out between groups was even.
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B.2.2 | Observational studies

Colorectal cancer
Roswall et al. (2010)
Wang, Wu, et al. (2021)
Otani et al. (2008)
Stevens et al. (2011)
Zhang et al. (2006)
Rossi et al. (2006)
Zschébitz et al. (2013)
Glynn et al. (1996)
Lee etal. (2012)
Flood et al. (2002)
Lee etal. (2011)
Razzak et al. (2012)
Neuhouser et al. (2015)
Shrubsole et al. (2009)
Gibson et al. (2011)
Le Marchand et al. (2005)
Eussen et al. (2010)
Van Guelpen et al. (2006)
Kato et al. (1999)
Kim et al. (2010)
Gylling et al. (2014)
Takata et al. (2014)
Le Marchand et al. (2009)
Weinstein et al. (2008)
Cho et al. (2015)
Geijsen et al. (2020)

Colorectal Adenomas
Baron et al. (1998)
He et al. (2018)
Martinez et al. (2004)
Murphy et al. (2008)
Lee etal. (2011)

Martinez et al. (2006) 2
? Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (NR): not reported;
(-): probably high RoB; (- -): definitively high RoB.
® The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB; RoB tier
2: moderate RoB; RoB tier 3: high RoB).
¢ The rating differs from the initial appraisal (Akesson et al., 2023); the Panel noted that, in these studies, exposure was assessed before the introduction of mandatory
fortification in the US and a large proportion of the follow-up period occurred after the introduction of mandatory fortification but change in exposure due to the
fortification policy was not addressed in the analysis.

N N N N =2 N N N N = @ @2 a2 N N N N NN NNNN =2 =2 N

N N N NN
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B.3 | Prostate cancer (sQ4c)
B.3.1 | Intervention studies

Figueiredo et al. (2009)
? Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (NR): not reported;
(-): probably high RoB; (- —): definitively high RoB.
® The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB;
RoB tier 2: moderate RoB; RoB tier 3: high RoB).

B.3.2 | Observational studies

de Vogel et al. (2013)
Rossi et al. (2006)
Johansson et al. (2008)
Essén etal. (2019)
Hultdin et al. (2005)
Weinstein et al. (2006)
Stevens et al. (2006)
Roswall et al. (2013)
Beilby et al. (2010)

Weinstein et al. (2003)
? Expert judgement was translated into a rating scale for each question to be answered as follows: (++): definitely low RoB; (+): probably low RoB; (NR): not reported;
(-): probably high RoB; (- —): definitively high RoB.

P The individual rating for each question was combined by an algorithm and translated to an overall tier of reliability for each individual study (RoB tier 1: low RoB;
RoB tier 2: moderate RoB; RoB tier 3: high RoB).

N N N = = N = N =

N
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APPENDIX D

Dose response modelling of the relationship between total folate intake, expressed as jug DFE and P/S folate
concentration

A dose-response meta-analysis was conducted to characterise the relationship between mean total folate intake, ex-
pressed in pg dietary folate equivalents (DFE) and mean plasma/serum folate concentrations. The purpose of this analysis
was to support the interpretation and integration of findings from observational studies which used plasma/serum folate
concentrations as biomarker of folate intake into the UL assessment. The dose-response between folic acid intake and
plasma/serum folate concentrations has been investigated by other authors and was outside of the scope of the present
evaluation.

The method and results are summarised below. The reader is referred to the contractor's report for further details
(Akesson et al., 2023).

Eligible studies were feeding trials or supplement interventions in adults with a minimum duration of 2 weeks, report-
ing on end-of-trial plasma or serum (P/S) folate concentrations and total folate intake (i.e. from natural sources, fortified
foods and/or food supplements). The analysis excluded studies (i) which used FFQ, diet history questionnaire or 24 h-
recalls to estimate background folate intake; and/or (ii) for which the method for nutrient intake analysis was not reported;
and/or (iii) for which the consideration of voluntary fortified foods or the conversion of folic acid into DFE were unclear.

A total of 22 randomised controlled trials (n=19 parallel and n=3 cross-over) were included in the analysis (Bramswig
et al., 2009; Castenmiller et al., 2000; Caudill et al., 1997; de Jong et al., 2005; Duthie et al., 2018; Fenech et al., 2005; Green
et al., 2005; Hiraoka et al., 2004; Hursthouse et al., 2011; Kauwell et al., 2000; Kawashima et al., 2007; Krond|I et al., 1999;
McClung et al., 2020; Norsworthy et al., 2004; O'Keefe et al., 1995; Riddell et al., 2000; Silaste et al., 2003; Smidt et al., 1990;
Venn, Mann, Williams, Riddell, Chisholm, Harper, & Aitken, 2002; Venn, Mann, Williams, Riddell, Chisholm, Harper, Aitken,
& Rossaak, 2002; Winkels et al., 2007; Wolters et al., 2005). They were conducted in New Zealand (n=6), USA (n=4), the
Netherlands (n=3), Germany (n=2), Japan (n=2), Australia (n=1), Canada (n=1), Finland (n=1), Ireland (n=1) and Scotland
(n=1) and consisted of women alone (n=11) or both sexes (n=11). The P/S analyses were assessed using immunoassay
(n=13), microbiological assay (n=8) or HPLC (n=1).

Total intake of folate was expressed in pg DFE/day representing the sum of folate intake from natural sources, fortified
foods and/or food supplements. For studies in which the level of folic acid intake (from fortified food and/or food supple-
ments) was not reported as DFE, the value was converted applying the following formula: pg DFE =g folic acid/0.6, under
the assumption that most folic acid was consumed in conjunction with food. The P/S folate biomarker data were harmo-
nised into nmol/L by applying a conversion factor of 2.266 when the original unit was in ng/mL.

Both linear (meta-regression using a weighted mixed effects model) and non-linear (restricted cubic splines) dose-
response relationships were investigated. Random-effects models were fitted on mean values applying the maximum
likelihood approach. Potential modifying factors were characterised in stratified analyses. Contextual sources of hetero-
geneity tested were sex and type of dietary folate administered to the participants. Methodological sources of heteroge-
neity included: type of media sampled (P or S), and the analytical method used to assess P/S folate. Sensitivity analyses
were run to address uncertainties regarding the reliability of specific studies' features, i.e. (i) exclusion of the studies con-
sidered to have less reliable data from dietary assessment; (ii) exclusion of the studies using non-fasting blood samples;
and (iii) exclusion of data points that corresponded to ‘uncontrolled’ folate dietary intake (i.e. data from control groups
left on their habitual diet).

Potential non-linear dose-response relationships were examined using restricted cubic splines with three knots at 10%,
50% and 90% percentiles of the intake distribution. The location of the knots was chosen based on Harrell's recommended
percentiles (Harrell, 2001). The non-linear model did not provide a better fit to the data than the linear model.

The linear meta-regression model describing the dose-response relation between total folate intake, expressed as pg
DFE and P/S folate concentrations (in nmol/L) is presented in Figure D.1 and is as follows: S/P folate (nmol/L) = 6.0+ 0.034 * ug
DFE/day [95% Confidence Interval (Cl); 0.027-0.040], R’=0.68.
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FIGURE D.1 Thelinear meta-regression line (black) and 95% confidence interval (grey) between pg DFE and plasma/serum folate (in nmol/L) for
the 22 studies and 60 data points included from the weighted mixed effects model. The size of the circle represents the size of the study. Unnamed
circles correspond to ‘control groups’/other arms. d, day; DFE, dietary folate equivalents.

The outcome of the stratified and sensitivity analyses conducted on this model are presented in the contractor's report
(Akesson et al., 2023). While some sources of heterogeneity were observed (in particular participants' gender and analytical
method used to measure P/S folate), the number of studies included in the subgroups was small and results must be inter-
preted with caution. The inclusion of data from non-fasting blood samples, ‘uncontrolled’ folate dietary intake and total
folate intake estimates based on less reliable intake assessment methods was found to have a limited impact on the model.

Table D.1 presents predictions of P/S folate mean value and related 95% Cl, in nmol/L (column 2), at relevant pg DFE daily
intakes (column 1) based on the weighted meta-regression model. Table D.2 presents the estimated pg DFE daily intakes
(column 2) by applying the inverse solution of the prediction equation to relevant P/S folate values, in nmol/L (column 1).

TABLE D.1 Predicted P/S folate concentration from
predefined DFE intake based on the equation.

P/S folate (nmol/L)
DFE (ug/day) Mean (95% CI)
200 13 (11, 14)
400 20(17,22)
600 26 (22,30)
800 33 (28, 398)
1000 40 (33, 46)
1200 47 (38, 54)
1400 54 (44, 62)
1600 60 (49, 70)

Abbreviations: Cl, confidence interval; DFE, dietary folate equivalents;
P/S, plasma/serum.

TABLE D.2 Estimated DFE from predefined P/S folate based
on the prediction equation.

P/S folate (nmol/L) DFE (pg/day)

10 118
20 412
30 706
40 1000
50 1294
60 1588

Abbreviations: DFE, dietary folate equivalents; P/S, plasma/serum.
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List of Annexes

Annex A - Protocol for the Scientific Opinion on the revision of the EFSA's tolerable upper intake level of folate
Annex B - Methodological considerations in the calculation of intake estimates for total folate in European countries
Annex C - EFSA's intake assessment of folate

Annex D - Folate intake data from Competent Authorities in European countries

Annex E - Public consultation on the draft scientific opinion on the tolerable upper intake level for folate

Annexes A-E can be found in the online version of this output (in the ‘Supporting information’ section).
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