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ABSTRACT
Folate, an essential nutrient found naturally in foods in a reduced
form, is present in dietary supplements and fortified foods in
an oxidized synthetic form (folic acid). There is widespread
agreement that maintaining adequate folate status is critical to
prevent diseases due to folate inadequacy (e.g., anemia, birth defects,
and cancer). However, there are concerns of potential adverse effects
of excess folic acid intake and/or elevated folate status, with the
original concern focused on exacerbation of clinical effects of
vitamin B-12 deficiency and its role in neurocognitive health. More
recently, animal and observational studies have suggested potential
adverse effects on cancer risk, birth outcomes, and other diseases.
Observations indicating adverse effects from excess folic acid intake,
elevated folate status, and unmetabolized folic acid (UMFA) remain
inconclusive; the data do not provide the evidence needed to affect
public health recommendations. Moreover, strong biological and
mechanistic premises connecting elevated folic acid intake, UMFA,
and/or high folate status to adverse health outcomes are lacking.
However, the body of evidence on potential adverse health outcomes
indicates the need for comprehensive research to clarify these issues
and bridge knowledge gaps. Three key research questions encompass

the additional research needed to establish whether high folic acid
or total folate intake contributes to disease risk. 1) Does UMFA
affect biological pathways leading to adverse health effects? 2) Does
elevated folate status resulting from any form of folate intake affect
vitamin B-12 function and its roles in sustaining health? 3) Does
elevated folate intake, regardless of form, affect biological pathways
leading to adverse health effects other than those linked to vitamin B-
12 function? This article summarizes the proceedings of an August
2019 NIH expert workshop focused on addressing these research
areas. Am J Clin Nutr 2020;112:1390–1403.

Keywords: folic acid, folate, vitamin B-12, upper limit, excess
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Introduction
Folate, an essential nutrient integral to the function of

numerous critical cellular processes, functions as a family of
metabolic cofactors that participate in 1-carbon transfer reactions,
cellular methylation reactions, amino acid metabolism, and
nucleotide biosynthesis. Folate is present naturally in foods in
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a reduced form, whereas fortified foods and nearly all dietary
supplements contain a synthetic, oxidized form of folate termed
folic acid. Some groups within the population consume folic
acid in excess of the current Tolerable Upper Intake Level (UL).
Precisely what constitutes an “excessive intake” remains ill-
defined at present because the adverse health effects ascribed to
excessive intake have not been established, and dose-response
data are lacking, leaving open the possibility that future scientific
advances might dictate adjustments in the existing UL. For the
purposes of this article, excessive folic acid intake constitutes
exposure doses that exceed the UL of 1000 μg/d for adults set
by the Institute of Medicine in 1998 (1). Approximately 5% of
American men and women aged 51–70 y have folic acid intakes
exceeding the UL, primarily because of dietary supplement
intakes (2). Furthermore, depending on age group, 30% (9- to
13-y-olds) to 66% (64% among 1- to 3-y-olds and 66% among
4- to 8-y-olds) of children who take folic acid–containing
supplements have intakes exceeding the age-specific UL (3), and
nearly all children aged 1–8 y who consume ≥200 μg folic
acid/d from dietary supplements have total intakes that exceed
the UL (4). For children not using dietary supplements containing
folic acid, some still exceed the UL (7% among 1- to 3-y-
olds; 6% among 4- to 8-y-olds; and 2% among 9- to 13-y-olds).
Further, one of the unanswered uncertainties is whether the ULs
for infants and children are legitimate because they have been
extrapolated from adult data.

The use of dietary supplements is the primary source of
excessive folic acid intake: ∼35% of US adults and 28% of
children aged 1–13 y regularly use supplements containing folic
acid; however, fortified food sources alone enable many infants
and children to exceed the UL (2). Discretionary fortification of
certain foodstuffs by the food industry, most notably ready-to-
eat cereals, makes a smaller contribution as noted in the Federal
Register on Food Additives Permitted for Direct Addition to Food
for Human Consumption; Folic Acid (Supplemental Table 1),
and an even smaller contribution is from federally mandated
fortification of enriched grain (5, 6). The latter was established
in 1998 in the United States and Canada as a result of strong
evidence that folic acid substantially reduces the incidence of a
common type of birth defect known as neural tube defects (7,
8), and the resulting mandatory fortification programs, now in
>80 countries, have been highly successful (9, 10).
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The NHANES reports the nearly ubiquitous presence of the
fully oxidized, unsubstituted form of folate used in fortification
and in most supplements, unmetabolized folic acid (UMFA),
in the serum samples of US participants of all age groups
(11). Although the body possesses a mechanism for converting
ingested folic acid into a reduced and natural form of the vitamin,
primarily in the intestine and liver, the system is readily saturated:
in older studies UMFA was detected in serum with ingested
doses >200 μg (12–15), but newer, more sensitive HPLC–
tandem MS methodology reveals detectable UMFA in >95% of
NHANES sera, regardless of recorded intake (11). The health
implications, if any, of elevated folate or UMFA exposures are
unknown. Some studies, primarily preclinical and observational
in nature, have identified possible adverse outcomes related
to folic acid exposure above the UL and/or elevated folate
status at levels not seen in the absence of very-high-dose folic-
acid supplements, although other studies have not reproduced
these findings. The presence of UMFA is generally regarded
as a marker of dihydrofolate reductase (DHFR) saturation in
its capacity to convert folic acid to tetrahydrofolate (THF),
whereas potential adverse health effects of UMFA are expected
to demonstrate a dose–response relation. In those studies where
adverse effects have been reported, elevated folate status has
been associated with increased risk of various disease conditions,
including cancer, cardiovascular disease, diabetes and metabolic
syndrome, insulin resistance and obesity in offspring, other
adverse birth outcomes, and autism (16–33). Other studies
have indicated a potential for an interaction between elevated
folate status and vitamin B-12 metabolism, with adverse effects
on biomarkers of vitamin B-12 deficiency and an enhanced
risk of neurocognitive decline among the elderly (34–37). In
contrast, other studies have reported no significant effects of high
folic acid and/or total folate exposure on the aforementioned
adverse health outcomes (38–42). Given the heterogeneity and
inconsistency in the findings among these studies, the data
do not rise to the level of evidence needed for either policy
recommendations or modifications in the approaches to medical
care. However, it is critical to continue to monitor and investigate
potential adverse effects of excess folate/folic acid given the
occurrence of some individuals and population groups exceeding
the UL.

Over the course of the 20th century, essential nutrients for
life were identified, and DRIs were established for each of these
nutrients. The DRIs specify the daily intakes necessary to prevent
dietary deficiency diseases, and the ULs are defined as the highest
amount of daily nutrient intake that is likely to pose no risk
of adverse health effects in almost all individuals across age
groups. In 2017, recognizing the role of nutrients in chronic
disease, a committee of The National Academies of Sciences,
Engineering, and Medicine developed guiding principles for
arriving at DRIs for nutrients that have been shown to affect
risks of chronic diseases and suggested using ranges over which
the risk of chronic disease is reduced for a given nutrient (43).
The DRI chronic disease framework described the types of
evidence needed to establish causal relations between nutrient
intake and chronic disease outcomes that describe nutrient
intake–response relations, as well as a methodology—GRADE
(Grading of Recommendations, Assessment, Development, and
Evaluation)—to evaluate the strengths of evidence (44). The
committee emphasized that the DRIs should be developed
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only when at least moderately strong evidence exists for these
associations; an exception to this in the report was that when
a food substance increases chronic disease risk, the level of
certainty considered acceptable might be lower (e.g., sodium,
saturated fat, sugar). These newer approaches are emerging
as methods of choice to evaluate the strengths of evidence
from systematic reviews and meta-analyses and to develop this
evidence into clinical guideline and policy recommendations
(45–48).

This DRI framework was applied for the first time in a recent
review of the relations between sodium and potassium intakes and
cardiovascular disease (49). The expert committee undertaking
this task used the term chronic disease risk reduction (CDRR)
to describe the lowest amount at which a risk reduction in
chronic disease is achieved for sodium intake, as supported by
the strength of the evidence available for cardiovascular disease.
However, no CDRR was developed for potassium because of
the lack of sufficient evidence. In keeping with the report
recommendations, the term UL was not used for the chronic
disease DRI but remains in place to cover the adverse effects that
are not necessarily considered risk factors for chronic disease.
If risks of chronic diseases were found to be causally related to
folate/folic acid intakes, the DRI should be reconsidered and the
development of CDRRs explored.

In 2015, the National Toxicology Program (NTP)—a divi-
sion of the NIH’s National Institute of Environmental Health
Sciences—and the NIH Office of Dietary Supplements conducted
systematic reviews to evaluate the literature on high folic
acid intake/elevated folate status and adverse health outcomes
(16). The Biomarkers of Nutrition for Development (BOND)
project convened by the NIH’s Eunice Kennedy Shriver National
Institute of Child Health and Human Development focused on
summarizing the information on assessment of biomarkers of
folate status (50). Although the BOND project and the NTP
review identified many of the existing knowledge gaps, they
did not focus on exploring and defining the research strategies
that would be required to address these knowledge gaps and
thereby establish any outcomes that might be causally related
to high folic acid intake and/or elevated folate status, with
the goal of determining what constitutes an “excess” folic
acid/folate intake level. This expert workshop convened by the
NIH updated and extended prior meetings on this topic by
identifying knowledge gaps, as well as developing research
strategies to address current gaps in knowledge. Moreover, these
prior activities were undertaken >4 y ago, and many new
observations have been reported in the ensuing years. Therefore,
to define the research necessary to determine whether there is an
excess folate/folic acid intake level that is causally related with
adverse health outcomes and to define its potential interaction
with vitamin B-12 deficiency, NIH—partnering with the US FDA
and USDA—convened a 1.5-d workshop during the summer of
2019.

Challenges
The workshop focused on 3 research topics informed by

the existing literature related to the potential effects of 1)
unmetabolized folic acid on biological/physiological pathways
leading to adverse health effects; 2) elevated folate status,

resulting from intake of any form of folate, on vitamin B-12
function and associated adverse health effects; and 3) elevated
folate status, resulting from intake of any form of folate, on
biological pathways leading to adverse health effects other than
those linked to vitamin B-12 function. The participants were
charged with identifying specific research strategies that are
needed to bridge the knowledge gaps that currently exist (i.e., to
establish whether high folic acid or high total folate intake causes
adverse health outcomes and, if so, to establish biomarkers for
those effects and elucidate the mechanistic basis for those adverse
effects). Integral to establishing causation and mechanism are the
establishment of dose–response relations and the development of
animal and in vitro preclinical models, as well as robust clinical
study designs.

The formal presentations at the workshop reviewed the state
of the current literature, including both clinical and preclinical
research, and described potential associations between folic
acid/folate intake and adverse health outcomes, including in-
teractions with vitamin B-12 status. A panel session further
delineated the gaps in knowledge that need to be addressed to
establish mechanisms and causation. Three breakout sessions
then explored the specific research approaches needed to bridge
the knowledge gaps identified by the panel members. The
ultimate goal of these research agendas is to advance scientific
understanding and generate a comprehensive body of knowledge
related to the metabolic and clinical effects of excess folic
acid and elevated folate status to inform evidence-based clinical
and public health recommendations. This report summarizes
the salient information that emerged in the presentations and
discussions from the workshop.

What are the biological effects of folic acid currently not
ascribed to other physiological forms of folate?

Existing gaps in understanding the health effects of folic acid.

Folic acid is a previtamin and not thought to be a
metabolically functional form of folate. Its only established
biological activities include its transport into cells through
either the folate receptor (FOLR) or the intestinal proton-
coupled transporter, and its function as a reduced folate carrier
during transmembrane transport (51, 52). Further, it is processed
to reduced folate through the enzyme DHFR. Incremental
increases in the oral intake of folic acid result in increasing
urinary excretion of 2 of its major catabolic products, p-
aminobenzoylglutamate and p-acetamidobenzoylglutamate, pro-
viding an avenue of egress from the body (53, 54). Lacking
are established biological mechanisms of folic acid under-
lying potential cause-and-effect relations with adverse health
outcomes.

UMFA refers to the folic acid that accumulates in biological
fluids (55), presumably because the catalytic capacity of DHFR
has been saturated. Older studies in adults found that 200 μg
oral folic acid resulted in detectable concentrations of UMFA
in the bloodstream (12, 14, 15), and that the daily ingestion of
400 μg produced a sustained appearance of circulating folic acid
(13) but newer, more sensitive, methodologies have shown that it
circulates at low concentrations [∼0.8 nmol/L (10)] even among
those who take no form of supplementation. After ingestion,
not all folic acid is reduced to THF in intestine. Folic acid
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that escapes the intestine enters the hepatic portal vein and is
almost completely metabolized to THF in the liver (13, 56, 57).
The activity of DHFR is variable in human liver and much
lower than found in rodents (51). UMFA persistence in the
body is reflected by observations that 14C-labeled folic acid
can be detected in plasma, urine, and feces for >40 d after
ingestion (58), although whether its detection in this study in
erythrocytes indicates it might also accumulate in some tissues
is debatable because it may have merely been bound to the cell
membranes.

The appearance of UMFA in plasma is not only related to
the dose, but also to the timing, of ingested folic acid (i.e.,
smaller doses consumed more frequently result in higher UMFA
concentrations than larger doses consumed less frequently) (14).
It has been shown that supplement use is associated with higher
UMFA concentrations, but supplement use alone does not fully
determine UMFA concentrations (11, 59). Furthermore, the ex-
posure to supplemental folic acid at recommended levels during
pregnancy does not appear to increase UMFA concentrations
in maternal or cord blood (60). Nevertheless, the likelihood of
having detectable UMFA in plasma among US adults whose folic
acid intakes exceed the UL is greater than among those whose
intake is less than the UL (OR: 17.6; CI: 5.5, 56) (61). It is
also noteworthy that plasma UMFA was detected in ∼95% of an
older Irish population at a time when a mandatory fortification
program was absent, but voluntary high-dosage fortification of
foodstuffs was widespread (62). Furthermore, folic acid has been
found to exist in plasma and breast milk, where it is tightly
bound to a soluble form of the FOLR (16, 63, 64). There
are gaps in understanding the factors that contribute to UMFA
accumulation in plasma, in both its FOLR-bound and unbound
states.

FOLRs are glycosylphosphatidylinositol-anchored cell sur-
face proteins that transport folate into the cell through receptor-
mediated endocytosis. Unlike transmembrane folate transporters,
FOLRs have a limited expression range, but are present in the
blood–brain barrier, kidney, placenta, neural epithelium of the
developing embryo, and cancer cells (52, 65, 66). They also are
present in soluble form in plasma and breast milk. Members of
the FOLR family exhibit high binding affinities for folic acid
(KD = 10−10 to 10−11 M) that are 6- to 10-fold higher than for
5-methyltetrahydrofolate (5-MTHF), the primary form of folate
in circulation. Circulating UMFA is converted to reduced folate in
the kidney through a mechanism that involves binding by FOLR-
α at the apical membrane of proximal tubule cells, endocytosis,
and acid-dependent dissociation from FOLR-α, followed by
transport into the cytoplasm, where it is reduced and methylated
before its transport into the bloodstream. Alternatively, the
entire folate/FOLR-α complex may re-enter the bloodstream
through exocytosis (67). This complex is reportedly reabsorbed
by the proximal tubular cells by megalin-linked endocytosis (68).
How the complex of FOLR-α/folic acid is handled by other
tissues is not known. In the choroid plexus, FOLR-α facilitates
folate uptake from the basal plasma membrane, its transport
through the cell, and then across the apical membrane into brain
parenchyma (69). FOLRs are also found in various cancer cells
and have been used as targets (70). Little is known about the
function or accumulation of folic acid at the cell surface and
in cells with respect to adverse effects, including effects of its
interaction with FOLRs. However, it has been observed that

autoantibodies can block the binding of folic acid to FOLRs and
impair its transport across the blood–brain and placental barriers
(71, 72).

Research regarding the effects of excess folic acid intake
and continued population monitoring of UMFA and folic acid
intake are needed. Supplemental Table 1 tabulates median and
95th percentile age-specific daily folic acid intakes from the
Federal Register, showing current folic acid intakes from food
and supplements among American free-living people. These
data show that the 95th percentile intakes are well below
the respective ULs, except for children 1–13 y of age (73).
Continued monitoring of the folate status of the US population,
including UMFA, is essential to clarify any unintended effects
at high amounts of intake (74, 75). Likewise, research is needed
to determine whether UMFA in serum or tissues genuinely
produces adverse effects and to examine the associated biological
pathways.

Potential mechanisms for activity of UMFA.

Folic acid is not known to accumulate at high concentrations
in tissues, as do natural folates, because it is not converted to the
polyglutamyl forms of folate that are retained within the cell (76)
and it binds weakly to folate enzymes. Therefore, any postulated
direct effects of UMFA on biological processes are likely to be
independent of folate-mediated 1-carbon metabolism and may
involve noncanonical pathways. For example, FOLRs may serve
as signaling proteins (77) through their interaction with folate
derivatives, including folic acid (78). The addition of folic acid
to cultured cells can activate signaling pathways in a FOLR-α-
dependent manner, in shorter periods of time than could plausibly
be attributed to changes in 1-carbon metabolism, including
phospho-activation of gene coding for cellular Sarcoma(c-src)
and extracellular signal-regulated kinases (ERK) kinases and the
activation of phospho-STAT (79–81). Reports also indicate that
in isolated mouse cranial neural crest cells, FOLR-α translocates
to the nucleus in response to folic acid exposure, where it
functions as a transcription factor, activates the gene coding
octamer-binding transcription factor 4 (Oct4), gene coding for
sex determining region Y (Sox2), and gene coding for gut-
enriched Krüppel-like factor-4 (Klf4) genes, and represses
biogenesis of microRNAs that target these genes or their effector
molecules (82, 83). Studies of the nematode Caenorhabditis
elegans (84) have shown that worms respond to a particular
folate from their diet (10-CHO-THF polyglutamates but no other
folates) by increasing the rate of germ cell proliferation, through
a mechanism that requires the folate receptor FOLR-1. These
studies argue for the existence of noncanonical folate-signaling
pathways that are not part of 1-carbon metabolism. In 1 study
of adult female rats, dietary folic acid, but not reduced folate,
was found to regulate different stages of neurogenesis in the
ventral hippocampus (85). Folic acid was shown to modulate
endothelial NO synthase activity, although it is unclear whether
the effect was due to folic acid as opposed to enhancement of
the total folate pool (86). Additional exploratory studies will be
required to better understand the roles of UMFA in noncanonical
pathways (those not normally known to be associated with folate)
and cellular processes and their connections to both health and
disease.
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Are there plausible adverse effects of excessive exposure to
folates, independent of the form ingested, separate from its
effects on vitamin B-12 metabolism?

Existing gaps in knowledge.

Among the potential adverse health outcomes of high total
folate or folic acid exposure unrelated to vitamin B-12 are 1) an
increased risk of certain cancers; 2) short- and long-term effects
on pregnancy outcomes and on the developing fetus; 3) risk of
allergies, asthma, and other hypersensitivity illnesses; and 4) risk
of thyroid and other endocrine disorders (16, 20, 32). The vast
majority of the observations to date apply to the first 2 of these
potential adverse health outcomes.

Low consumption of total folate is considered to be an
independent risk factor for colorectal cancer and perhaps also for
cancers of the breast, lung, pancreas, and others (87), because
without adequate folate uracil misincorporation and DNA double
strand breaks can occur (88–90). However, some animal studies
(91, 92) as well as some secondary post hoc analyses of human
trials (23, 24) suggest that there may be adverse effects at
excessive doses. Some controlled studies in laboratory rodent
models of colorectal cancer have observed an enhancement of
carcinogenesis with dietary amounts of folic acid severalfold
above the basal requirement (91, 92), although the increase in
tumorigenesis has not uniformly been observed in all rodent
models (93). Furthermore, it remains to be determined whether
the putative enhancing effect of high folate intake results from the
effects of folic acid intake on folate status or relates specifically
to folic acid. Human studies that have explored this phenomenon
have not shown consistency; therefore, its relevance to human
cancer biology remains unclear. To date, 5 clinical trials have
been conducted with participants who had previously resected
precancerous adenomatous polyps, an intermediary biomarker
of colorectal cancer risk, and who were then randomly assigned
to receive daily supplements containing 0.5–5 mg folic acid or
placebo. Although the largest randomized trial with the longest
follow-up failed to prevent the development of new colorectal
adenomas, the study observed as a secondary outcome a
1.67-fold increased risk of incident advanced adenomas
(P = 0.05), presumably due to stimulation of growth of
microscopic early lesions (21). None of the other 4 trials
observed a similar increase in tumorigenesis (94–96). Other
clinical study designs—including secondary analyses of clinical
trials (23, 24), large prospective cohort studies (40, 97), and
systematic reviews and meta-analyses (42)—have similarly
failed to arrive at a consensus as to whether excess folic acid
intake enhances the risk of colorectal cancer [or other common
cancers such as prostate (24)] in humans.

Women frequently consume quantities of folic acid that exceed
the UL during pregnancy (98, 99), and they often consume
these quantities through the second and third trimesters, far
beyond the time of neural tube closure. Because serum and
RBC folate concentrations of cord blood correlate with maternal
values (100), the developing fetus also is exposed to elevated
amounts of the vitamin. In a Canadian cohort of healthy pregnant
women, the mean serum folate concentration of cord blood was
64 nmol/L, and 93% of the samples had detectable concentrations
of UMFA (101). Nevertheless, daily maternal supplementation of
400 μg/d does not appear to produce a significant elevation in
the concentration of cord blood UMFA (59). Two observational

studies conducted in the Indian subcontinent have raised concerns
about an apparent association between high maternal folate
status during pregnancy and a variety of metabolic abnormalities
in offspring, including obesity, insulin resistance, and high
blood glucose concentrations (27, 33), although these links
were not substantiated by results from a clinical trial conducted
in that region (41). Similarly, although some animal studies
involving supplementation of mouse and rat dams at 2.5–
20 times the basal requirement of folic acid have corroborated
the development of these metabolic abnormalities in offspring
exposed in utero (25, 26, 30), those effects have not been observed
uniformly (38).

Potential mechanisms explaining adverse effects of elevated
folates.

The causal mechanisms by which high folate status, or
specifically folic acid, is postulated to promote carcinogenesis
have not been established, although several plausible pathways
have been proposed: enhancing hyperproliferation of neoplastic
cells via facilitated DNA synthesis (102), impairing natural
killer cell activity (103–105), promoting a proinflammatory
transcriptomic milieu in the colon (90), and folate operating
as a component in procarcinogenic cell signaling pathways
(106). Most recently, supraphysiologic concentrations of folic
acid (>100 μmol) have been observed in cancer cell organoids
to rescue methionine dependency, which is a common feature
of cancer cells (107). Some animal and human studies have
found positive associations between elevated UMFA and total
folate in the blood and reduced natural killer cell activity (103–
105), although the apparent suppressive effect on natural killer
cells was not observed in either an in vitro study or a cross-
sectional study among older adults (108, 109). Although severe
folate deficiency reduces natural killer cell–mediated cytotoxicity
in rodent models (110), a biological pathway (or pathways)
underlying the associations between high folate/UMFA and
reduced natural killer cell activity is unknown.

The mechanisms by which high maternal folic acid intake
during pregnancy might alter birth outcomes, whether that
be detrimental or beneficial, are not well defined, although
epigenetic stem cell programming has been suggested as a
potential cause. During embryogenesis, the patterns of genome
methylation undergo dynamic modifications that are influenced
by 1-carbon metabolism. Folic acid supplementation during
pregnancy has been shown to alter patterns of both genome-
wide and gene-specific DNA methylation in an organ-specific
manner in a rodent model (111). Also in rodent models,
methylation and expression of imprinted genes, histone marks,
and heterochromatin assembly have each been shown to be
modified by maternal folic acid supplementation [reviewed in
(112)]. In a Canadian cohort of pregnant women, maternal RBC
folate in early pregnancy and cord plasma UMFA were inversely
correlated with DNA hydroxymethylation (100), an intermediary
in the demethylation of DNA. Among ∼2000 European new-
borns, site-specific alterations in their epigenome were found to
correlate with maternal concentrations of plasma folate (113).
Complementing these observational studies and supporting a
genuine causal role for maternal folic acid supplementation
on epigenetic mechanisms is a controlled trial in pregnant
women, which observed that continuing supplementation with
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400 μg folic acid/d into the 2nd and 3rd trimesters induced
alterations in DNA methylation of candidate genes related
to brain development in cord blood (114, 115). Importantly,
these altered epigenetic patterns may persist throughout life.
In the Aberdeen Folic Acid Supplementation Trial, site-specific
patterns of DNA methylation in 86 offspring, aged 46–48 y,
correlated in a dose-responsive manner with the amount of
folic acid supplementation that their mothers received during
pregnancy (116). It is nevertheless important to note that none of
these epigenetic changes have been causally linked to phenotypic
characteristics and should therefore not be assumed to be
deleterious; indeed, continuing 400 μg/d supplementation into
the second and third trimesters has been observed to result
in higher cognition scores among offspring at 3 and 7 y of
age (117).

Thus, significant gaps exist in our present understanding of
the relations between folic acid supplementation and/or elevated
folate status and their effects on physiology, both beneficial
and deleterious, unrelated to vitamin B-12 metabolism. Stronger
and more consistent evidence is required to determine whether
the aforementioned relations are genuinely causal in humans.
In addition to proving causality, the following 3 knowledge
gaps are among the most important to examine. 1) What are
the dose–response relations between folate/folic acid exposure,
physiology, and these putative effects (or biomarkers of effects)?
2) What are the underlying mechanisms of action? 3) Are there
“at-risk” groups particularly susceptible to these effects?

What are plausible effects of elevated folate status resulting
from intake of any form of folate on vitamin B-12 function
and associated adverse health effects?

Existing gaps.

Vitamin B-12 and folate interact within folate-mediated
1-carbon metabolism, in which vitamin B-12 deficiency causes
an accumulation of cellular folate as 5-MTHF, leading to a
functional folate deficiency and impaired nucleotide and DNA
biosynthesis. This effect of vitamin B-12 deficiency on impairing
folate metabolism and nucleotide synthesis is known as the
“methyl trap,” which results in megaloblastic anemia (118,
119). The effects of vitamin B-12 deficiency on DNA synthesis
and the associated anemia can be partially rescued by higher
folic acid intakes. In human cultured cells, both genetic and
nutritional vitamin B-12 deficiency impairs folate-dependent de
novo thymidylate synthesis and causes increased DNA damage,
and both of these outcomes are rescued, not exacerbated, by
high 5-formylTHF in the culture medium (102). Regarding dose-
response, it is also noteworthy that >95% of the 155 cases in
which folic acid supplementation was reported to precipitate neu-
rologic manifestations occurred before 1963, during which time
the FDA recommended dosage was 5–20 mg folic acid/d (120).

In contrast, an emerging body of observational data and
secondary data analyses suggests possible adverse interactions
between elevated folate status and vitamin B-12 deficiency, with
respect to risk of functional neurological decline and pathology
(17–19, 22, 29, 31). These were recently reviewed with respect
to the safety of folic acid (121). The Institute of Medicine’s
1998 DRI report for folate (1) cited early studies indicating
that vitamin-B-12-deficient monkeys and fruit bats receiving

supplemental folate developed signs of neuropathology earlier
than did controls (122, 123). Those early studies first raised
the question regarding adverse effects of elevated folate status
exacerbating the clinical sequelae of vitamin B-12 deficiency
and consisted of a relatively small number of animals, in which
there was significant “unexplained death” across the intervention
groups (122, 123). Replication of these early findings has not
been reported, and current rodent models do not exhibit the
neurological clinical sequelae of human vitamin B-12 deficiency,
which has limited further investigation of these findings. Two
more recent studies in rodents reported that although a high-
folate, vitamin-B-12-deficient diet consumed by dams was
associated with unique gene expression changes in offspring
liver and pancreas, in addition to changes in fasting insulin, this
exposure did not affect such physiological outcomes as weight
gain or adiposity (38, 124). In female offspring consuming a
“Western diet” (i.e., high-fat, low-calcium, and low-vitamin-D
diet), the vitamin-B-12-deficient diet appeared protective against
similar outcomes (124). Among humans, a single cohort study in
obese subjects observed that high folate status in conjunction with
low vitamin B-12 status was associated with insulin resistance
(28). It is important to note that although there are several
validated transgenic mouse models of vitamin B-12 deficiency
(Mmachc+/−, Mtr+/, Mtrr+/−, CD320−/−), studies using “high
folate” exposure have not been performed in these models to date.

A recent human intervention trial investigated the effects of
1 intramuscular injection of cyanocobalamin (10 mg), pyridoxine
(100 mg), and thiamin (100 mg) in vitamin-B-12-deficient elderly
Chileans (17) on measures related to peripheral neuropathy. The
intervention improved sensory nerve conduction velocity in
these individuals, and this outcome was not affected by baseline
folate status (17). However, a secondary data analysis indicated
that individuals with serum folate above the study median (i.e.,
33.9 nmol/L), compared with those below the median, had a
weaker response to treatment with respect to a computed index of
vitamin B-12 status comprising total serum vitamin B-12, holo-
transcobalamin, methylmalonic acid, and total homocysteine
(17).

What mechanisms of action might explain a folate–vitamin
B-12 interaction?.

The most ready explanation for individuals who jointly
present with high folate and low vitamin B-12 status, which
is the focus of reports from several observational studies (17–
19, 22, 31), is that they likely have impaired vitamin B-12
absorption or have very low intakes of vitamin B-12, the latter
of which may be the case among strict vegans not using dietary
supplements. Because both folic acid and vitamin B-12 are
present in adequate or sometimes more-than-adequate amounts
in most dietary supplements, supplement users could be expected
to attain the elevated folate status observed in these studies. It
has been proposed that the associations between low vitamin
B-12/high folate status and adverse outcomes in observational
studies are driven by severe defects in vitamin B-12 absorption,
where dietary supplement users with vitamin B-12 malabsorption
would be expected to exhibit a low vitamin B-12/high folate
status and would be susceptible to the symptoms of vitamin B-12
deficiency (121). Moreover, the lack of a standardized definition
of what constitutes “high folate status” among studies has
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TABLE 1 Requisite gaps to fill in our understanding of the biological, physiological, and health effects of excess
folate/folic acid and their interactions with vitamin B-12

Indicators of nutrient status and function
Establish biomarkers of status and function that exhibit dose–response relations, define exposure to excess folic

acid/folate, and are on the mechanistic pathway and then validate cutoffs for these biomarkers.
Establish universally accepted definitions for accurately classifying vitamin B-12 status and excess folate.
Establish omic profiles (metabolome, transcriptome, epigenome) of folate status and function, from deficiency to excess.

Purported clinical outcomes and underlying mechanisms of unmetabolized folic acid and elevated folate status
Clarify authenticity of developmental and intergenerational outcomes.
Clarify authenticity of effects on clinical sequelae of vitamin B-12 deficiency.
Clarify authenticity of effects on carcinogenesis and promotion of cancer risk.
Clarify authenticity of effects on natural killer cell function.

Identification and delineation of effect modifiers and covariates
Genetic variation, including polymorphisms in dihydrofolate reductase and methylenetetrahydrofolate reductase
Dietary factors, including other B-vitamins and 1-carbon nutrients and metabolites
Microbiome
Sex, age, pregnancy, lactation, obesity, underlying disease states

further complicated interstudy comparisons. Also, no established
mechanisms account for the long-standing putative effects of
elevated folate status exacerbating the clinical sequelae of
vitamin B-12 deficiency. Progress has been hampered by the
limited availability of relevant animal and preclinical models.

Knowledge gaps that need to be addressed to establish
whether adverse health effects of excess folic acid and
elevated folate status exist

Participants in the workshop identified several knowledge and
evidence gaps that need to be addressed to evaluate the safety
of high folic acid intake and elevated folate status from all
dietary sources. Table 1 summarizes these knowledge gaps and
highlights the need for robust dose-response data with respect
to important clinical outcomes. The following high-priority
research areas were identified:

• Develop functional biomarkers of elevated folate status. The
lack of valid biomarkers that establish a dose-dependent
relation between elevated folate status and biochemical,
molecular, and/or physiologic endpoints that are on a
causal pathway leading to adverse health outcomes is
greatly impeding research progress in this field. Although
biomarkers of elevated folate status and function are
needed, an ideal biomarker would be one that not only
quantitatively reflects exposure to high folic acid or
total folate, but also functionally links to—and thereby
predicts—a downstream outcome of interest. Once these
biomarkers and endpoints are in hand, a consensus on
the definitions of what constitutes “high” or “excess”
folate status can be established, including the appropriate
cutoffs for biomarkers. The biomarker cutoffs used to define
deficiency have been validated, but the biomarkers and
related cutoffs to define high intake or status are lacking (11,
125). Reference ranges and cutoffs for biomarkers of excess
folic acid intake and elevated folate status (assuming ≥1 are
identified and informative) should be derived and validated
for at-risk populations and across age groups and life stages.
Consistent data-driven approaches are needed to charac-
terize high folate status and associated cutoffs, including

consensus on experimental methods, measures, modifiers,
and identification of relevant population subgroups (126).
For example, increased BMI has been associated with
altered circulating folate concentrations (127); biomarkers
and related cutoffs should therefore be validated across
BMI categories. Defining and validating biomarkers of
adverse effects related to excess folate is essential and
should include studies that establish whether the biomarker
in question 1) precedes and predicts the clinical endpoint
of interest and 2) is an integral component of the causal
pathway leading to the clinical endpoint of interest. Some
potential biomarkers of contemporary interest include
genomic markers related to mutation rates or epigenetic
signatures and/or downstream proteome and/or metabolome
profiles (80, 128), although it is important to remain
receptive to the idea of developing novel biomarkers.
Mendelian randomization, an epidemiological methodology
that uses genetic variants to strengthen causal inference
(129), should be used where possible. Investigators need to
be fully circumspect about the strengths and limitations of
the biomarkers that they utilize in their studies (130–133);
no intermediary biomarker of disease perfectly predicts the
occurrence of an adverse health outcome and intermediary
biomarkers often will lack sufficient specificity to apply to
other adverse health outcomes.

Once validated status and functional biomarkers of excess
folic acid intake, high folate status, and excess UMFA are
established, effect modifiers—including genetic variants [e.g.,
methylenetetrahydrofolate reductase (MTHFR) variants and the
DHFR 19-base-pair-deletion polymorphism (134)], as well as
relevant exogenous factors, such as dietary exposures to the
other 1-carbon nutrients—need to be identified and characterized.
Furthermore, the roles of the intestinal microbiome will be
an important factor to examine because it may interact with
changes in folate exposure in a number of ways. For example,
an observational study reported that the intestinal enterotype
is linked to the quantity of ingested folate and other 1-carbon
nutrients (135). Alternatively, different microbial profiles in the
gut may metabolize ingested folates in distinctive ways, thereby
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modifying the quantity or quality of folates available in the lumen
of the intestine.

• Conduct dose-response studies with metabolic tracers.
Dose–response relations among folate intake, folate status,
and metabolic outcomes can be determined from tracer
studies. Stable isotope tracer studies in both animal models
and humans have defined the qualitative and quantitative
flux of compounds through 1-carbon metabolism and in
other folate-dependent pathways (136). Although their
application is somewhat more restricted, studies utilizing
radiolabeled tracers also have been very informative in
both animals and humans (137). Such studies are needed
to determine the dose–response relation between folate
intake from deficient to elevated levels and metabolic fluxes,
including variability across individuals, and any impact on
physiological and health outcomes.

• Strengthen the study design of preclinical and observational
studies. Although randomized and controlled human inter-
vention trials are the design of choice for testing causal
relations between excess folate exposure and adverse health
outcomes, preclinical models (i.e., cell culture and other in
vitro constructs, and nonhuman animal studies) and obser-
vational studies are more common and can make important
contributions to the totality of evidence. Some of the benefits
offered by preclinical studies include 1) delineating tissue-
specific effects, 2) clarifying dose–response relations, and
3) generating and confirming mechanistic hypotheses.

Although human observational studies lack the ability to
prove causality, they can identify associations and generate
hypotheses, among other insights. For example, in large-scale
prospective cohorts, individuals can be stratified by genetic risk
and followed over time to identify factors that associate with
outcomes and evaluate gene–environment interactions. Owing
to the fact that people who choose to consume supplements
differ from those who do not in several important demographic
and health characteristics, it is critical to look for uncontrolled
confounding, reverse causality, and artifacts as common issues.
However, Mendelian randomization can bolster the ability of
observational studies to infer causation. Because of various
logistical constraints and the extraordinary costs of intervention
trials, observational studies often allow monitoring responses
over longer periods of time, with larger numbers of subjects.
Moreover, although adverse outcomes are the primary focus of
this research agenda, ethical constraints substantially limit the
feasibility of many of the intervention trials that would help
resolve the issues of high folate intake, alone or in combination
with low vitamin B-12 status, and cancer risk, transgenerational
effects, or other health outcomes.

• Make better use of biorepositories. Efforts should be made
to mine biorepositories similar to the Finnish Maternal
Serum Bank, which has archived biological samples with
linkage to medical registries for outcomes and allows access
to extramural researchers. A collaborative consortium of
birth cohorts has been formed to evaluate rare outcomes,
particularly childhood cancers (138). These data and
biological samples may also be used for the evaluation
of other outcomes. Comparisons between countries with,
and those without, mandatory folic acid fortification may

offer important insights although they will require rig-
orous control of confounders. Consistent findings across
international studies or longitudinal studies conducted
in different decades within the same country are less
prone to the residual confounding issues likely to affect
current longitudinal studies conducted in 1 country. For
example, the NIH has consolidated selected birth cohorts
as part of its Environmental influences on Child Health
Outcomes (commonly known as ECHO) program and will
be launching new cohorts in the next few years (139).
The data are being harmonized, and serum/plasma samples
may be available, as well as information from follow-up
studies. The Norwegian Birth Cohort (140) and the Danish
Birth Cohort (141) are especially valuable in supporting
collection and storage of biological samples and dietary
supplement data, offer medical registries with outcome
information, and welcome collaborations.

• Enhance resource and data sharing. A systematic cross-
cohort approach, in which existing cohorts are combined,
would facilitate the testing of high folate exposures among
individuals, as well as potential dose–response relations and
intergenerational effects. One example of this approach is
the transnational “EpiBrain” project that is examining gra-
dients of folate/folic acid exposure during pregnancy among
3 countries with differing fortification and supplementation
policies, as well as effects on cognitive outcomes in children
(142).

• Differentiate direct effects of UMFA from those of high
folate status. UMFA cannot be considered in isolation
because folic acid intake is intrinsically linked to higher
folate status; hence, both should be considered in the design
of all studies of UMFA. Furthermore, studies of UMFA
should consider all other folate forms, including reduced
folates and other oxidized forms of folate, such as MeFox
(an oxidation product of 5-MTHF that does not possess
the traditional biologic activity of the vitamin) (143). This
includes identification of the differences between folic
acid and reduced folates in whole-body and tissue-specific
accumulation, metabolism, presence in biological fluids
(urine, breast milk, blood), and biological effects, includ-
ing effects on the microbiome, epigenome, metabolome,
signaling pathways, genome stability, and mutation rates
in various physiological states—including development,
growth, lactation, weaning, and aging—as well as other
potential critical windows of development and sex-specific
effects.

• Develop appropriate animal and other preclinical di-
etary exposure models. For each health outcome, strong
consideration should be given to conducting preclinical
animal and cell culture studies, using dietary exposures
consistent with human exposures. Traditional cell culture
media often contain supraphysiologic concentrations of
1-carbon nutrients, necessitating use of custom formulas.
Critical factors include consideration of the specific timing,
duration, and frequency of the exposure to elevated folate
and/or folic acid. Critical windows of time in the gestational
period, as well as other phases of the life span during which
the organism may be especially susceptible to adverse health
outcomes resulting from excess folate exposure, need to be
considered (111, 144).
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• Use of appropriate animal models. Development of animal
models that better capture the diet–disease relation and that
are maximally relevant to human disease is a high-priority
need. For example, hepatic DHFR activity in the human is
only 2% of that possessed by the rat (51), thereby prompting
the question of under what circumstances the effects of folic
acid on disease outcomes in rodent models are translatable
to humans (145). Thus, it is important to develop and
validate appropriate animal models that optimally reflect
human 1-carbon metabolism. Confirming observations in
multiple strains or species helps to ensure that the results
can be generalized across the mammalian spectrum and
therefore are more likely relevant to human health.

• Consider off-target effects. It is unknown whether the
underlying mechanisms whereby folate status and/or UMFA
purportedly produce adverse health outcomes operate
through the well-described avenues of canonical folate
metabolism or via unknown off-target effects. These
metabolic effects may be immediate consequences of excess
folate intake, such as the stages of intestinal uptake of
folate, its initial distribution to tissues, or its excretion.
Alternatively, less immediate effects might be exerted
through its roles in 1-carbon metabolism, or in other as-
yet-unidentified biochemical pathways, via changes in the
transcriptome (146) or epigenome (113, 147), or its role as
a signaling molecule (84, 148). Cellular folate is partitioned
in cytosolic, mitochondrial, and nuclear compartments
and, therefore, adverse effects of excess folate may be a
function of aberrant compartmentalization (149). Moreover,
both the quantitative amount of folate and the distribution
of its vitameric forms are highly tissue-specific (150),
underscoring the necessity of demonstrating effects on
the target tissue of interest and not inferring from effects
observed in other tissues. Further complicating the issue
of tissue specificity is that it can be influenced by the
underlying genotype (or strain in animal models) (151).

• Precise classification of vitamin B-12 status. It is important
to gain consensus on how to accurately classify vitamin
B-12 status (152) because the current measures lack
specificity. The biomarker methylmalonic acid is very
sensitive to vitamin B-12 status and responds to vitamin
B-12 supplementation, but its elevation does not always
indicate clinical signs of vitamin B-12 deficiency. Caution
is needed when multiple variables are combined into a
computed variable (153), because vital information may
be obscured. Newer biomarkers, such as 2-methyl citric
acid and holo-transcobalamin, have not yet offered much in
the way of additional advantages. Functional and clinical
biomarkers should be developed that accurately predict the
effects of variable folate status on vitamin B-12 deficiency.
It will be critical to delineate the effects of a range of folate
status on vitamin B-12 metabolism in the whole body and
in other tissues (with particular focus on the central nervous
system) in relevant preclinical and animal models. The
impact of genetic variations, including the MTHFR variants
and the DHFR 19-base-pair-deletion polymorphism, also
should be considered (134).

• Seek strong experimental evidence through the systematic
compilation of observations. Scientific knowledge generally
moves ahead by consensus, so rigorous systematic reviews

are needed to evaluate the totality and strength of evidence
regarding the health effects of elevated folate status and to
guide future studies, keeping in mind that such analyses
can sometimes obscure effects that occur only in at-risk
subgroups (154). Presently, few updated systematic reviews
specific to this research agenda are available to inform such
efforts.

At-risk groups for elevated folate status

At least 3 large segments of the US population have been
proposed to be at elevated risk of any potential adverse effects
of elevated folate status. Pregnant women and their offspring are
exposed to higher amounts of folic acid as a result of supplement
use during pregnancy and lactation. Currently 33% of pregnant
US women exceed the UL for folic acid; among supplement users
that number increases to 47% (155). Notably, all US women of
reproductive age capable of getting pregnant are recommended
to supplement with 400–800 μg folic acid/d (156), but most
prenatal supplements contain 800–1000 μg. However, without
the use of dietary supplements, almost 40% of US women of
reproductive age do not meet their requirement for folate intake
(155). Thus, pregnant women are at risk of both inadequacy and
potential excess. Virtually nothing is known about excess folic
acid exposures during lactation, despite many lactating women
exceeding the UL for folic acid from dietary supplements alone
(63). It should be noted, however, that 100% of the folate in most
commercial infant formulas is in the form of folic acid and these
are generally higher in folic acid content than human breast milk.

Another group vulnerable to the postulated adverse effects of
excess folate is children. Although no US adults exceed the folic
acid UL from foods alone (2), some children do, and among
those who regularly use vitamin supplements more than half
exceed their UL (98). At the time the UL values were devised,
insufficient data existed to confidently establish a UL based on
pediatric observations, so the values for infants and children were
extrapolated from adult levels. It could be argued that the UL for
folic acid in children is too low.

Finally, largely as a result of various types of vitamin B-12
malabsorption, adults older than the age of 60 y are at increased
risk of vitamin B-12 deficiency and are concurrently more likely
to have high folate status largely because of the prevalent use
of supplements. Estimates vary according to the criteria used,
but in the United States it is generally thought that 10%–
15% of elderly have subclinical vitamin B-12 deficiency (i.e.,
biomarkers indicative of deficiency in the absence of overt
clinical manifestations) (152). Susceptibility of the elderly to
vitamin B-12 deficiency is compounded by the prevalent use
of gastric acid suppressant medications in this segment of the
population; a nationally representative survey indicated that 33%
of all ambulatory medical visits in 2008–2009 among those aged
65–79 y involved individuals taking a proton pump inhibitor (157,
158).

Summary and Conclusions
At present, there is an insufficient body of evidence to support

human adverse health outcomes that are a result of high amounts
of folate or folic acid intake. However, owing to a provocative
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body of observations and the potential public health ramifications
of these observations, a comprehensive and rigorous body of
future investigations is warranted to determine if there is a
causal relation. Credible evidence of causality, delineation of
the underlying mechanisms, and dose–response relations are
each important pieces of the puzzle that figure prominently in
establishing the totality of evidence required to determine the
safety of excess folic acid intake and elevated folate status.

There is a pressing need for valid status and functional
biomarkers or sets of biomarkers that 1) reflect high folic
intake and/or elevated folate status, 2) act through a mechanistic
pathway, and 3) predict ≥1 of the adverse health outcomes in
question. Moreover, better consensus is needed regarding the
most accurate means of assessing vitamin B-12 status. The
absence of such tools constitutes a major impediment to progress.
Although randomized controlled trials provide the most definitive
evidence for assessing causality, the workshop participants
acknowledged that the limited availability, high costs, and in
some instances the ethical barriers of controlled trials underscore
the value of preclinical and observational studies to inform this
research agenda. Workshop members also emphasized the value
of mining new insights from existing human databases and
utilizing data from multiple populations across the life span that
are subject to different dietary and fortification policies and that
have different genetic backgrounds and gene variant enrichments.
There is the potential for meaningful public health ramifications if
the evidence for purported adverse effects of elevated folate status
and/or UMFA is shown to be causal. In this era of widespread
use of dietary supplements, and discretionary fortification by
the food industry (and to a far lesser degree mandatory federal
fortification), some segments of the population are exceeding
recommended guidelines on the upper level of folic acid intake.
For this reason, it is critical for the scientific community to remain
vigilant in its research pursuits and address directly the evidence
and knowledge gaps related to the health effects of excess folate
and/or folic acid intake.
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