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 Introduction

Reduction of anemia is one of the World Health 
Organization Global Nutrition Targets for 2025 [1]. 
Megaloblastic anemia is the major clinical mani-
festation of overt folate or B12 deficiency. Although 
the anemia arising from a deficiency of either vita-
min is clinically indistinguishable, the causes are 
very different and differential diagnosis is essential 
in order to provide effective treatment. Furthermore, 
the absence of anemia does not imply that status of 
these vitamins is sufficient. Less obvious “nonane-
mic” manifestations can arise with low nutrient 
status through the lifecycle, with adverse health 
impacts from early life to older age. An under-
standing of the causes, detection, and consequences 
of insufficient B-vitamin status is necessary, so that 
appropriate public health strategies for prevention 
can be implemented.

 Folate Deficiency

 Metabolic Role of Folate

Folate is essential for one-carbon metabolism 
(Fig. 13.1). This involves the transfer and utiliza-
tion of one-carbon units in a network of pathways 
required for DNA and RNA biosynthesis, amino 
acid metabolism, and methylation processes via 
the production of S-adenosylmethionine. The 
generation of S-adenosylmethionine in tissues is 
dependent on an adequate supply of folate and 
vitamin B12 and is used for a great number of 
methylation reactions by donating its methyl 
group to over 100 methyltransferases for a range 
of substrates such as DNA, hormones, proteins, 
neurotransmitters, and membrane phospholipids, 
all of which are regulators of important biologi-
cal processes [2]. Of note, in order to function 
effectively within one-carbon metabolism, folate 
needs to interact closely with related B-vitamins, 
namely, vitamin B12, vitamin B6, and riboflavin. 
This means that deficient status of one or more of 
these B-vitamins, or polymorphisms in folate 
genes, can impair one-carbon metabolism, even 
if folate intakes are adequate.

 Causes of Folate Deficiency

The discovery of folate as an essential nutrient 
dates back to the 1930s when a fatal anemia of 
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Fig. 13.1 Overview of B vitamins in one-carbon metabo-
lism. Abbreviations: DHF dihydrofolate; DHFR dihydro-
folate reductase; DMNT DNA methyltransferase; dTMP 
deoxythymidine monophosphate; dUMP deoxyuridine 
monophosphate; MTHFR methylenetetrahydrofolate 

reductase; SAH S-adenosylhomocysteine; SAM 
S-adenosylmethionine; THF tetrahydrofolate. (Adapted 
from Linus Pauling Institute at https://lpi.oregonstate.edu/
mic/vitamins/folate)

pregnancy was first described in India which was 
subsequently proven to be responsive to  treatment 
with food sources of the vitamin [3]. There are 
various causes of folate deficiency, arising from 
increased requirements and/or reduced availabil-
ity [2]. Pregnancy is a time when folate require-
ment is greatly increased to sustain the demand 
for rapid cell replication and growth of fetal, pla-
cental, and maternal tissue. Certain gastrointesti-
nal conditions, most notably celiac disease, can 
also lead to deficient folate status through chronic 
malabsorption. Heavy alcohol consumption and 
certain drugs, e.g., phenytoin and primidone 
(anticonvulsants) and sulfasalazine (used in 
inflammatory bowel disease), are also linked 
with folate deficiency.

Dietary folate intakes can be considered sub- 
optimal in the diets of many people worldwide in 
that, although adequate in preventing megalo-
blastic anemia, they are often found to be insuf-
ficient in achieving biomarker concentrations of 
folate associated with the lowest risk of neural 
tube defects or other disease linked with low 

folate status. This widespread under-provision of 
folate is generally attributed to the poor stability 
and incomplete bioavailability of natural food 
folates when compared with the synthetic vita-
min, folic acid. Food folates occur naturally in 
richest supply in green leafy vegetables, beans, 
liver and yeast, whereas folic acid is found in the 
human diet only in fortified foods and supple-
ments. Because of their chemical structure, natu-
ral food folates are inherently unstable outside 
living cells and tend to have poor bioavailability 
[4]. In addition to their limited bioavailability, 
food folates (particularly green vegetables) can 
undergo losses during cooking, and this will sub-
stantially reduce the folate content of the food 
before it is even ingested.

As a result of the poor stability and limited 
bioavailability of folate from natural food 
sources, achieving optimal folate status can be 
challenging in practice [3]. Folate intakes and 
recommendations in the US and certain other 
countries are expressed as Dietary Folate 
Equivalents (DFEs), a calculation that was 
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devised to take into account the greater 
 bioavailability of folic acid from fortified foods 
compared to naturally occurring dietary folates 
[4, 5].

 Detection of Deficient Folate Status

Biomarker status of folate is routinely assessed 
by measurement of folate concentrations in 
serum/plasma or in red blood cells as determined 
by either microbiological assay, or more typically 
in clinical laboratories, by protein binding assays. 
Serum folate is the earliest and most sensitive 
indicator of altered folate exposure and will 
reflect recent dietary intake [6]. Red blood cell 
folate parallels liver concentrations (accounting 
for about 50% of total body folate) and is thus 
considered to reflect tissue folate stores. It 
responds slowly to changes in dietary folate 
intake but is a good indicator of longer-term sta-
tus in that it reflects folate intake/status over the 
previous 3–4  months when circulating folate is 
incorporated into the maturating red cells [6]. 
The measurement of plasma homocysteine con-
centration provides a functional indicator of 
folate status, on the basis that normal homocyste-
ine metabolism requires an adequate supply of 
folate. When the status of folate is deficient or 
low, plasma homocysteine is invariably found to 
be elevated. Homocysteine is not specific for 
folate status, however, as it will also be elevated 
with B12 or other B-vitamin deficiency, certain 
lifestyle factors, and renal insufficiency [7].

 Consequences of Deficient Folate 
Status

 Severe Deficiency: Anemia
Clinical folate deficiency is manifested as mega-
loblastic anemia, a condition characterized by 
immature, enlarged red blood cells (reflecting 
impaired DNA synthesis), which is reversible 
with folic acid treatment. Folate-related anemia 
was recently reported to occur in >20% of women 
of reproductive age in many low- and middle- 
income countries, but was typically <5% in 
higher income economies [8]. Estimates of folate 
deficiency can however vary considerably 
depending on the method used and cut-points 
applied, but the microbiologic assay is recom-
mended by the WHO and widely considered to 
be superior to other assays for measurement of 
folate status. Red blood cell and serum folate 
concentrations typically decrease throughout 
pregnancy; however, supplementation with folic 
acid prevents this decline [9] and can thus pre-
vent the occurrence of megaloblastic anemia of 
pregnancy [10].

 Other Manifestations of Insufficient 
Folate Status
Emerging scientific evidence supports a number 
of roles for folate through the lifecycle in main-
taining health and preventing disease (Fig. 13.2). 
Because homocysteine is elevated with low folate 
status, it is possible that some of the reported 
manifestations of folate insufficiency are medi-
ated via increased homocysteine concentrations, 

Known and emerging roles of optimal status in human health
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Fig. 13.2 Folate and 
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but it remains unclear whether homocysteine per 
se is a true risk factor for cardiovascular and 
other disease outcomes. In any case, homocyste-
ine is a sensitive indicator of functional folate 
deficiency; in human studies, plasma homocyste-
ine is inversely correlated with folate and shows 
marked lowering in response to folic acid 
intervention.

Neural tube defects (NTD): Maternal folate 
status has a major impact on early development 
of the embryo up to the first 4  weeks of preg-
nancy. Conclusive evidence has existed for over 
25 years of the benefits at this time of folic acid 
in preventing both first occurrence [11] and 
recurrence [12] of NTD.  These are major birth 
defects occurring as a result of failure of the neu-
ral tube to close properly in the first few weeks of 
pregnancy, leading to death of the fetus or new-
born, or to various disabilities involving the spi-
nal cord, the most common form of which is 
spina bifida. This conclusive evidence has led to 
clear folic acid recommendations for women of 
reproductive age which are in place worldwide.

The proposed mechanisms to explain the ben-
eficial effects of periconceptional folic acid 
against NTD have focussed on the factors that 
could potentially impair normal folate metabo-
lism, including polymorphisms in folate genes. 
Of these, an increased risk of NTD is strongly 
associated with the 677C → T variant in the gene 
coding for the folate metabolizing enzyme meth-
ylenetetrahydrofolate reductase (MTHFR) [13]. 
Autoantibodies against folate receptors have also 
been implicated in pregnancies affected by NTD 
[14].

Of note, although folate insufficiency is con-
sidered the major contributing factor, there is 
convincing evidence that low maternal vitamin 
B12 is an independent risk factor for an NTD- 
affected pregnancy [15]. Thus, future public 
health efforts to reduce NTD may need to target 
the status of not only folate but also B12  in 
women entering pregnancy. In addition, apart 
from preventing NTD, there is good evidence 
that periconceptional folic acid use may prevent 
congenital heart defects in infants [16], and pos-
sibly orofacial clefts, although the latter evidence 
is somewhat controversial.

Other adverse pregnancy outcomes: As 
pregnancy progresses, folate continues to play an 
important role in maternal, fetal, and neonatal 
health (Fig. 13.2). Deficient maternal folate sta-
tus (and/or elevated homocysteine) is associated 
with an increased risk of a number of adverse 
pregnancy outcomes including gestational hyper-
tension, preeclampsia, placental abruption, preg-
nancy loss, low birth weight, and intrauterine 
growth restriction [17]. Although there is some 
evidence that folic acid supplementation in preg-
nancy can reduce the risk of gestational hyperten-
sion and preeclampsia [18], this is conflicting. 
One recent RCT reported that high dose folic 
acid beyond the first trimester of pregnancy had 
no beneficial effect on preeclampsia in women at 
high risk for this condition [19].

In addition to protecting against the develop-
ment of anemia in the mother and NTD in the 
offspring, there is emerging evidence linking 
maternal folate during pregnancy with neurode-
velopment and cognitive function in the child. 
The biological mechanism linking maternal 
folate with the offspring brain is unclear, but 
likely involves folate-mediated epigenetic 
changes related to brain development and func-
tion [20]. Indeed, a wealth of literature supports 
the fetal origins of human disease throughout the 
lifecycle and emerging evidence implicates epi-
genetic modifications as the likely mechanism. 
DNA methylation, the most widely studied epi-
genetic mechanism for gene regulation, is depen-
dent upon the supply of methyl donors provided 
by folate and related B-vitamins via 
S-adenosylmethionine [2]. Folate deficiency 
could thus lead to aberrant gene expression with 
consequential adverse health outcomes [21].

Cardiovascular disease (CVD): There is 
considerable evidence to link low status of folate 
and related B-vitamins (B12 and B6) with an 
increased risk of CVD and stroke in particular 
[22]. Although much of this evidence focuses 
specifically on plasma homocysteine (high con-
centrations of which are associated with endothe-
lial dysfunction, atherosclerosis, and thrombosis), 
it is possible that the link with CVD is through 
mechanisms that are independent of homocyste-
ine, including a role for folate and related one- 
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carbon metabolism in blood pressure and 
prevention of hypertension, an important risk fac-
tor for CVD [3].

Randomized controlled trials (RCTs) show 
that folic acid intervention may decrease the risk 
of stroke by as much as 18%, and higher (over 
25%) in trials with a treatment duration of 
>36 months, in participants with poorer baseline 
folate status or in those with no previous history 
of stroke [23]. Also, population data from the 
USA and Canada show an improvement in stroke 
mortality corresponding to the time that manda-
tory folic acid food fortification was introduced 
[24]. Thus, optimizing folate status through 
population- based folic acid intervention (i.e., 
food fortification) aimed at reducing NTD may 
also be beneficial in reducing CVD. Although a 
number of secondary prevention trials in at-risk 
patients failed to show a benefit of folic acid (typ-
ically in combination with vitamins B12 and B6) 
for CVD events generally [22], all such trials 
were aimed at preventing further cardiovascular 
events in patients with well-established pathol-
ogy. A reasonable conclusion from the evidence 
therefore is that the administration of high dose 
B-vitamins to CVD patients is of no benefit in 
preventing another event. The same cannot be 
said for primary prevention, however, because 
the aforementioned trials did not investigate this 
question. Also, in one trial testing B-vitamin 
intervention in CVD risk, the HOPE-2 trial, a 
clear benefit in reducing the risk of stroke was 
detected but for some reason this result was over-
looked in the original report [25], although sub-
sequently reported separately [26].

Cognitive dysfunction and other neurologi-
cal manifestations: Folate has a fundamental 
role in the nervous system throughout the lifecy-
cle, from neural development in early life through 
to the maintenance of mental health and cogni-
tive function in later life. A number of inherited 
disorders of folate transport and metabolism have 
been described [27]. These rare disorders are 
associated with variable neurological manifesta-
tions that can present any time from the neonatal 
period to adult life, including developmental 
delay, cognitive impairment, motor and gait 
abnormalities, behavioral or psychiatric symp-

toms, seizures, neuropathy, and vascular changes 
on magnetic resonance imaging (MRI).

A growing body of evidence indicates that 
folate and related B-vitamins may be important 
for maintaining cognitive health in aging, with 
lower B-vitamin status and/or elevated homocys-
teine concentrations associated with dysfunction 
[28]. Cognitive dysfunction refers to a spectrum 
ranging from mild memory loss to dementia, the 
latter referring to a state where the decline in 
memory and thinking are sufficient to impair 
functioning in daily living. Observational studies 
in this area are however complicated by the fact 
that poor diet can be both a cause and a conse-
quence of impaired cognitive function and should 
be interpreted with caution. Only randomized tri-
als can confirm whether low B-vitamin status is 
causatively linked with cognitive dysfunction. 
Research in this area has been very substantially 
underpinned by the VITACOG trial which 
showed that B-vitamin intervention not only 
improved cognitive performance in patients with 
mild cognitive impairment, but also slowed the 
rate of global and regional brain atrophy as deter-
mined using MRI [29, 30]. The totality of trial 
evidence suggests that any benefit of intervention 
with folic acid (alone or combined with vitamins 
B12 and B6) on cognitive function arises through 
correction of deficient/low status, whereas pro-
viding additional folic acid to those with optimal 
status likely has little effect on cognition.

Apart from memory deficits and cognitive 
dysfunction, depressive symptoms are well 
described in folate deficiency [31]. Furthermore, 
folate deficiency can affect the duration and clini-
cal severity of depression and is associated with 
poorer response to antidepressant medication 
[31]. In a meta-analysis of observational studies, 
low folate was associated with a greater risk of 
depression [32]. A large cohort study of older 
Irish adults recently reported an incremental 
increase in the risk of depression as red blood cell 
folate declined, with an 80% higher rate of 
depression found among participants with the 
20% lowest folate status [33]. The same study 
demonstrated that regular consumption of 
 fortified foods increased dietary intakes of folate 
and related B-vitamins, substantially improved 
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corresponding biomarker status, and was associ-
ated with a reduced risk of depression (by 50%) 
in those who consumed fortified foods on a daily 
basis compared to non-consumers.

Osteoporosis: Evidence implicating a role for 
folate and related B-vitamins in osteoporosis is 
typically focussed on hyperhomocysteinemia, 
arising from historical case reports on patients 
with homocystinuria, a rare autosomal recessive 
disease characterized by very high concentrations 
of plasma homocysteine (>100 μmol/L). Among 
the clinical features described in these patients 
were skeletal abnormalities, lower bone mineral 
density (BMD), and early onset osteoporosis.

The moderately elevated homocysteine con-
centrations found within the general population 
(and characteristic of low folate status) is also 
associated with an increased risk of osteoporosis, 
a crippling bone disease with major health and 
economic consequences. Potential mechanisms 
to explain this relationship link elevated homo-
cysteine with increased bone resorption and bone 
fragility or a disturbance in collagen cross- 
linking. Thus, large cohort studies from various 
high-income countries report strong positive 
associations between homocysteine concentra-
tions and risk of osteoporotic fracture or lower 
BMD [34, 35]. Correspondingly, a higher risk of 
hip fracture was reported in Norwegian women 
with lower (<2.9  nmol/L) compared to higher 
(>6.6 nmol/L) serum folate concentrations [35].

Cancer: Human and animal studies link defi-
cient folate status with the development of vari-
ous cancers, most notably of the colorectum [36]. 
The proposed mechanisms by which folate defi-
ciency may promote malignant transformation 
are based on folate’s role in one-carbon metabo-
lism, and specifically DNA methylation and the 
de novo synthesis of pyrimidines and purines, 
nucleotides required for DNA replication and 
repair. Low folate status may thus alter gene 
expression through defective cytosine methyla-
tion, or lead to catastrophic cycles of aberrant 
DNA repair [37]. Controversially, however, there 
is also evidence that folic acid at high doses may 
have adverse effects on carcinogenesis. Historical 
evidence of the potential for such effects lies in 

the fact that drugs such as methotrexate, whose 
mechanism of action is to block folate metabo-
lism, are effective chemotherapeutic agents. 
Clinical studies have more recently raised the 
concern that high dose folic acid may promote 
colorectal tumorigenesis in patients with pre- 
existing lesions [38].

Thus, whereas higher folate status within the 
dietary range is considered to be protective 
against certain cancers, some remain concerned 
that exposure to excessively high folic acid 
intakes could increase the growth of pre-existing 
neoplasms. Such concerns in relation to cancer 
risk have impacted public health policy in coun-
tries worldwide, with many governments delay-
ing decisions to implement population-wide folic 
acid fortification, despite the widespread recog-
nition of the benefits of such policy in preventing 
NTD.

 Vitamin B12 Deficiency

 Metabolic Role of Vitamin B12

Vitamin B12, also known as cobalamin, plays 
important roles in one-carbon metabolism and in 
mitochondrial metabolism.

In the form of methylcobalamin, vitamin B12 
interacts closely with folate by acting as a cofac-
tor for the folate-dependent enzyme, methionine 
synthase, which is required in the synthesis of 
methionine from homocysteine. Methionine, 
once formed, is activated by ATP to form 
S-adenosylmethionine, a methyl group donor 
used in many biological methylation reactions, 
including the methylation of a number of sites 
within DNA, RNA, and proteins [39].

In the form 5-deoxyadenosylcobalamin, vita-
min B12 is required as a cofactor for the mito-
chondrial enzyme, methylmalonyl CoA mutase. 
This enzyme catalyzes the conversion of methyl-
malonyl CoA to succinyl-CoA, an intermediate 
step in the conversion of propionate to succinate, 
which in turn plays an important role in the 
metabolism of odd-chain fatty acids and keto-
genic amino acids.
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 Causes of B12 Deficiency

Pernicious anemia is the clinical condition of 
severe deficiency of vitamin B12. This arises 
from an autoimmune gastritis characterized by 
B12 malabsorption owing to loss of intrinsic 
factor [40]. Much more commonly, however, a 
less severe depletion of vitamin B12 can arise 
from food-bound B12 malabsorption as a result 
of mild atrophic gastritis leading to reduced gas-
tric acid production (hypochlorhydria), thereby 
diminishing B12 absorption from food because 
of the essential role of gastric acid in the release 
of B12 from food proteins during digestion. 
Food-bound B12 malabsorption commonly 
occurs in older adults and can lead to sub-clini-
cal deficiency, where there is metabolic evi-
dence of deficient status but without the classical 
hematological or neurological deficiency signs 
[41].

Vitamin B12 is present only in animal foods, 
including meat, poultry, fish and to a lesser extent 
eggs, milk, and dairy products. The deficient B12 
status commonly found in older adults in high- 
income countries is rarely attributable to low 
dietary intakes, which are typically found to 
exceed dietary recommendations, but rather is 
the result of malabsorption related to atrophic 
gastritis as outlined above, and/or the use of pro-
ton pump inhibitors (e.g., omeprazole) and other 
gastric acid suppressant drugs, commonly pre-
scribed for conditions such as simple heartburn 
or gastroesophageal reflux disease. Notably, one 
large community study in the US (of over 25,000 
B12 deficient cases and nearly 200,000 controls) 
found that the long-term use of PPIs was associ-
ated with a 25–65% greater risk of vitamin B12 
deficiency [42]. In addition, metformin usage in 
Type 2 Diabetes can also result in vitamin B12 
deficiency and in turn a greater risk of cognitive 
dysfunction [43].

In low-income countries, however, B12 defi-
ciency is largely the result of low dietary intakes, 
typically in regions where vegan diets or limited 
animal foods are consumed, but gastrointestinal 
infections and infestations, along with host–
microbiota interactions, may also be contributory 
factors [44].

 Detection of Deficient B12 Status

Vitamin B12 status can be assessed using up to 
four biomarkers, both direct and functional bio-
markers. The direct measurement of serum total 
vitamin B12 (using microbiological assay or 
automated competitive protein binding assays) 
has been the standard clinical test for many years, 
with B12 deficiency generally identified at B12 
concentrations <148 pmol/L, albeit this can vary 
between laboratories [44]. The sensitivity of total 
B12 assays has caused some concern, however, 
with false normal results reported in patients with 
pernicious anemia [41]. About 80% of total vita-
min B12 is metabolically inert, therefore mea-
surement of holotranscobalamin (holoTC), or 
“active B12,” is theoretically attractive because it 
represents only the metabolically active fraction 
(20%) of total B12 that is available for cellular 
processes. Although widely considered to be a 
robust biomarker of B12 status, serum HoloTC is 
not generally available in clinical settings.

The metabolites of B12-dependent reactions can 
be measured in blood to provide functional indica-
tors of vitamin B12 status. With vitamin B12 deple-
tion, the activity of the B-12 dependent enzyme 
methionine synthase is impaired, in turn leading 
to elevated homocysteine. Plasma homocysteine is 
however influenced by other vitamins (particularly 
folate) and non-nutrient factors (including renal 
function); therefore, it is not specific to vitamin 
B12 thus limiting its use as a biomarker of B12 
status. Also, with B12 depletion, the activity of 
the second B-12 dependent enzyme in humans—
methylmalonyl CoA mutase—is reduced, leading 
to an accumulation of the by- product methylma-
lonic acid (MMA). Measurement of MMA, unlike 
homocysteine, provides a specific and sensitive 
biomarker of B12 status, but limitations include the 
fact that it is greatly influenced by renal dysfunc-
tion and genetic variation, along with high running 
costs [44].

Given the limitations of each of the direct and 
functional B12 biomarkers, there is general agree-
ment that two or more biomarkers should be used 
to more accurately diagnose B12 deficiency so 
that early intervention can be implemented, and 
any adverse health consequences prevented [45].
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 Consequences of Deficient B12 Status

Vitamin B12 deficiency in humans results in 
impaired activities of the two vitamin B12 depen-
dent enzymes. The extent of functional deficiency 
and related adverse health outcomes that may 
arise will depend on the extent of B12 depletion.

 Severe Deficiency: Anemia 
and Neuropathy
Severe vitamin B12 deficiency causes anemia 
which is reversible with treatment, and irrevers-
ible neurological disease leading to death if 
untreated.

Hematologically, a deficiency of B12 will be 
manifested as megaloblastic anemia, character-
ized by megaloblasts in the bone marrow and 
macrocytes in peripheral blood, and reflecting an 
underlying biochemical defect of impaired DNA 
synthesis. The explanation as to why the clinical 
sign of megaloblastic anemia is identical for a 
deficiency of either folate or vitamin B12 is 
because DNA synthesis will be impaired in either 
case. In B12 deficiency, folate recycling becomes 
impaired because of a decrease in the activity of 
the B12-dependent enzyme methionine synthase, 
therefore 5-methyltetrahydrofolate cannot be 
converted to tetrahydrofolate. Thus, folate cofac-
tors becomes “trapped” in a form that cannot be 
used for DNA synthesis and, as a result, DNA 
synthesis becomes impaired—just like in folate 
deficiency. The mechanism to explain the occur-
rence of an identical anemia with folate or B12 
deficiency is referred to as the “methyl trap 
hypothesis.”

In addition to megaloblastic anemia, B12 defi-
ciency affects the nervous system resulting in 
demyelination of peripheral and central neurons 
and neurological complications, including neu-
ropathy and subacute combined degeneration of 
the spinal cord [40]. The progression of neuro-
logical complications is generally gradual and 
not reversible with treatment. The neurological 
manifestations of B12 deficiency can precede the 
appearance of hematological changes and may 
even occur in the absence of hematological com-
plications [44].

 Other Manifestations of Insufficient 
B12 Status
Emerging evidence indicates that low, though not 
necessarily deficient, vitamin B12 status is asso-
ciated with increased risk of various diseases of 
aging including CVD (as discussed above), neu-
ropsychiatric dysfunction, and osteoporosis.

Neuropsychiatric dysfunction: The reported 
neuropsychiatric effects of folate deficiency are 
remarkably similar to those described for vitamin 
B12 deficiency [31]. Both vitamins are required 
for the activity of methionine synthase, thus pro-
viding methyl groups for numerous central ner-
vous system (CNS) reactions, and may therefore 
have overlapping roles in the prevention of disor-
ders of CNS development and mood disorders, 
and in older people, cognitive dysfunction, and 
dementia (i.e., Alzheimer’s disease and vascular 
dementia). Vitamin B12 deficiency, like folate 
deficiency, leads to decreased synthesis of 
S-adenosylmethionine thereby adversely affect-
ing methylation reactions essential for the metab-
olism of components of the myelin sheath of 
nerve cells as well as for synthesis of neurotrans-
mitters [44]. Randomized trials show that inter-
vention with vitamin B12  in combination with 
folic acid and vitamin B6 can help to prevent 
cognitive decline in aging, and slow the rate of 
brain atrophy in older patients with mild cogni-
tive impairment [3, 29, 30]. As observed in folate 
deficiency, low B12 status is also associated with 
an increased risk of depression [31], and both 
vitamins may have roles in the long-term man-
agement of depression [46].

Osteoporosis: Low vitamin B12 status is 
linked with poor bone health, with evidence from 
large cohort studies showing lower than average 
BMD in middle-aged adults with low plasma 
B12 concentrations <148 pmol/L [47, 48]. One 
meta-analysis reported a modest association of 
lower B12 concentrations with a higher fracture 
risk [49]. As with folate, mechanisms to explain 
the relationship of B12 with bone health may be 
via homocysteine, higher concentrations of 
which are linked with increased bone resorption 
and interference with collagen cross-linking. 
Vitamin B12 may also have a direct effect on 
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bone, with evidence that osteoblast activity is 
dependent on B12 and bone metabolism may be 
adversely affected by B12 deficiency [50].

 Other B-Vitamins Implicated 
in Anemia

Apart from folate and B12, the B-vitamins most 
commonly implicated in anemia, riboflavin is 
another, often overlooked, B-vitamin that when 
deficient can lead to anemia. Riboflavin, in its 
cofactor forms flavin mononucleotide (FMN) 
and flavin dinucleotide (FAD), is essential for 
numerous oxidation-reduction reactions and 
plays a fundamental role in the metabolism of 
energy and in supporting cellular antioxidant 
potential. Also, riboflavin-dependent metabolism 
involves interaction with many other nutrients 
that are implicated in anemia, including iron, 
folate, and vitamin B6.

 Interaction of Riboflavin with Iron

Riboflavin deficiency can alter iron metabolism 
though various mechanisms, such as impairing 
iron absorption, increasing intestinal loss of iron, 
and/or reducing the utilization of iron for the syn-
thesis of hemoglobin. Riboflavin deficiency can 
thus contribute to iron deficiency anemia; for 
example, riboflavin supplementation of young 
women was shown to enhance circulating hemo-
globin concentrations and improve the response 
of iron deficiency anemia to iron therapy [51]. 
Additionally, a randomized trial conducted in 
pregnant women with anemia in China showed 
that the inclusion of riboflavin (along with reti-
nol) decreased the prevalence of anemia com-
pared to supplementation with iron and folic acid 
only [52].

 Interaction of Riboflavin with Folate

Riboflavin deficiency could contribute to mega-
loblastic anemia through its interaction with 
folate. Specifically, riboflavin acts as a cofactor 

for the key folate metabolizing enzyme methy-
lenetetrahydrofolate reductase (MTHFR). The 
importance of riboflavin in folate metabolism is 
perhaps most evident in individuals homozygous 
for the C677T polymorphism in MTHFR, result-
ing in a thermolabile enzyme with reduced activ-
ity, thus impairing folate recycling. The 
homozygous variant MTHFR 677TT (“TT”) gen-
otype affects about 10% of people globally, but 
this figure is much higher in some countries, 
including Mexico where a reported 32% of the 
population are affected by the TT genotype [53].

Although the health concerns in relation to 
this polymorphism have predominantly focussed 
on homocysteine as the well described pheno-
type, arguably of greater relevance to public 
health is the more recent emergence of a blood 
pressure phenotype, and a modulating role of 
riboflavin (as the MTHFR cofactor), in determin-
ing the risk of hypertension in affected individu-
als [53]. Three randomized trials to date in 
hypertensive patients showed that intervention 
with low-dose riboflavin (1.6 mg/day) results in 
lowering systolic blood pressure (by 
6–14 mmHg), specifically in those with the vari-
ant TT genotype in MTHFR [53]. Moreover, very 
recent evidence from a large cohort of over 6000 
Irish adults showed that the variant TT genotype 
in MTHFR was associated with higher blood 
pressure and an increased risk of hypertension 
from 18 years, whilst better biomarker status of 
riboflavin reduced this genetic risk [54]. The 
impact of this gene-nutrient effect may be par-
ticularly relevant in preventing adverse preg-
nancy outcomes, including gestational 
hypertension and preeclampsia, linked with this 
common folate polymorphism [17], but this 
remains to be demonstrated.

Riboflavin deficiency is a significant prob-
lem in low-middle income countries. Across the 
developed world also, deficient riboflavin status 
may be widespread, but this is largely undocu-
mented as biomarker status is rarely measured 
in population-based studies [3]. The UK is in 
fact one of the very few countries worldwide to 
include a riboflavin biomarker as part of its rolling 
national nutrition survey. Riboflavin deficiency 
in pregnancy may be a particular concern across 
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countries globally and, given its importance in 
both iron and folate metabolism, further research 
is needed investigating riboflavin- related anemia 
in pregnancy and the potential role of riboflavin 
in hypertensive disorders of pregnancy.

 Interaction of Riboflavin 
with Vitamin B6

The conversion of vitamin B6 to the metaboli-
cally active form in tissues, pyridoxal 5′-phos-
phate (PLP), is dependent on riboflavin in the 
cofactor form FMN. Riboflavin is thus an impor-
tant determinant of vitamin B6 status throughout 
the lifecycle, with recent evidence indicating that 
riboflavin may be the limiting nutrient for main-
taining PLP in older people [55]. PLP, in turn, 
functions as a coenzyme of 5-aminolevulinic 
acid synthase, which is involved in the synthesis 
of heme, the iron-containing component of 
hemoglobin. Vitamin B6 deficiency may thus 
impair hemoglobin synthesis and lead to micro-
cytic anemia.

 Public Health Measures to Address 
B-Vitamin Insufficiency and Related 
Policy

Reduction of anemia is one of the World Health 
Assembly Global Nutrition Targets for 2025 [1]. 
There are particular concerns regarding tackling 
anemia in women of reproductive age and preg-
nant women, and a recent WHO report (2020) 
has reiterated the critical importance of address-
ing anemia in these target groups and particularly 
in low-middle income countries.

 Addressing Folate Insufficiency

Advice for individuals: For the prevention of 
NTD, women globally are recommended to take 
400 μg/day folic acid as a supplement from pre-
conception until the end of the first trimester of 
pregnancy. Some women are considered to be at 
higher risk (e.g., those with a previous pregnancy 

affected by NTD; those taking certain anticon-
vulsant drugs) and thus are recommended to take 
higher folic acid doses (4–5 mg/day).

Folic acid supplements provide a highly effec-
tive means to optimize folate status in individual 
women who take their supplements as recom-
mended. However, supplementation is not an 
effective public health strategy for populations 
because in practice very few women correctly 
follow the recommendations, as discussed below.

Folic acid-fortified foods, like folic acid sup-
plements, are highly effective as a means of opti-
mizing folate status in women who are regular 
consumers of fortified foods. In countries with 
voluntary fortification in place, folic acid- 
fortified foods such as breakfast cereals are found 
to have very significant impacts on dietary intakes 
and folate biomarkers [56].

Public health challenges: Implementation of 
current folic acid policy to prevent NTD is prob-
lematic. For over 25 years, policy in many coun-
tries has been based on recommending women to 
take a supplement containing folic acid (0.4 mg/
day) from before conceiving until the 12th week of 
pregnancy. As a sole public health measure (as is 
the case in European countries), however, supple-
mentation has had little or no impact in preventing 
NTD, despite active health promotion campaigns 
over many years. The lack of success of this mea-
sure is primarily because women typically start 
taking folic acid after the period of neural tube clo-
sure (i.e., the 3rd to 4th week of pregnancy) [3]. 
This has resulted in unacceptably high rates of 
NTD in Europeans countries, estimated to be 1.6 
times higher than in regions of the world with man-
datory folic acid fortification policies in place [57].

 Food Fortification

Food fortification is the process of adding essen-
tial micronutrients to foods. Food fortification 
can be conducted on a mandatory (i.e., regulated) 
or a voluntary (i.e., at the discretion of individual 
food manufacturers) basis. When folic acid forti-
fication is undertaken via mandatory fortification 
of staple foods, it has resulted in a population-
wide increase in folate status and decreased prev-
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alence of anemia [2]. Over 85 countries 
worldwide to date (including North America, 
most of South America and Australia) have 
implemented mandatory folic acid fortification. 
In such countries, folate status is found to be opti-
mal and this is reflected in, not only a much lower 
prevalence of anemia, but also a lower risk of 
NTD, with evidence that rates of NTD have 
declined by between 27 and 50% in the US, 
Canada and Chile in response to mandatory folic 
acid fortification [57].

Although the UK and Ireland have led the way 
in Europe in terms of considering folic acid forti-
fication on a mandatory basis, for more than a 
decade both governments have delayed decisions 
to introduce mandatory fortification due to con-
cerns relating to possible health risks. However, 
two extensive government-commissioned reports 
from Ireland and UK recently provided the basis 
for reforming folic acid policy [58, 59], with the 
balance of scientific evidence in both reports 
indicating that there are no health risks associ-
ated with the low levels of folic acid being pro-
posed. Of note, rates of NTD in Ireland are 
among the highest in the world and there is par-
ticular concern that NTD trends have been 
increasing in recent years [58]. Although volun-
tary folic acid fortification is permitted in Ireland 
and appears to be beneficial in terms of reducing 
NTD to some extent, the benefit will only be 
achieved by consumers who choose to eat forti-
fied food products. Mandatory folic acid fortifi-
cation, in contrast, would reach all women, 
including those who have not planned their preg-
nancy, will not be taking FA supplements in early 
pregnancy and therefore are not protecting 
against NTDs in their babies. Moreover, an expert 
international panel tasked with reviewing all 
aspects of folate biology, recently concluded that 
the proven benefits of folic acid fortification 
would outweigh any potential risks [2].

 Summary and Recommendations

Severe deficiency of either folate or vitamin B12 
leads to megaloblastic anemia. Insufficiency of 
either of these vitamins, even if not severe enough 

to cause anemia, can be a major cause of ill health 
globally, especially for women of reproductive 
age (folate) and older adults (B12). Much less 
well recognized is that riboflavin deficiency can 
also contribute to anemia through adversely 
affecting the metabolism of iron and folate.

Folate is essential in one-carbon metabolism 
and is thus required for critical biological pro-
cesses. A large body of evidence links folate insuf-
ficiency with adverse health outcomes from early 
to late life, however, the driver of public health 
policy worldwide relates to NTD where folic acid 
supplementation of mothers before and in early 
pregnancy has a proven preventative effect. 
Despite this, preventable NTDs are not being pre-
vented in many countries. Implementation of a 
policy of mandatory folic acid fortification of sta-
ple foods would be highly effective in preventing 
NTD in regions without such policy in place.

Metabolically, vitamin B12 interacts closely 
with folate, and deficiency manifests in an identi-
cal anemia, along with irreversible neuropathy. In 
addition to these clinical signs of deficiency, B12 
insufficiency is associated with increased risk of 
diseases of aging including CVD, neuropsychiat-
ric dysfunction, and osteoporosis.

Riboflavin has several essential roles, includ-
ing in folate metabolism. Deficiency is wide-
spread but goes undetected in almost all countries. 
The recent emergence of a novel interaction 
between a common folate polymorphism and 
riboflavin status with impacts for blood pressure 
is potentially important in preventing hyperten-
sion in sub-populations globally, and may offer 
new insights into mechanisms linking impaired 
folate with disease outcomes throughout life.

In summary, folate, vitamin B12, and ribofla-
vin are important throughout the lifecycle. More 
rigorous assessment and prevention of insuffi-
cient status of these nutrients should be priori-
tized and based on measurement of biomarkers 
rather than relying on dietary data only. In older 
populations, routine monitoring of vitamin B12 
status will identify those with deficiency and 
enable early intervention. Fortified foods provide 
a bioavailable source of folate and other 
B-vitamins and offer a practical and highly effec-
tive means of improving status.
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