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Abstract: Vitamin B12 (also known as cobalamin) is an essential water-soluble vitamin that plays a
pivotal role for several physiologic functions during one’s lifespan. Only certain microorganisms
are able to synthetize B12, thus humans obtain cobalamin exclusively from their diet, specifically
from animal-derived foods. Specific sub-group populations are at risk of vitamin B12 subclinical
deficiency due to different factors including poor intake of animal source foods and age-dependent
decrease in the capacity of intestinal B12 uptake. Consumption of animal products produces some
negative health issues and negatively impacts sustainability while a plant-based diet increases
the risk of B12 deficiency. Taking a cue from the aforementioned considerations, this narrative
review aims to summarize facts about B12 deficiency and the burden of inadequate dietary intake in
elderly population, as well as to discuss sustainable approaches to vitamin B12 deficiency in aging
population.

Keywords: Vitamin B12; cobalamin; elderly; micronutrient deficiency; hidden hunger; preven-
tion; sustainability

1. Introduction

Adequate intake of nutrients is essential to maintain overall health through lifespan.
Growing evidence has shown that (sub)clinical nutrient inadequacies as well as deficiencies
affect health and quality of life [1]. It is well known that vitamin B12 (B12) deficiency is
common in specific sub-groups including the elderly [2]. Data from the National Health
and Nutrition Examination Survey (NHANES) show in 6.9% and 15% prevalence of B12
deficiency in US adults respectively aged 51–70 and over 70 years [3].

Vitamin B12 is an essential water-soluble vitamin [4], also known as cobalamin, which
contains ion cobalt in its structure. It is mainly found in animal products, especially meat,
seafood, eggs, milk and dairy products [5]. Only microorganisms (certain archaea and
bacteria [5] are able to synthetize cobalamin, thus humans obtain B12 exclusively from
their diet, specifically from animal products. Plant-origin foods do not contain B12, except
for algae and fortified food items (e.g., cereals, fortified substitutes of milk, flours, etc.) [6].

B12 absorption and metabolism are quite complex (as shown in Figure 1), and a
number of physiological factors contribute to clinical manifestation of deficiency, frequently
observed in the elderly [4]. Dietary B12 release takes place in the stomach by means of
hydrochloric acid and pepsin [4]. Here, vitamin B12 is bounded to R-protein, named
haptocorrin, secreted by salivary glands and stomach [4]. Once arrived in duodenum, B12
is released from its protein-complex due to pancreatic proteolytic enzymes (i.e., trypsin,
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chymotrypsin and elastase) [2]. Free B12 is then bound by intrinsic factor (IF), a glycoprotein
secreted by parietal cells in the mucosa of the stomach [4]. B12–IF complex remains in
this form until it reaches the terminal ileum where it is absorbed through endocytosis [4].
Afterward, the complex is degraded in lysosomes and vitamin B12 is eventually bound to
transcobalamin (TC), forming TC-Cbl complex [2]. B12 is transported via the portal system
in this complexed form [2], and it is uptaken and accumulated by body cells, where it is
converted into the metabolic active forms, Methylcobalamin and Adenosylcobalamin [4].
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foods. (2) B12 release takes place in the stomach by means of hydrochloric acid and pepsin. Here, it is bounded to
haptocorrin, forming a protein-complex. (3) Once arrived in duodenum, B12 is released from its protein-complex due to
pancreatic proteolytic enzymes. Free B12 is then bound by intrinsic factor (IF). (4) B12–IF complex reaches terminal ileum
where it is absorbed. Afterward, the complex is degraded in lysosomes and B12 is bound to transcobalamin, forming
transcobalamin–B12 complex. (5) B12 is transported via the portal system in this complexed form, (6) and it is uptaken and
accumulated by body cells, where it is converted to metabolic active forms: Methylcobalamin and Adenosylcobalamin.
(7) B12 is crucial for several physiologic functions: erythropoiesis, synthesis and maintenance of myelin sheath, DNA and
neurotransmitters synthesis, and intracytoplasmic cofactor.

Vitamin B12 is crucial for several physiologic functions, including erythropoiesis,
synthesis and maintenance of myelin sheath, as well as synthesis of nucleic acid (DNA) and
neurotransmitters synthesis [7,8]. It is also involved in intracytoplasmic biochemical path-
ways as pivotal cofactor for two enzymes: (i) the mitochondrial methylmalonyl-coenzyme
A (CoA) mutase, and (ii) the cytosolic methionine-synthase [4]. The first one is involved in
propionate metabolism catalyzing isomerization of methylmalonyl-CoA to succinyl-CoA;
the second one is involved with other B-vitamins in the cytosolic transmethylation of
homocysteine (Hcy) to methionine by 5-methyl-tetrahydrofolate [4]. During B12 deficiency,
substrates of both B12-dependent reactions are accumulated, leading to increased levels
of Hcy and methylmalonic acid (MMA) in plasma [2]. Excessive Hcy in blood (hyperho-
mocysteinemia) is associated with several chronic diseases including cardiovascular and
neurodegenerative diseases, peripheral neuropathy, renal failure and hypothyroidism [9].
Hyperhomocysteinemia has also been associated to sarcopenia (defined as an age-related
loss of muscle mass and function) and could mediate inhibition of the satellite cell prolifer-
ation (resident muscle precursor/stem cells with regenerative capacities properties) [10].
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The latter effect is mediated by (i) enhancing the p38 MAPK signalling in different tis-
sue types; (ii) enhancing the oxidative damage in skeletal muscles; and (iii) by inducing
myostatin, an inhibitor of myogenesis, in skeletal muscles [11].

Increase in circulating MMA level is associated with an overall acidification of the
body and defective fatty acid synthesis of neuronal membranes [2].

Vitamin B12 deficiency develops insidiously over the years, affecting health state. The
preclinical stage of deficiency, named sub-clinical deficiency, exhibits only non-specific
symptoms [12] and often remains underdiagnosed with negative health impact in vulnera-
ble groups, especially older adults [13]. The most frequent and evident clinical manifesta-
tions of B12 deficiency are megaloblastic anemia and neurological alterations (e.g., sensory
and motor disturbances, particularly in the lower extremities, ataxia) [14]. Moreover,
neurological disorders can occur in the absence of hematological manifestations [2]. B12
deficiency in the elderly is also associated with cognitive decline, dementia and psychiatric
disorders, covering suicidal behaviors, psychosis and mania, intense agitation [15]. Indeed,
Morris M. et al. reported cognitive decline in 549 community-dwelling individuals, mean
age 74.8 ± 4.6 years, having low B12 serum levels (between 187–256.8 pmol/L) [16].

Low B12 levels have also been associated with increased inflammation, oxidative
stress and increased susceptibility to infections. Vitamin B12 plays an important role in gut
microbioma modulation [17], which in turn impacts on the development and function of
both innate and adaptive immune system [18]. Furthermore, it improves high CD4/CD8
ratio and suppresses natural killer cells [19].

There is no a consensus concerning B12 reference intervals/cut-off values; however,
the recommended cut-off for its deficiency is <148 pmol/L (200 pg/mL) of plasma or serum
concentration [4].

The overall long-term strategy for controlling B12 deficiency is to promote consump-
tion of foods rich in Vitamin B12, mainly animal products [2]. Nevertheless, the elderly
rarely achieve the goal due to numerous impediments including socioeconomic (cost of
food) and physiological ones (i.e., swallowing and/or chewing problems), low food access
(residents of food deserts), poor diets or diets lacking animal products (e.g., vegetarian
and/or vegan diets), as well as ecological, religious and cultural reasons [20]. Moreover,
people are driven to consume less meat by greater awareness of the negative impact on the
planet besides their own health, compensated by increasing proportion of fruits, nuts and
legumes [21–23] and consequently by increasing the risk of vitamin B12 deficiency [23].

The need to promote healthy dietary patterns [21,24,25], mainly plant-based, raises the
demand to identify complementary and more sustainable sources of B12, as an alternative to
animal products and to implement public health programs, to design sustainable nutritional
solutions.

Based on the previous considerations, the aim of this narrative review is to describe
the prevalence of B12 deficiency and the burden of its inadequate intake in the elderly,
addressing the need of sustainable, public health preventive approaches to face subclinical
deficiency.

2. Prevalence of Deficiency

The average B12 content of the body is estimated to be approximately 2–3 mg in
healthy adults (range: 1–6 mg), mainly stored in the liver [4], although significant amounts
of B12 are also found in the kidneys [4]. In plasma B12 is bound to transcobalamin (TC)
(~10–30%) forming holotranscobalamin (HoloTC), corresponding to the biologically active
form of the vitamin [26]. The major residual fraction of plasma cobalamin (~70–90%) is
attached to haptocorrins (HCs), representing inert form of the vitamin [4]. Despite the large
original reserves of B12, its deficiency is a rather frequent phenomenon, especially during
aging [27].

It is known that B12 levels tend to decline with age, but there are conflicting data about
the real prevalence of deficiency in this population due to limitations, including: (i) the
vast differences among subjects included in epidemiological studies, (ii) studies conducted
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in different age rages and ethnicity, (iii) food consumption (e.g., fortified food or not),
(iv) presence or absence of morbidities, (v) absence of a gold standard test for measurement,
and (vi) different biomarkers and cut-off levels considered by different authors [20,28].
Indeed, many studies considered only serum B12 levels alone (with different cut-offs),
while others used vitamin B12 combination with additional serum biomarkers, like Hcy
and/or MMA [27]. Different technical platforms for these measurements additionally
complicate comparisons.

It is well known that the prevalence of B12 deficiency increases with age, but notably
varies among countries and ethnicity [29]. Data from the NHANES III (Third National
Health and Nutrition Examination Survey) showed that 4.4% of US adults (n = 3450, aged
>50 years) have low serum B12 concentration (<148 pmol/L) [30], with the lowest values
reported by Wright JD. et al. 1998 in the non-Hispanic white population, followed by
Mexican Americans, and the highest ones in the non-Hispanic blacks [31]. In studies
from individual countries across Europe, the reported data are different depending on
the country. Mild B12 deficiency (B12 concentrations <260 pmol/L plus plasma MMA >
0.32 µmol/L) was reported in 24% of healthy, free-living, older Dutch subjects (n = 105;
age range 74–80 years) [32], while data from the Hordaland study reported serum B12 <
200 pmol/L in 5.9% of Norwegian participants (n = 1935; age range 71–74 years) [33]. In
Latin America, 27% of adults resulted B12 deficient (<103 pmol/L) [34], while in China
7.2% of women and 12.0% of men sampled for a nutrition and health survey (n = 1350,
aged 65 to 90 years) showed low serum vitamin B12 concentration (<258 pmol/L) [35].
Vitamin B12 deficiency (B12 < 150 pmol/L) resulted much higher in India, reaching 46%
prevalence in Indian adults (n = 2014, aged 27–55 years) [36].

The estimated prevalence of Vitamin B12 deficiency also differs depending on the
presence of morbidity in the elderly, ranging from 4–5% in community-living elderly [37,38]
to about 30–40% in institutionalized subjects with multiple comorbidities [24], reaching
rates around 23–35% in the individuals over 80 years [2] as confirmed by Meziere A
et al. [39] and higher rated in elderly males rather than women [27].

3. B12 Deficiency: Dietary Intake and Bioavailability

A typical Western diet provides around 5–30 µg daily of B12, 1–5 µg of which is
absorbed in the last part of the small intestine [40,41]. This amount is higher than both the
Adequate Intake (AI) of B12, set at 4.0 µg for adults by the European Food Safety Authority
(EFSA) (elderly included) [4] and the Recommended Dietary Allowance (RDA) set at 2.4 µg
for U.S. adults by the Food and Nutrition Board [42]. Therefore, vitamin B12 deficit is rarely
attributable to pure nutritional deficiency, even in the elderly [38], in western countries [43].
This hypothesis is supported by the data analysis based on nine dietary surveys conducted
in Europe (Germany, Denmark, Portugal, Spain, Sweden and the UK) on 28015 adults and
elderly, showing inadequate intake below 10% in elderly population (age >64 years) [44].

Economic and social factors also play a role on vitamin B12 intake first of all due
to limited affordability of animal source foods (ASFs) [45]. Several studies have been
conducted in low- and middle-income countries, highlighting this important association,
especially in infants and children [46–48]. Moreover, Mark HE. et al. [49], by means of the
National Food Balance Sheet 2009, which provided information on the ability of the national
food supply to ensure adequate fulfillment of nutrient requirements on a population level,
estimated the prevalence of micronutrient inadequacies, including vitamin A, thiamine,
riboflavin, folate, vitamin B-12, zinc and calcium, in seven low-middle income countries in
the South Asia regions [49].

Apart from unavailability of ASFs, inadequate intake may also be driven by religious,
cultural or personal reasons (e.g., vegan diets, or less frequently, restrictive vegetarian
diets [7,50]). Moreover, B12 deficiency was observed in elderly with chewing and/or
swallowing impairment, restricted mobility and/or immobility, depression and social
isolation [51]. All these factors are frequently associated with malnutrition [52].
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Another important aspect to be considered in the elderly is food insecurity which
impacts on food choices [53] and contributes to over- and under-nutrition, nutrient ex-
cesses and deficiencies [54,55]. These factors affects both low-income countries as well
as high income ones [56]. Food insecurity is inversely associated with higher levels of
diet quality [57], which encompasses adequacy, moderation, variety or diversity, as well
as balanced nutrition and food consumption [58]. A study based on 4009 elderly adults
aged 74 or more found that food insecurity was associated with a poor diet quality [59].
For instance, it can lead to a “substitution” effect [60] where nutrient-dense foods, such
as lean sources of protein, are replaced with energy-dense, nutrient-poor foods, usually
ultra-processed ones rich in refined carbohydrates and fats [61], giving inadequate intake
of B12.

The maintenance of an optimal B12 status does not depend only on adequate dietary
intake but also on B12 bioavailability in food [62]. Watanabe et al., in a study on 2861
subjects aged 71–74 years, concluded that milk and dairy products and fish were significant
contributors to plasma B12, in fact vitamin B12 bioavailability from dairy products was
higher than from other animal products [63]. The authors reported also a lack of association
between meat and plasma B12 levels, raising doubts that cooking might contribute to
significant losses (~33%) of B12, while milk and its products are largely consumed raw,
safeguarding B12 bioavailability [64]. Another factor that needs to be considered is impact
of heat processing of food on vitamin B12 bioavailability. Nishioka M. et al. demonstrated
that B12 content of round herring meats decreased down to 59% (grilled for 7.5 min), to
47% (boiled for 5 min), to 41% (fried for 4 min), to 43% (steamed for 9 min) and to 59%
(microwaved for 1 min) [65]. Evidence shows that B12 losses depend also on cooking
temperature and time of cooking [65]. Heat processing of milk causes appreciable B12
losses, up to 30% and 50% when milk is boiled for 2–5 min and 30 min, respectively, 50%
losses when microwaved for 5 min and 5–10% losses when pasteurized [66,67]. Those data
suggested that changes in Vitamin B12 bioavailability due to time and cooking processes of
food need to be considered in addition to the absolute amount of vitamin B12 content in
food, when assessing dietary B12 intake.

Concerning dairy products, milk is likely to be the most important component of
dairy intake impacting on serum B12 concentrations [62], in accordance with previous
findings [61,64], and conflicting with others [68] that show that dairy and meat consumption
were not significantly related to vitamin B12 status in a sample of 603 subjects, mean age
76.5 [68].

All in all, inadequate dietary intake is more likely to result in subclinical deficiency,
revealed by biochemical markers rather than in clinical manifestation [45]. If the original
B12 reserves (2–3 mg) were sufficiently large, dietary deficiency would deplete such store
over several years [69].

4. Sustainable Strategies to Prevent Cbl Deficiency

Inadequate intake of B12 is frequently linked with sub-clinical B12 deficiency [45],
with the exception of severe clinical abnormalities that should be treated intensively with
B12 supplementation (oral, nasal, sublingual or intramuscular) [45]. In mild cases of B12
insufficiency, a primary prevention seems to be essential. Despite this review addressing
B12 deficiency, it is important to underline that B12 works in synergy with several other
micronutrients, primarily folate, but also vitamin B6 (as pyridoxal-5′-phosphate), riboflavin
(as FAD), in one-carbon metabolism [2]. B-vitamins deficiencies may affect the complex
regulatory network preserving one-carbon metabolism, despite adequate intake of vitamin
B12 [20]. Therefore, considering public health issues related to B12 deficiency, a balanced
approach must aim to achieve optimal status of all relevant B-vitamins [20].

Hereafter, the authors assess possible sustainable interventions that can be applied to
prevent B12 deficiency in the elderly.
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4.1. Food Fortification

The challenges and opportunities in achieving optimal B12 status in the elderly cover,
first of all, food fortification (mandatory and/or voluntary). Mandatory fortification is
that which is required by authorities (e.g., vitamin D fortification of milk or folic acid
flour fortification) while voluntarily fortification is regulated by the manufacturer aiming
at improving nutrient profile of food items (e.g., addition of vitamins and minerals to
ready-to-eat breakfast cereals) [70].

Fortification is a tool that has been used successfully to correct nutrient inadequacies
and their associated deficiencies. In the last years attention in fortification has interestingly
shifted from prevention of deficiencies to improving health [71].

The experience of fortification has been successfully conducted for zinc, iron, selenium,
vitamin A, vitamin B complexes (e.g., folate, niacin, thiamine), vitamin C, vitamin D and
vitamin E [72] enrichment of foods. It is now well accepted that micronutrient fortification
of foods has the potential to significantly increase serum micronutrient concentrations,
reduce the incidence of micronutrient deficiencies in public health (e.g., Pellagra, Beriberi,
childhood rickets, xerophthalmia), reduce clinical manifestations of deficiencies (including
goiter, anemia and neural tube defects), and improve overall nutritional status [73,74].

There has been little experience with vitamin B12 fortification, especially on a large
scale [63]. The most well-designed and documented national vitamin B12 fortification
program took place in Cameroon, targeting fertile women and children [75]. The aim
of this program was to follow the WHO/FAO guidelines on Food Fortification with
Micronutrients [76] by assessing the micronutrient status of representative population
groups (women aged 15–49 years and preschool children aged 12–59 months) and collecting
data on dietary intake and patterns of consumption of specific foods and micronutrients
before implementing a food fortification program [75].

In a small efficacy case-control trial in The Netherlands, healthy elderly who had not
received B-vitamin supplements in the past 3 months nor vitamin B12 injections in the past
5 years and had not taken medication that interfered with folate or vitamin B12 metabolism
(e.g., antacids) were provided with bread fortified with 9.6 µg B12/day as cyanocobalamin
(cases) or unfortified bread (controls), for 12 weeks [77]. Results showed increased serum
B12 in 49% cases and no B12 deficiency in anyone after fortification compared to about 8%
in the initial sample, revealing also that B12 “survives” when added to flour and baked [77].

A randomized, double-blind trial study on 89 volunteers aged 50–85 years with
no history of digestive or cardiovascular disease, uncontrolled hypertension, anemia,
asthma, or cancer, regular use of multivitamin or B-vitamin supplements, medications
that might interfere with B-vitamin metabolism, habitual consumption of highly fortified
breakfast cereal or other food products fortified with B-vitamins, showed that one cup
(0.24 L) of breakfast cereals fortified with folic acid (440 µg/cup), B12 (4.8 µg/cup) and B6
(1.8 mg/cup) increased blood concentrations of those vitamins and decreased plasma Hcy
concentrations in the treatment group compared to the placebo one [64].

Effects of B12 supplementation have been studied using a milk product (contain-
ing cyanocobalamin = 7000 µg/L) administered to elderly individuals (n = 112, age
≥70) [78]. Only elderly with mild Cbl deficiency were enrolled (plasma Cbl between
100 and 300 pmol/L and a plasma MMA 0.30 ≥ µmol/L), while subjects with history
of cobalamin (>50 µg/day) or folate (<200 µg/day) supplementation or injections, gas-
trointestinal surgery, renal dysfunction, anemia or cancer were excluded. The authors
observed an increase in serum B12 levels, a decrease in MMA and in Hcy in the fortified-
milk group [78]. All modifications were significantly different from those in the placebo
group [78].

The data about a massive vitamin B12 fortification still remain scarce. Fortification
policies should be suggested, considering fortification of foods poor in B12, preferably with
multiple micronutrients [72].
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Policy for B12 fortification remains controversial probably because effectiveness of
vitamin B12 fortification critically depends on several physiological factors involving Cbl
metabolism [2], suitable food vehicles [79], quality assurance and control programs [80].

Choosing an appropriate food vehicle to carry added nutrients is key to a successful
fortification program [76]. It should be consumed in steady daily amounts, convenient
for those at risk with no negative impact on palatability and added nutrients bioavailabil-
ity [71].

As previously mentioned, food vehicles that have been employed successfully in
B12 fortification program, specifically designed for the elderly, include bread, milk and
breakfast cereals [64,77,78]; however, wheat flour, mineral water, nutrient bars and energy
drinks have also been used, though in different target population (e.g., pregnant woman,
children, adults <65 years) [77,78,81].

Lastly, all the factors that affect the design and implementation of food fortification
policies must be considered in light of food technology limitations and reasonable cost.

Collaboration between food processing industry, government agencies and researchers
is essential for the success of any food fortification program [71].

4.2. Novel Bacteria and In Situ Fortification

As mentioned before, B12 synthesis appears to be restricted solely to some bacteria and
archaea through two alternative routes: the aerobic or anaerobic pathway, respectively [82].
Some strains can also synthesize B12 by absorbing corrinoids via a salvage pathway as
reviewed by Fang. H. et al. [83]. Aerobacter, Agrobacterium, Alcaligenes, Azotobacter, Bacillus,
Clostridium, Corynebacterium, Flavobacterium, Micromonospora, Mycobacterium, Norcardia,
Propionibacterium, Protaminobacter, Proteus, Pseudomonas, Rhizobium, Salmonella, Serratia,
Streptomyces, Streptococcus and Xanthomonas are examples of B12-producing species [84].
The natural capacity for B12 production by certain bacteria has the potential to be exploited.
B12 is not synthesized chemically by harnessing this natural capacity and enhancing it for
in situ fortification of fermented foods [85].

Industrial vitamin B12 production employs microbial fermentation processes [85].
To date, numerous studies have been conducted regarding the use of the bacteria from
Propionibacterium genus [86], specifically P. denitrificans and P. freudenreichii [82]. The
major advantage of bacteria from the Propionibacterium genus is that they have the
capacity to grow and synthesize metabolites on substrates containing different industrial
waste products, which considerably elevates the economic profitability of biotechnological
processes [87].

Other organisms producing vitamin B12, classified as GRAS (generally recognized
as safe) species, are well known, yet due to different causes they are less attractive for the
industry than Propionibacterium species. For instance, one of the most promising vitamin
B12 producer, holding wide nutritional and health benefits, is the probiotic Lactobacillus
reuteri [88]. Taranto stated that L. reuteri CRL1098, which belongs to lactic acid bacteria
(LAB) and possesses a GRAS status, can synthesize B12 [89]. Yet, the product turned out to
be a pseudovitamin B12 (i.e., inactive vitamin or low active compound) [90].

Recently, other strains in the genus Lactobacillus have shown to produce B12-type
compounds, including Lactobacillus coryniformis isolated from goat milk [91], Lactobacillus
plantarum from kanjika or Japanese pickles [92,93], Lactobacillus rossiae from sourdoughs [94]
and Lactobacillus fermentum CFR 2195 from breast-fed healthy infants’ fecal sample [95], but
further research is needed to elucidate their role in active B12 production. The addition of
vitamin B12-producing LABs into fermented foods could potentially have two advantages:
on one hand increase vitamin B12 concentrations, and on the other hand exhibit healthy
properties, since in the elderly there is a general decrease in diversity exhibition in species
of Lactobacilli [96].

In the field of food technology, mutation approaches and metabolic engineering have
also proved to enhance B12 production by bacteria [97]. Recently, metabolic engineering
has allowed overexpressing the genes involved in the biosynthesis of B12, but also via



Nutrients 2021, 13, 1913 8 of 16

overexpressing genes involved in the biosynthesis of the target compound and related
metabolites [98].

The concept of bacterial fermentation opens the way for development of food products
targeted at specific groups in society such as the elderly [85], but more in vitro and in vivo
studies are needed to test potential benefits health benefits. They potentially could place
side by side fortification programs [97].

Moreover, the identification and characterization of novel bacteria with high B12
production may play crucial roles in preventing B12 deficiency [98].

4.3. Biofortification

Biofortification, of staple crop products, is a complementary food-based interven-
tion [99]. It was ranked as the fifth most important strategy to improve global health by
the Copenhagen Consensus [100], with a public health impact not only confined to rural
areas and poor countries [101].

Most biofortification efforts to date have focused on vitamin A, iron and zinc, and
their impact on human health. Yet, improved B-vitamin content may provide benefits to
the human health [57].

Mozafar demonstrated that the addition of an organic fertilizer, specifically cow
manure, significantly increases vitamin B12 content in spinach leaves and barley kernels,
respectively [102]. Moreover, Mozafar and Oeftli investigated the uptake of B12 by soybean
roots under water culture conditions, reporting after a five-day uptake period, a linear
relationship between the concentration of vitamin B12 in the nutrient medium and in the
leaves of soybean plants whose roots were placed into solutions containing non-labelled
Cbl [103]. Sato et al. reported that a high level of vitamin B12 was incorporated into a
vegetable, kaiware daikon (radish sprout), by soaking its seeds in B12 solutions before
germination [104].

Despite the promising data, to the best of our knowledge no efficacy trials have been
conducted to assess the value of biofortified crops bred with enhanced B12 vitamin content
aimed at improving nutritional status in the elderly.

Lastly and ideally, biofortified crops should not contain any variation in their texture,
flavor or appearance [70]. If not, the new sensory characteristics have to be favorably
assessed [105].

4.4. Vegetable Sources of Vitamin B12

The necessity to study and to find alternative sources of B12 among plant-origin foods
arises from the demand to promote healthy dietary patterns [25].

Although some plant foods might serve as a source of B12 [106], literature still debates
whether it is found in the active form, and whether regular consumption of these foods
can be sustainable for the elderly [50]. Several edible mushrooms contain traces of B12
(e.g., porcini (Boletus sp.) and parasol mushrooms (Macrolepiota procera) [107]). However,
an Italian study has shown that selected types of oyster mushrooms (Pleurotus) grown in
the mountain areas in southern of Italy, specifically in Sicily, have a wide range of B12 from
0.44 to 1.93 µg/100 g [108]. Less common mushrooms such as Craterellus cornucopioides
and Cantharellus cibarius may contain 1.09–2.65 µg/100 g [109]. Best known Asiatic Shiitake
mushrooms (Lentinula edodes) can contain up to 5.61 ± 3.9 µg of Cbl per 100 g of dry weight
(mostly in active form), although with great variability [110]. For instance, a portion of 50 g
of dried shiitake could be adequate to achieve the daily requirement, thought this scenario
is an unlikely everyday scenario [107,110].

Among edible algae, dried green (Enteromorpha sp.) and purple (Porphyra sp.) lavers
(also known as nori) contain reasonable amounts of B12 ranging from 32 to 78 µg/100 g dry
weight [111]. In vitro tests are promising, but there are not enough human clinical trials to
consider the use of seaweed in supporting vitamin B12 requirements [112–114].

Several edible cyanobacteria, such as Spirulina, Aphanizomenon and Nostoc, contain
significant amounts of corrinoids, many of which appear to be pseudovitamins [115], with
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poor nutritional value and unusable for humans [116]. At present, cyanobacteria cannot be
considered a reliable source of vitamin B12 [116].

Although vegetable sources of B12 might represent an alternative and sustainable
source of B12, it is unlikely that their daily use will represent a stable supply of B12 in the
elderly [50]. This is even more true in the western countries where those foods are less
consumed than in the eastern regions of the world [107]. More probably they can become
a functional source of B12 to fill human requirements throughout food complements or
nutraceuticals [106,115].

4.5. Supplementation

Substantial evidence supports supplementation programs as effective tools to opti-
mize human health [117]. Regular use of dietary supplements was found to compensate
(to some extent) nutritional inadequacies in the elderly, thereby filling the gap between
recommended and actual intakes of micronutrients in this population [118]. Those factors
made vertical programs (i.e., supplementation programs) attractive, not least because of
their cost-effectiveness, also referring to B12 [119].

As already mentioned in this paper, vitamin B12 supplementation in pharmacological
doses is an essential treatment for some people with clinical, symptomatic and severe
deficiency, that could not possibly be reverted by a somewhat increased dietary intake
of B12 [2]. Such cases require a prompt correction with very high doses of B12 [120,121],
bypassing the specific uptake via intrinsic factor, necessary to bind B12 and mediate its
endocytosis in the terminal ileum [4].

For a wider group of aging adults, dietary supplements may prevent or alleviate vita-
min B12 deficiency if it is not caused by a severe malfunctioning of the specific uptake [4].

Examples of low-severity cases might cover: (i) chronic Helicobacter pylori infection,
a common disorder in aged people [122] leading to type B gastritis, (ii) drugs interactions
(e.g., Metformin, gastric acid suppression medications (H2RA, PPIs), anesthetic gas (NO2),
Cholestyramine, Acetylsalicylic acid, Colchicine) [20,27], (iii) type A chronic atrophic gas-
tritis [2], (iv) inflammatory bowel disease (Crohn disease and ulcerative colitis) specifically
during the active phase of pathology [123], and (v) gastrointestinal surgery (partial or total
gastrectomy including bariatric surgery; ileum resection) [45].

Finally, those on strict vegetarian and/or vegan diets should be recommended to
supplement their diets with a reliable source of vitamin B12 [124].

B12 supplementation is known for its role in the prevention of several chronic age-
related diseases, including cardiovascular and cerebrovascular diseases [125], cognitive
impairment and mood disorders [125,126], loss of physical performance impairment and
sarcopenia [127–129] and cancer risk [130].

B12 can be administered orally and parenterally (intramuscularly). Other methods
include subcutaneous, transdermal, sublingual and nasal formulations [28], although their
role in clinical practice appears marginal, because of their variable effectiveness and higher
costs [131]. As reported in a Cochrane review [27], oral vitamin B12 or vitamin B12 ad-
ministered intramuscularly might have similar effects in normalizing B12 serum levels,
but oral treatment costs less [27]. This is very useful, as intramuscular administration is
far more expensive and rather painful for the patient, as well as not free from complica-
tions [132]. Oral B12 supplementation represents an easy route of administration, more
comfortable for end users and effective in mild-moderate deficiency [131]. Furthermore, it
is also more appropriate in patients on anticoagulant treatment, in whom intramuscular
injections may be contraindicated [28]. Despite all benefits, it should be mentioned that
severe clinical deficiencies (e.g., neurological symptom, critically low B12 levels) should
be treated aggressively with injections, to promptly provide a fast restoration of B12
stores [131]. Subsequently, patients may be able to convert to oral replacement with close
monitoring [133].

Four formulations of B12 are commercially available [134]. To date, among all,
cyanocobalamin and hydroxocobalamin are the most used [27], and in some countries
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hydroxocobalamin has completely replaced cyanocobalamin as first choice for vitamin B12
supplementation [135]. Likewise, the physiological forms of cobalamin (e.g., adenosyl-
cobalamin and methylcobalamin) recently emerged as alternative forms in supplements
with different routes of administrations [134].

Vitamin B12 can also be found in multi-mineral and vitamin supplements (MMV) [136],
which often contain low-dose B12 (>5 µg/day) in association with other vitamins and
minerals. They are mainly used to compensate poor nutrition during periods of fatigue,
convalescence and recovery [27]. However, there is currently no evidence of their efficacy
in preventing vitamin B12 deficiency [27] and some concerns deal with the ideal mix of
vitamins and minerals in order to avoid processes of mutual inactivation. Indeed, an
appreciable loss of B12 also occurs in B12-containing multivitamin supplements. Vitamin
C does not degrade B12 per se, but in presence of copper leads to significant degradation
of B12 and development of inactive products [137]. These compounds can inhibit the
transport system interacting with transporter proteins [137].

Therefore, for an effective supplementation, biomarker assessment is crucial in order
to establish type, dosage and timing of the supplementation. Identifying the cause of defi-
ciency, such as inadequate intake, malabsorption, drug nutrients interactions, pathological
cellular B12 uptake [138], or SF disorders [139] is critical, since not all them can be corrected
by oral supplementation, indeed not even completely by intramuscular injections, which is
the way vitamin B12 is traditionally administrated in clinical settings to avoid the frequent
rate of low resorption due to the underlying disease [140].

Periodic assessment of B12 status is recommended [32]; however, total serum B12 is
not the best biomarker for real B12 status assessment. Indeed, high total plasma B12 level
can be observed together with a functional B12-deficiency [140].

B12-related metabolites (serum holoTC, serum Hcy and MMA levels) are much more
reliable markers of the biochemical response [4]. Holotranscobalamin (HoloTC) is con-
sidered a better biomarker for early changes in B12 status than serum cobalamin con-
centration [4], although it can be affected by inborn errors altering intracellular vitamin
B12 metabolism [141]. On the other hand, Homocysteine (Hcy) plasma concentration is
affected by many confounding factors especially in the elderly, including folate deficiency,
B6 deficiency, sarcopenia and renal impairment [2,4,28,142]. Methylmalonic acid (MMA),
is considered the most specific and sensitive measure of B12 status, yet such analysis is
more costly and this reduces its clinical availability [2]. Finally, in order to reach effective
results following supplementation, it is necessary to continue it in the long-term, increasing
direct costs for individuals more than adhering to a food fortification program [70].

5. Conclusions

A reduction of animal-source foods in diet is becoming more popular in western
societies due to ethical, environmental, economic and health reasons, posing concerns
about the beneficial or detrimental outcomes of these restrictions [50]. It is undoubtful that
a dietary pattern rich in plant-based foods and poor in animal sources might benefit health
and environment [22], but on the other hand it might lead to an inadequate intake of most
notably vitamin B12 [2].

Such situation demands identification of sustainable sources of B12, as an alternative
to exclusive meat consumption. This particularly concerns high-risk groups such as
aging adults, for whom many factors apart from health concerns may contribute to the
exclusion of animal source foods e.g., food pricing, age related constraints in chewing
and/or swallowing, food access, as well as religious and cultural factors [20].

Given all the previous concerns, it is necessary to identify plant-source foods that
naturally contain high levels of bioactive vitamin B12. Alternatively, one may consider
fortification of foods [72].

Biofortification (adding vitamins and minerals to crops through plant biotechnology)
is a promising approach for improving the nutritional status of a population. Moreover, the
concept of in situ fortification by bacterial fermentation opens the way for innovative food
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products. Such strategies could be easily adopted by the food industry to develop novel
vitamin B12-enhanced functional foods [85]. A long known multi-vitamin supplementation
should be considered as a valid preventive treatment (even if it cannot provide the over-
all long-term benefits that food-based approaches can deliver [70]). All together, these
approaches would contribute to efficient measures to prevent general malnutrition in the
elderly.

Global food policies involving multiple stakeholders and public–private partnership
are required to help effective public health intervention to counteract expanding vitamin
B12 deficiency.

Author Contributions: Conceptualization, H.C. and A.V.; writing—original draft preparation, A.V.;
writing—review and editing, A.V. and H.C.; supervision, H.C., A.L., L.B. and G.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding. GSK did not fund the publication.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marsman, D.; Belsky, D.W.; Gregori, D.; Johnson, M.A.; Low Dog, T.; Meydani, S.; Pigat, S.; Sadana, R.; Shao, A.; Griffiths, J.C.

Healthy ageing: The natural consequences of good nutrition-a conference report. Eur. J. Nutr. 2018, 57, 15–34. [CrossRef]
2. Green, R.; Allen, L.H.; Bjørke-Monsen, A.L.; Brito, A.; Guéant, J.L.; Miller, J.W.; Molloy, A.M.; Nexo, E.; Stabler, S.; Toh, B.H.; et al.

Vitamin B12 deficiency. Nat. Rev. Dis. Primers 2017, 3, 17040. [CrossRef]
3. Bird, J.K.; Murphy, R.A.; Ciappio, E.D.; McBurney, M.I. Risk of Deficiency in Multiple Concurrent Micronutrients in Children and

Adults in the United States. Nutrients 2017, 9, 655. [CrossRef]
4. EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies). Scientific Opinion on Dietary Reference Values for

cobalamin (vitamin B12). EFSA J. 2015, 13, 4150.
5. Nohr, D.; Biesalski, H.K. Vitamin B12. In Reference Module in Food Science; Elsevier: Amsterdam, The Netherlands, 2016. [CrossRef]
6. Herbert, V. Vitamin B-12: Plant sources, requirements, and assay. Am. J. Clin. Nutr. 1988, 48, 852–858. [CrossRef] [PubMed]
7. Pawlak, R.; Lester, S.E.; Babatunde, T. The prevalence of cobalamin deficiency among vegetarians assessed by serum vitamin B12:

A review of literature. Eur. J. Clin. Nutr. 2014, 68, 541–548. [CrossRef] [PubMed]
8. Smith, A.D.; Warren, M.J.; Refsum, H. Vitamin B12. Adv. Food Nutr. Res. 2018, 83, 215–279. [PubMed]
9. De Giuseppe, R.; Venturelli, G.; Guez, S.; Salera, S.; De Vita, C.; Consonni, D.; Dellanoce, C.; Bamonti, F.; Chiarelli, G.; Manzoni, F.;

et al. Homocysteine metabolism in children and adolescents with epidermolysis bullosa. BMC Pediatr. 2016, 16, 173. [CrossRef]
[PubMed]

10. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.;
et al. Writing Group for the European Working Group on Sarcopenia in Older People 2 (EWGSOP2), and the Extended Group
for EWGSOP2. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef]
[PubMed]

11. Veeranki, S.; Lominadze, D.; Tyagi, S.C. Hyperhomocysteinemia inhibits satellite cell regenerative capacity through p38 alpha/beta
MAPK signaling. Am. J. Physiol. Heart Circ. Physiol. 2015, 15, H325–H334. [CrossRef]

12. Carmel, R. Subclinical cobalamin deficiency. Curr. Opin. Gastroenterol. 2012, 28, 151–158. [CrossRef] [PubMed]
13. Bailey, R.L.; West, K.P.; Black, R.E., Jr. The epidemiology of global micronutrient deficiencies. Ann. Nutr. Metab. 2015, 66 (Suppl.

2), 22–33. [CrossRef]
14. Nawaz, A.; Khattak, N.N.; Khan, M.S.; Nangyal, H.; Sabri, S.; Shakir, M. Deficiency of vitamin B12 and its relation with

neurological disorders: A critical review. J. Basic Appl. Zool. 2020, 81, 1–9. [CrossRef]
15. Mikkelsen, K.; Apostolopoulos, V. B Vitamins and Ageing. In Biochemistry and Cell Biology of Ageing: Part I Biomedical Science.

Subcellular Biochemistry; Harris, J., Korolchuk, V., Eds.; Springer: Singapore, 2018; Volume 90, pp. 451–470.
16. Morris, M.S.; Selhub, J.; Jacques, P.F. Vitamin B-12 and folate status in relation to decline in scores on the mini-mental state

examination in the framingham heart study. J. Am. Geriatr. Soc. 2012, 60, 1457–1464. [CrossRef]
17. Calder, P.C. Nutrition, immunity and COVID-19. BMJ Nutr. Prev. Health. 2020, 3, 74–92. [CrossRef]
18. Negi, S.; Das, D.K.; Pahari, S.; Nadeem, S.; Agrewala, J.N. Potential Role of Gut Microbiota in Induction and Regulation of Innate

Immune Memory. Front. Immunol. 2019, 10, 2441. [CrossRef]
19. Keflie, T.S.; Biesalski, H.K. Micronutrients and bioactive substances: Their potential roles in combating COVID-19. Nutrition 2021,

84, 111103. [CrossRef] [PubMed]

http://doi.org/10.1007/s00394-018-1723-0
http://doi.org/10.1038/nrdp.2017.40
http://doi.org/10.3390/nu9070655
http://doi.org/10.1016/B978-0-08-100596-5.01075-1
http://doi.org/10.1093/ajcn/48.3.852
http://www.ncbi.nlm.nih.gov/pubmed/3046314
http://doi.org/10.1038/ejcn.2014.46
http://www.ncbi.nlm.nih.gov/pubmed/24667752
http://www.ncbi.nlm.nih.gov/pubmed/29477223
http://doi.org/10.1186/s12887-016-0714-7
http://www.ncbi.nlm.nih.gov/pubmed/27793182
http://doi.org/10.1093/ageing/afy169
http://www.ncbi.nlm.nih.gov/pubmed/30312372
http://doi.org/10.1152/ajpheart.00099.2015
http://doi.org/10.1097/MOG.0b013e3283505852
http://www.ncbi.nlm.nih.gov/pubmed/22241075
http://doi.org/10.1159/000371618
http://doi.org/10.1186/s41936-020-00148-0
http://doi.org/10.1111/j.1532-5415.2012.04076.x
http://doi.org/10.1136/bmjnph-2020-000085
http://doi.org/10.3389/fimmu.2019.02441
http://doi.org/10.1016/j.nut.2020.111103
http://www.ncbi.nlm.nih.gov/pubmed/33450678


Nutrients 2021, 13, 1913 12 of 16

20. Porter, K.; Hoey, L.; Hughes, C.F.; Ward, M.; McNulty, H. Causes, Consequences and Public Health Implications of Low B-Vitamin
Status in Ageing. Nutrients 2016, 8, 725. [CrossRef] [PubMed]

21. Willett, W.; Rockström, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.; DeClerck, F.; Wood, A.;
et al. Food in the Anthropocene: The EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet 2019, 393,
447–492. [CrossRef]

22. Conti, M.V.; Guzzetti, L.; Panzeri, D.; De Giuseppe, R.; Coccetti, P.; Labra, M.; Cena, H. Bioactive compounds in legumes:
Implications for sustainable nutrition and health in the elderly population. Trends Food Sci. Technol. 2021. In Press. [CrossRef]

23. Obeid, R.; Heil, S.G.; Verhoeven, M.M.A.; van den Heuvel, E.G.H.M.; de Groot, L.C.P.G.M.; Eussen, S.J.P.M. Vitamin B12 Intake
from Animal Foods, Biomarkers, and Health Aspects. Front. Nutr. 2019, 6, 93. [CrossRef]

24. Cena, H.; Calder, P.C. Defining a Healthy Diet: Evidence for The Role of Contemporary Dietary Patterns in Health and Disease.
Nutrients 2020, 12, 334. [CrossRef]

25. Galimberti, A.; Cena, H.; Campone, L.; Ferri, E.; Dell’Agli, M.; Sangiovanni, E.; Belingheri, M.; Riva, M.A.; Casiraghi, M.; Labra,
M. Rethinking Urban and Food Policies to Improve Citizens Safety After COVID-19 Pandemic. Front. Nutr. 2020, 7, 569542.
[CrossRef] [PubMed]

26. Bamonti, F.; Moscato, G.A.; Novembrino, C.; Gregori, D.; Novi, C.; De Giuseppe, R.; Galli, C.; Uva, V.; Lonati, S.; Maiavacca, R.
Determination of serum holotranscobalamin concentrations with the AxSYM active B(12) assay: Cut-off point evaluation in the
clinical laboratory. Clin. Chem. Lab. Med. 2010, 48, 249–253. [CrossRef] [PubMed]

27. Wang, H.; Li, L.; Qin, L.L.; Song, Y.; Vidal-Alaball, J.; Liu, T.H. Oral vitamin B12 versus intramuscular vitamin B12 for vitamin B12
deficiency. Cochrane Database Syst. Rev. 2018, 3, CD004655. [CrossRef]

28. Marchi, G.; Busti, F.; Zidanes, A.L.; Vianello, A.; Girelli, D. Cobalamin Deficiency in the Elderly. Mediterr. J. Hematol. Infect. Dis.
2020, 12, e2020043. [CrossRef] [PubMed]

29. Stabler, S.P.; Allen, R.H. Vitamin B12 deficiency as a worldwide problem. Annu. Rev. Nutr. 2004, 24, 299–326. [CrossRef]
30. Evatt, M.L.; Terry, P.D.; Ziegler, T.R.; Oakley, G.P. Association between vitamin B12-containing supplement consumption and

prevalence of biochemically defined B12 deficiency in adults in NHANES III (third national health and nutrition examination
survey). Public Health Nutr. 2010, 13, 25–31. [CrossRef] [PubMed]

31. Wright, J.D.; Bialostosky, K.; Gunter, E.W.; Carroll, M.D.; Najjar, M.F.; Bowman, B.A.; Johnson, C.L. Blood folate and vitamin B12:
United States, 1988–1994. Vital Health Stat. 11 1998, 243, 1–78.

32. van Asselt, D.Z.; de Groot, L.C.; van Staveren, W.A.; Blom, H.J.; Wevers, R.A.; Biemond, I.; Hoefnagels, W.H. Role of cobalamin
intake and atrophic gastritis in mild cobalamin deficiency in older Dutch subjects. Am. J. Clin. Nutr. 1998, 68, 328–334. [CrossRef]
[PubMed]

33. Vogiatzoglou, A.; Smith, A.D.; Nurk, E.; Drevon, C.A.; Ueland, P.M.; Vollset, S.E.; Nygaard, H.A.; Engedal, K.; Tell, G.S.; Refsum,
H. Cognitive function in an elderly population: Interaction between vitamin B12 status, depression, and apolipoprotein E ε4: The
Hordaland Homocysteine Study. Psychosom. Med. 2013, 1, 20–29. [CrossRef]

34. Allen, L.H. Folate and vitamin B12 status in the Americas. Nutr. Rev. 2004, 62, S29–S33. [CrossRef] [PubMed]
35. Chen, K.J.; Pan, W.H.; Yang, F.L.; Wei, I.L.; Shaw, N.S.; Lin, B.F. Association of B vitamins status and homocysteine levels in

elderly Taiwanese. Asia Pac. J. Clin. Nutr. 2005, 3, 250–255.
36. Refsum, H.; Yajnik, C.S.; Gadkari, M.; Schneede, J.; Vollset, S.E.; Orning, L.; Guttormsen, A.B.; Joglekar, A.; Sayyad, M.G.; Ulvik,

A.; et al. Hyperhomocysteinemia and elevated methylmalonic acid indicate a high prevalence of cobalamin deficiency in Asian
Indians. Am. J. Clin. Nutr. 2001, 2, 233–241. [CrossRef] [PubMed]

37. Lindenbaum, J.; Rosenberg, I.H.; Wilson, P.W.; Stabler, S.P.; Allen, R.H. Prevalence of cobalamin deficiency in the Framingham
elderly population. Am. J. Clin. Nutr. 1994, 60, 2–11. [CrossRef]

38. Andrès, E.; Loukili, N.H.; Noel, E.; Kaltenbach, G.; Abdelgheni, M.B.; Perrin, A.E.; Noblet-Dick, M.; Maloisel, F.; Schlienger, J.L.;
Blicklé, J.F. Vitamin B12 (cobalamin) deficiency in elderly patients. CMAJ 2004, 171, 251–259. [CrossRef] [PubMed]

39. Mézière, A.; Audureau, E.; Vairelles, S.; Krypciak, S.; Dicko, M.; Monié, M.; Giraudier, S. B12 deficiency increases with age in
hospitalized patients: A study on 14,904 samples. J. Gerontol. A Biol Sci. Med. Sci. 2014, 69, 1576–1585. [CrossRef] [PubMed]

40. Chatthanawaree, W. Biomarkers of cobalamin (vitamin B12) deficiency and its application. J. Nutr. Health Aging 2011, 15, 227–231.
[CrossRef]

41. Hunt, A.; Harrington, D.; Robinson, S. Vitamin B12 deficiency. BMJ 2014, 349, g5226. [CrossRef]
42. Institute of Medicine of the National Academies. Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Food and

Nutrition Board; National Academies Press: Atlanta, GA, USA, 2005.
43. Hughes, C.F.; Ward, M.; Hoey, L.; McNulty, H. Vitamin B12 and ageing: Current issues and interaction with folate. Ann. Clin.

Biochem. 2013, 50, 315–329. [CrossRef]
44. Viñas, B.R.; Ribas Barba, L.; Ngo, J.; Gurinovic, M.; Novakovic, R.; Cavelaars, A.; de Groot, L.C.; van’t Veer, P.; Matthys, C.; Serra

Majem, L. Projected prevalence of inadequate nutrient intakes in Europe. Ann. Nutr. Metab. 2011, 59, 84–95. [CrossRef]
45. Allen, L.H.; Miller, J.W.; de Groot, L.; Rosenberg, I.H.; Smith, A.D.; Refsum, H.; Raiten, D.J. Biomarkers of Nutrition for

Development (BOND): Vitamin B-12 Review. J. Nutr. 2018, 148 (Suppl. 4), 1995S–2027S. [CrossRef] [PubMed]
46. Strand, T.A.; Taneja, S.; Ueland, P.M.; Refsum, H.; Bahl, R.; Schneede, J.; Sommerfelt, H.; Bhandari, N. Cobalamin and folate status

predicts mental development scores in North Indian children 12–18 mo of age. Am. J. Clin. Nutr. 2013, 97, 310–317. [CrossRef]
[PubMed]

http://doi.org/10.3390/nu8110725
http://www.ncbi.nlm.nih.gov/pubmed/27854316
http://doi.org/10.1016/S0140-6736(18)31788-4
http://doi.org/10.1016/j.tifs.2021.02.072
http://doi.org/10.3389/fnut.2019.00093
http://doi.org/10.3390/nu12020334
http://doi.org/10.3389/fnut.2020.569542
http://www.ncbi.nlm.nih.gov/pubmed/33134308
http://doi.org/10.1515/CCLM.2010.032
http://www.ncbi.nlm.nih.gov/pubmed/19961395
http://doi.org/10.1002/14651858.CD004655.pub3
http://doi.org/10.4084/mjhid.2020.043
http://www.ncbi.nlm.nih.gov/pubmed/32670521
http://doi.org/10.1146/annurev.nutr.24.012003.132440
http://doi.org/10.1017/S1368980009990279
http://www.ncbi.nlm.nih.gov/pubmed/19519972
http://doi.org/10.1093/ajcn/68.2.328
http://www.ncbi.nlm.nih.gov/pubmed/9701190
http://doi.org/10.1097/PSY.0b013e3182761b6c
http://doi.org/10.1111/j.1753-4887.2004.tb00069.x
http://www.ncbi.nlm.nih.gov/pubmed/15298445
http://doi.org/10.1093/ajcn/74.2.233
http://www.ncbi.nlm.nih.gov/pubmed/11470726
http://doi.org/10.1093/ajcn/60.1.2
http://doi.org/10.1503/cmaj.1031155
http://www.ncbi.nlm.nih.gov/pubmed/15289425
http://doi.org/10.1093/gerona/glu109
http://www.ncbi.nlm.nih.gov/pubmed/25063081
http://doi.org/10.1007/s12603-010-0280-x
http://doi.org/10.1136/bmj.g5226
http://doi.org/10.1177/0004563212473279
http://doi.org/10.1159/000332762
http://doi.org/10.1093/jn/nxy201
http://www.ncbi.nlm.nih.gov/pubmed/30500928
http://doi.org/10.3945/ajcn.111.032268
http://www.ncbi.nlm.nih.gov/pubmed/23283502


Nutrients 2021, 13, 1913 13 of 16

47. Yajnik, C.S.; Deshpande, S.S.; Lubree, H.G.; Naik, S.S.; Bhat, D.S.; Uradey, B.S.; Deshpande, J.A.; Rege, S.S.; Refsum, H.; Yudkin,
J.S. Vitamin B12 deficiency and hyperhomocysteinemia in rural and urban Indians. J. Assoc. Physicians India 2006, 54, 775–782.

48. Ulak, M.; Chandyo, R.K.; Adhikari, R.K.; Sharma, P.R.; Sommerfelt, H.; Refsum, H.; Strand, T.A. Cobalamin and folate status in 6
to 35 months old children presenting with acute diarrhea in Bhaktapur, Nepal. PLoS ONE 2014, 9, e90079. [CrossRef] [PubMed]

49. Mark, H.E.; Houghton, L.A.; Gibson, R.S.; Monterrosa, E.; Kraemer, K. Estimating dietary micronutrient supply and the prevalence
of inadequate intakes from national Food Balance Sheets in the South Asia regiona. Asia Pac. J. Clin. Nutr. 2016, 2, 368–376.
[CrossRef]

50. Rizzo, G.; Laganà, A.S.; Rapisarda, A.M.; La Ferrera, G.M.; Buscema, M.; Rossetti, P.; Nigro, A.; Muscia, V.; Valenti, G.; Sapia, F.;
et al. Vitamin B12 among Vegetarians: Status, Assessment and Supplementation. Nutrients 2016, 8, 767. [CrossRef]

51. Volkert, D.; Beck, A.M.; Cederholm, T.; Cruz-Jentoft, A.; Goisser, S.; Hooper, L.; Kiesswetter, E.; Maggio, M.; Raynaud-Simon, A.;
Sieber, C.C.; et al. ESPEN guideline on clinical nutrition and hydration in geriatrics. Clin. Nutr. 2019, 38, 10–47. [CrossRef]

52. Andrès, E.; Kaltenbach, G.; Perrin, A.E.; Kurtz, J.E.; Schlienger, J.L. Food-cobalamin malabsorption in the elderly. Am. J. Med.
2002, 113, 351–352. [CrossRef]

53. Davison, K.M.; Gondara, L.; Kaplan, B.J. Food Insecurity, Poor Diet Quality, and Suboptimal Intakes of Folate and Iron Are
Independently Associated with Perceived Mental Health in Canadian Adults. Nutrients 2017, 9, 274. [CrossRef] [PubMed]

54. Drewnowski, A.; Specter, S.E. Poverty and obesity: The role of energy density and energy costs. Am. J. Clin. Nutr. 2004, 79, 6–16.
[CrossRef]

55. Dixon, L.B.; Winkleby, M.A.; Radimer, K.L. Dietary intake and serum nutrients differ between adults from food-insufficient and
food-sufficient families: Third National Health and Nutrition Examination Survey, 1988–1994. J. Nutr. 2001, 131, 1232–1246.
[CrossRef] [PubMed]

56. Begley, A.; Paynter, E.; Butcher, L.M.; Dhaliwal, S.S. Examining the Association between Food Literacy and Food Insecurity.
Nutrients 2019, 11, 445. [CrossRef]

57. Hanson, A.D.; Beaudoin, G.A.; McCarty, D.R.; Gregory, J.F., 3rd. Does Abiotic Stress Cause Functional B Vitamin Deficiency in
Plants? Plant. Physiol. 2016, 172, 2082–2097. [CrossRef] [PubMed]

58. Garriguet, D. Diet quality in Canada. Health Rep. 2009, 20, 41–52. [PubMed]
59. Ford, D.W.; Hartman, T.J.; Still, C.; Wood, C.; Mitchell, D.; Hsiao, P.Y.; Bailey, R.; Smiciklas-Wright, H.; Coffman, D.L.; Jensen, G.L.

Diet-related practices and BMI are associated with diet quality in older adults. Public Health Nutr. 2014, 17, 1565–1569. [CrossRef]
60. Morales, M.E.; Berkowitz, S.A. The Relationship between Food Insecurity, Dietary Patterns, and Obesity. Curr. Nutr. Rep. 2016, 5,

54–60. [CrossRef] [PubMed]
61. Brouwer-Brolsma, E.M.; Dhonukshe-Rutten, R.A.; van Wijngaarden, J.P.; Zwaluw, N.L.; van der Velde, N.; de Groot, L.C. Dietary

Sources of Vitamin B-12 and Their Association with Vitamin B-12 Status Markers in Healthy Older Adults in the B-PROOF Study.
Nutrients 2015, 7, 7781–7797. [CrossRef]

62. Vogiatzoglou, A.; Smith, A.D.; Nurk, E.; Berstad, P.; Drevon, C.A.; Ueland, P.M.; Vollset, S.E.; Tell, G.S.; Refsum, H. Dietary
sources of vitamin B-12 and their association with plasma vitamin B-12 concentrations in the general population: The Hordaland
Homocysteine Study. Am. J. Clin. Nutr. 2009, 89, 1078–1087. [CrossRef]

63. Watanabe, F. Vitamin B12 sources and bioavailability. Exp. Biol. Med. 2007, 232, 1266–1274. [CrossRef]
64. Tucker, K.L.; Rich, S.; Rosenberg, I.; Jacques, P.; Dallal, G.; Wilson, P.W.; Selhub, J. Plasma vitamin B-12 concentrations relate to

intake source in the Framingham Offspring study. Am. J. Clin. Nutr. 2000, 71, 514–522. [CrossRef] [PubMed]
65. Nishioka, M.; Kanosue, F.; Yabuta, Y.; Watanabe, F. Loss of vitamin B(12) in fish (round herring) meats during various cooking

treatments. J. Nutr. Sci. Vitaminol. 2011, 6, 432–436. [CrossRef]
66. Ball, G.F.M. Vitamin B12. In Bioavailability and Analysis of Vitamins in Foods; Chapman & Hall: London, UK, 1998; pp. 497–515.
67. Watanabe, F.; Abe, K.; Fujita, T.; Goto, M.; Hiemori, M.; Nakano, Y. Effects of Microwave Heating on the Loss of Vitamin B(12) in

Foods. J. Agric. Food Chem. 1998, 1, 206–210. [CrossRef] [PubMed]
68. Kwan, L.L.; Bermudez, O.I.; Tucker, K.L. Low vitamin B-12 intake and status are more prevalent in Hispanic older adults of

Caribbean origin than in neighborhood-matched non-Hispanic whites. J. Nutr. 2002, 132, 2059–2064. [CrossRef] [PubMed]
69. Wong, C.W. Vitamin B12 deficiency in the elderly: Is it worth screening? Hong Kong Med. J. 2015, 21, 155–164. [CrossRef]
70. Thompson, B.; Amoroso, L. Combating Micronutrient Deficiencies: Food-Based Approaches; Food and Agricultural Organisation of

the United Nations: Oxfordshire, UK, 2011.
71. Dwyer, J.T.; Woteki, C.; Bailey, R.; Britten, P.; Carriquiry, A.; Gaine, P.C.; Miller, D.; Moshfegh, A.; Murphy, M.M.; Smith Edge, M.

Fortification: New findings and implications. Nutr. Rev. 2014, 72, 127–141. [CrossRef]
72. Das, J.K.; Salam, R.A.; Mahmood, S.B.; Moin, A.; Kumar, R.; Mukhtar, K.; Lassi, Z.S.; Bhutta, Z.A. Food fortification with multiple

micronutrients: Impact on health outcomes in general population. Cochrane Database Syst. Rev. 2019, 12, CD011400. [CrossRef]
73. Olson, R.; Gavin-Smith, B.; Ferraboschi, C.; Kraemer, K. Food Fortification: The Advantages, Disadvantages and Lessons from

Sight and Life Programs. Nutrients 2021, 4, 1118. [CrossRef]
74. Mkambula, P.; Mbuya, M.N.N.; Rowe, L.A.; Sablah, M.; Friesen, V.M.; Chadha, M.; Osei, A.K.; Ringholz, C.; Vasta, F.C.; Gorstein, J.

The Unfinished Agenda for Food Fortification in Low- and Middle-Income Countries: Quantifying Progress, Gaps and Potential
Opportunities. Nutrients 2020, 2, 354. [CrossRef]

http://doi.org/10.1371/journal.pone.0090079
http://www.ncbi.nlm.nih.gov/pubmed/24594935
http://doi.org/10.6133/apjcn.2016.25.2.11
http://doi.org/10.3390/nu8120767
http://doi.org/10.1016/j.clnu.2018.05.024
http://doi.org/10.1016/S0002-9343(02)01181-6
http://doi.org/10.3390/nu9030274
http://www.ncbi.nlm.nih.gov/pubmed/28335418
http://doi.org/10.1093/ajcn/79.1.6
http://doi.org/10.1093/jn/131.4.1232
http://www.ncbi.nlm.nih.gov/pubmed/11285332
http://doi.org/10.3390/nu11020445
http://doi.org/10.1104/pp.16.01371
http://www.ncbi.nlm.nih.gov/pubmed/27807106
http://www.ncbi.nlm.nih.gov/pubmed/19813438
http://doi.org/10.1017/S1368980013001729
http://doi.org/10.1007/s13668-016-0153-y
http://www.ncbi.nlm.nih.gov/pubmed/29955440
http://doi.org/10.3390/nu7095364
http://doi.org/10.3945/ajcn.2008.26598
http://doi.org/10.3181/0703-MR-67
http://doi.org/10.1093/ajcn/71.2.514
http://www.ncbi.nlm.nih.gov/pubmed/10648266
http://doi.org/10.3177/jnsv.57.432
http://doi.org/10.1021/jf970670x
http://www.ncbi.nlm.nih.gov/pubmed/10554220
http://doi.org/10.1093/jn/132.7.2059
http://www.ncbi.nlm.nih.gov/pubmed/12097693
http://doi.org/10.12809/hkmj144383
http://doi.org/10.1111/nure.12086
http://doi.org/10.1002/14651858.CD011400.pub2
http://doi.org/10.3390/nu13041118
http://doi.org/10.3390/nu12020354


Nutrients 2021, 13, 1913 14 of 16

75. Shahab-Ferdows, S.; Engle-Stone, R.; Hampel, D.; Ndjebayi, A.O.; Nankap, M.; Brown, K.H.; Allen, L.H. Regional, Socioeconomic,
and Dietary Risk Factors for Vitamin B-12 Deficiency Differ from Those for Folate Deficiency in Cameroonian Women and
Children. J. Nutr. 2015, 11, 2587–2595. [CrossRef]

76. Allen, L.H.; De Benoist, B.; Dary, O.; Hurrell, R. Guidelines on Food Fortification with Micronutrients; WHO: Geneva, Switzerland,
2006.

77. Winkels, R.M.; Brouwer, I.A.; Clarke, R.; Katan, M.B.; Verhoef, P. Bread cofortified with folic acid and vitamin B-12 improves
the folate and vitamin B-12 status of healthy older people: A randomized controlled trial. Am. J. Clin. Nutr. 2008, 88, 348–355.
[CrossRef] [PubMed]

78. Dhonukshe-Rutten, R.A.; van Zutphen, M.; de Groot, L.C.; Eussen, S.J.; Blom, H.J.; van Staveren, W.A. Effect of supplementation
with cobalamin carried either by a milk product or a capsule in mildly cobalamin-deficient elderly Dutch persons. Am. J. Clin.
Nutr. 2005, 82, 568–574. [CrossRef] [PubMed]

79. Darnton-Hill, I. Public Health Aspects in the Prevention and Control of Vitamin Deficiencies. Curr. Dev. Nutr. 2019, 3, nzz075.
[CrossRef] [PubMed]

80. Osendarp, S.J.M.; Martinez, H.; Garrett, G.S.; Neufeld, L.M.; De-Regil, L.M.; Vossenaar, M.; Darnton-Hill, I. Large-Scale Food
Fortification and Biofortification in Low- and Middle-Income Countries: A Review of Programs, Trends, Challenges, and Evidence
Gaps. Food Nutr. Bull. 2018, 39, 315–331. [CrossRef] [PubMed]

81. Tapola, N.S.; Karvonen, H.M.; Niskanen, L.K.; Sarkkinen, E.S. Mineral water fortified with folic acid, vitamins B6, B12, D and
calcium improves folate status and decreases plasma homocysteine concentration in men and women. Eur J. Clin. Nutr. 2004, 58,
376–385. [CrossRef]

82. Martens, J.H.; Barg, H.; Warren, M.J.; Jahn, D. Microbial production of vitamin B12. Appl. Microbiol. Biotechnol. 2002, 58, 275–285.
[CrossRef]

83. Fang, H.; Kang, J.; Zhang, D. Microbial production of vitamin B12: A review and future perspectives. Microb. Cell Fact. 2017, 16,
15. [CrossRef]

84. Perlman, D. Microbial synthesis of cobamides. Adv. Appl. Microbiol. 1959, 1, 122. [CrossRef]
85. Burgess, C.M.; Smid, E.J.; van Sinderen, D. Bacterial vitamin B2, B11 and B12 overproduction: An overview. Int. J. Food Microbiol.

2009, 133, 1–7. [CrossRef]
86. Pereira, J.; Simões, M.; Silva, J.L. Microalgal assimilation of vitamin B12 toward the production of a superfood. J. Food Biochem.

2019, 43, e12911. [CrossRef]
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