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The human diet provides a range of macronutrients and micronutrients, which are metabolized for energy and used to support all aspects of life. The extent to which these nutrients are absorbed in a form that can be used by metabolic processes, or stored for later use, is termed bioavailability. Certain dietary factors increase the bioavailability of micronutrients: bioavailability can be enhanced by different vitamin forms (e.g., calcifediol is more bioavailable than cholecalciferol; methylfolate is more bioavailable than folic acid), and by the food matrix and nutrient interactions (e.g., fat increases absorption of fat-soluble vitamins; multiple vitamins support iron absorption and metabolism). Conversely, plant-based foods exhibit reduced micronutrient bioavailability, due to entrapment in cellular structures and binding by antagonists such as phytate and fiber. Host factors also impact micronutrient availability. A healthy gastrointestinal microbiota can increase the absorption of vitamins and minerals, and certain life stages (e.g., pregnancy and lactation) are characterized by increased absorptive capacity. In contrast, the elderly exhibit reduced ability to absorb certain vitamins, and bacterial overgrowth/dysbiosis can reduce the availability of several vitamins. Several medications reduce vitamin absorption and status. Reduced bioavailability, poor quality diets, lower micronutrient content in foods due to soil depletion and climate change, and decreasing micronutrient intakes lead to widespread, global deficiencies. This in turn contributes to higher prevalence of non-communicable diseases such as anemia, osteoporosis, cardiovascular disease, and blindness; decreased growth; impaired immunity and increased incidence of infections; and increased mortality rates. Strategies to improve bioavailability and nutrient status are crucial and align with United Nations Strategic Development Goals 2 and 3. Vitamins and minerals added to foods or taken as supplements generally are at least as bioavailable as those endogenously in foods, and often more so. In addition, certain technologies are available to further increase micronutrient bioavailability. These include permeation enhancers, lipid-based formulations, nutrient compounding/encapsulation, and phytase to increase bioavailability of minerals trapped by phytic acid. Solutions such as these will help supply highly absorbable and utilizable vitamins and minerals, help close widespread nutritional gaps, and support adequate nutritional status and optimal health across diverse populations worldwide.
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1 Introduction

The foods people consume provide the nutrients required for all aspects of life, including growth and development, reproduction, and maintaining health (1). Nutrients provide the nourishment required to maintain the functioning of organs and organ systems including the brain and nervous system, the immune system, the gastrointestinal system, bone, muscle, skin, and many others. Proper nutrition also helps reduce the risk of a wide variety of communicable (infectious) illnesses and noncommunicable diseases (NCDs). Furthermore, an individual’s nutrient intakes and status play important roles supporting healthy aging processes (2, 3). Therefore the diets we consume, and the nutrients those diets provide, are critical to human health (1).

Ideally, the regular, optimal intake of all these nutrients at required levels (e.g., the RDA), and the adequate status of these nutrients, would be achieved through the consumption of a diverse and well-balanced diet. However, recent publications confirm that even in medium and high-income regions, where there is access to diverse and well-balanced diets, micronutrient deficiencies remain common (4, 5). Indeed, micronutrient intakes and status have long been inadequate, and the consumption of certain micronutrients continues to decrease in many areas around the world, including in high income countries. As one example, vitamin C intake has decreased substantially in recent years in Korea, China, and the United States (6–8). These insufficient intakes, even in the presence of access to healthy diets, contribute to the lingering and wide prevalence of nutrient deficiencies globally (see section 4.3 Decreasing Rates of Micronutrient Intake below).

Furthermore, the intrinsic content of nutrients in foods does not guarantee their utility in the body. First, not all nutrients in food are stable across the shelf life and during food preparation (e.g., heating, freezing or other processes commonly applied in processed foods). Second, only a fraction of nutrients in foods are absorbed, transported, and delivered to the cells or stored in a form that can be utilized to support metabolic processes. This proportion of nutrients are those that are considered to be “bioavailable” (9, 10). Bioavailability can vary widely depending on diet-related factors including the nutrient and its form, the food matrix, and the existence of dietary antagonists limiting the absorption of the nutrient. Certain factors including the individual’s age, physiological state, genetic variability, gender, nutrient status, and the existence of different disease states can impact nutrient bioavailability (11).

The challenges in consuming a well-balanced diet, low micronutrient bioavailability because of the above-mentioned factors, and the variability in nutrient levels from different foods (e.g., due to climate change and seasonal variations), result in nutrient inadequacies and deficiencies. Indeed, recent research indicates that in high income countries, approximately half of non-pregnant women between 15 and 49 years of age are deficient in at least one of iron, zinc, and folate. Globally, that percentage is approximately 69%, representing 1.2 billion women (12). In 2014 it was reported that between 37 and 88% of the global population has inadequate vitamin D status, depending on the chosen threshold of adequacy (<50 nmol/L or <75 nmol/L circulating 25(OH)D, respectively) (13). A new meta-analysis of over 600 studies since 2011 confirms that almost half of the global population still has circulating 25(OH)D levels below 50 nmol/L (5). Furthermore, a recent study estimates that at least 5 billion people worldwide have inadequate intakes of iodine, vitamin E, or calcium from food, excluding the intake from fortification and supplementation. Approximately 4.9 billion do not consume enough iron, and more than 4 billion do not take in enough riboflavin, folate, or vitamin C (4).

As global fortification or supplementation of most of these nutrients is uncommon (iodine, riboflavin, and folic acid being notable exceptions), these data show that the majority of the world population experiences inadequate dietary micronutrient intake (4). This situation leads to a broad spectrum of negative health impacts including decreased growth, compromised immune function and consequent increased incidence of infectious disease, and increased prevalence of NCDs such as osteoporosis, cardiovascular disease, anemia, blindness, and cancer (14–17). The World Health Organization (WHO) estimates that 40% of children aged 6–59 months, 37% of pregnant women, and 30% of women aged 15–49 years are anemic, for example (14). As such, micronutrient deficiencies can have profound impacts on health, as well as quality and duration of life (18). There is also increasing emerging evidence that nutrient depletion or insufficient nutrient supply plays a key role in the aging process and age-related NCD development (19). Supplementation and food fortification are safe, effective, and low-cost ways to provide highly bioavailable nutrients to help eliminate nutritional gaps and thus improve the overall health of individuals and the population. As one example, correcting vitamin D deficiency only costs between 0.06–0.2% of the expenses associated with assessing and treating the comorbidities associated with it. Indeed, vitamin D supplementation is estimated to cost approximately $12 U.S. per person, whereas the cost of treating the complications related to vitamin D deficiency, including early death, ranges from $6,000 U.S. to $18,000 U.S. annually per affected individual (20).

Within this context, this review will focus on different aspects of nutrient bioavailability, including its definition and how it is measured, factors that influence bioavailability, and why is it important for human nutrition and health. We will also provide case studies that illustrate strategies to enhance micronutrient bioavailability.



2 Bioavailability: what is it and how is it measured?

Despite its importance, there is no clear consensus on how to define bioavailability (10, 21). Recently, the European Food Safety Authority (EFSA) has described bioavailability in conceptual terms, as the “availability of a nutrient to be used by the body” (9). Several authors describe bioavailability as the fraction of an ingested nutrient that enters the bloodstream or becomes available for use in normal physiological functions and storage in the body (11, 22–24). The U.S. Institute of Medicine (IOM) (now National Academy of Medicine [NAM]) states “the bioavailability of a nutrient can be defined as its accessibility to normal metabolic and physiologic processes” (25). More detailed, mechanistic definitions include “the proportion of an ingested nutrient that is released during digestion, absorbed via the gastrointestinal tract, transported and distributed to target cells and tissues, in a form that is available for utilization in metabolic functions or for storage” (10). Common to these definitions is the concept that to be bioavailable, a nutrient (including a micronutrient) in a food (or supplement) must be absorbable and transported in a form that can be used in metabolism or stored by the body for future utilization.

Methods to measure bioavailability are varied and depend at least partly on the nutrient being investigated. A variety of experimental approaches have been used, including the utilization of chemical data (e.g., dissociation tests), in vitro studies simulating human digestion (e.g., to provide evidence to what extent and with what kinetics a nutrient can be released from a source and enter cells that are intended to mimic the intestinal epithelium), animal models (e.g., tissue uptake and other biomarkers of absorption), and human studies (9). Interpretation of assays can be complicated by the metabolic processes & transformations to which nutrients can be subjected. The nutrient form that is supplied is not always equal to the nutrient that is transported or the one that is stored, and some of these nutrient forms can be short-lived and therefore difficult to detect. In some cases, there is no universal consensus on the most relevant biomarker to be measured and in which biosample. Assessing which nutrient form to measure is an important step for any bioavailability assay. Studies in relevant human populations are considered most informative and can yield results that differ from those in animal models. As one example, studies in rodent models generally found differences in bioavailability of synthetic vs. natural vitamin C. In contrast, there were no differences between sources in humans (26).

One of the most common methods for measuring the bioavailability is the balance study, which measures the difference between ingestion of a nutrient and its excretion (10, 27, 28). “Ileal digestibility” measures the difference between the ingested amount and that remaining in ileal contents and is considered a reliable indicator for apparent absorption (10, 29, 30). Another variation measures fecal content of the nutrient in question rather than ileal content, assuming that undigested nutrients will be excreted. However, it should be noted that certain species of colonic microbiota can degrade or synthesize certain vitamins, for example B vitamins, which could alter results from this approach when the bioavailability of these vitamins are being assessed (10, 29, 30). Furthermore, looking at the difference between intake and excretion does not provide any insights into the availability of the nutrient in question to specific cells, tissues, or organs in the body, and thus to the potential utilization of the nutrient for metabolic processes. In other studies, stable or radioactive isotopes of nutrients are utilized to monitor the nutrient’s absorption and retention by the body (10, 27). Labeled isotopes can be used as well when validated biomarkers for the status of a particular nutrient exist, for example the incorporation of labeled iron into red blood cells. Other methods include accumulation of the nutrient in blood, tissues, the whole body, or urine (10, 27, 31). In some cases, a metabolite of the ingested nutrient is the accepted biomarker. Perhaps the best example here is with vitamin D, where circulating 25(OH)D is universally considered the most appropriate biomarker for vitamin D status (32).

A distinction can also be made between the measurement of “true” bioavailability and relative bioavailability. True bioavailability of a nutrient can be estimated in balance studies by correcting for endogenous losses of the nutrient in the intestinal tract, or by comparing the response to an oral dose of the nutrient in comparison to a dose delivered intravenously (10, 28–30). In practice, however, relative bioavailability typically is measured. Relative bioavailability studies estimate the efficiency of uptake of a nutrient in one given source or form (for example, zinc in zinc oxide), in relation to that of a reference source or form (e.g., zinc in zinc sulfate), under identical experimental conditions. In animal models, the nutrient of interest is typically measured in a tissue considered to be a reliable indicator for that nutrient—for example, zinc content is often measured in bone—or in the entire animal. In this case, one would conclude the bioavailability of the test form as a proportion or percentage of the bioavailability of the reference from (9, 10, 30, 33). Again however, there is still the limitation that these studies help estimate the uptake of a nutrient, but often provide little information regarding the distribution of the nutrient to cells and tissues of interest.

Thus, there are many experimental approaches to measuring bioavailability, that vary both in their experimental complexity and their precision in providing a bioavailability estimate (e.g., does the chosen method correct for endogenous losses?; does it utilize the most appropriate biomarker?). Thus, care must be taken to employ the best approach to address the specific questions that are asked (e.g., is absolute or relative bioavailability being sought?), and when interpreting the resulting data or comparing data across various studies.



3 Factors that impact bioavailability

The bioavailability of a given micronutrient can be impacted by a wide variety of factors, including those that are diet-related and those that are host-related (Figure 1) (9, 11, 22, 34). Dietary factors that affect bioavailability are numerous and include the type of micronutrient (fat or water soluble vitamin, or mineral), form and dose of the nutrient, the dietary matrix (e.g., plant or animal based), interactions between the nutrient in question and other components of the diet that can inhibit or enhance absorption (e.g., fat enhances the absorption of fat soluble vitamins), and the impact of food processing and preparation (e.g., cooked vs. raw). Host-related factors include age (e.g., infants vs. adults vs. elderly), physiological state (e.g., pregnancy, menstruation, or menopause), metabolic pathways & nutrient transporter activity (e.g., feedback loops triggered by nutrient presence or nutrient transporter desensitization, such as the hepcidin-iron loop), nutrient status of the host (e.g., deficient vs. adequate status), health status of the host (e.g., healthy vs. certain disease states, including obesity vs. healthy BMI, and nutrient-drug interactions), and intestinal & organ factors (e.g., microbiota, reductions in gastric acid secretion, reductions in liver function for example in the case of vitamin D) (11). While it is beyond the scope of this paper to consider all the factors listed above, we will discuss a few important examples below, that are also summarized in Supplementary Table 1 (dietary factors) and Table 1 (host factors).
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FIGURE 1
 Factors that impact bioavailability of micronutrients. The bioavailability of a given micronutrient can be impacted by a wide variety of enhancing and inhibiting factors, including those that are diet-related and those that are host-related. Technologies to enhance micronutrient bioavailability also exist. See text for details. MTHF, methylfolate.



TABLE 1 Host factors that can impact bioavailability.


	Factor
	Population, or nutrient status
	Impact
	Mechanism
	References

 

 	Prolonged low nutrient intake 	All 	Increased bioavailability 	Increased absorptive capacity and renal nutrient retention 	(11)


 	Life Stage 	Elderly 	Reductions in bioavailability of B vitamins, vitamin D, and calcium 	Changes in secretory and absorptive capacity; Decreased intrinsic factor, stomach acid, and proteases; Vitamin D affects Ca absorption 	(11, 61, 65–67)


 	Pregnancy & lactation 	Increased absorption and/or renal retention of Ca, Zn, Fe, Cu 	Effects at least partially due to estrogen 	(11, 70–72)


 	Menopause 	Decreased absorption of Ca 	Decreased estradiol; Estrogen therapy improves absorption 	(73–76)


 	Disease/medication 	Diabetics taking Metformin 	Decreased status of B12, and potentially other B vitamins, vitamin D, and Mg 	Reduces absorption/status. B12 supplementation effective at preventing or treating deficiency, and potentially alleviating neuropathy 	(81–83)


 	Cancer 	Malnutrition in 40–80% of patients 	Systemic inflammation; anorexia; early satiety, malabsorption, nausea and vomiting, drug side effects, etc.; ESPEN provides strong recommendation that vitamins and minerals be supplied at the RDA 	(86–88)


 	Proton pump inhibitors/reduced stomach acid 	B12 status 	Reduction of food, but not supplemental, B12 absorption 	(89)


 	Statins 	Reduce vitamin D synthesis 	Vitamin D synthesized from cholesterol 	(92)


 	Those taking medications that reduce fat absorption 	Reduced vitamin A, D, E, and K uptake 	Decreased absorption 	(93)


 	Intestinal infectious diseases & diarrhea 	Decreased uptake of multiple micronutrients 	Reduced absorption 	(18)


 	Digestive impairments (bile acids, pancreatic insufficiency) 	Vitamin D 	Malabsorption: Subjects with impaired bile acid release or pancreatic insufficiency both demonstrated significantly reduced absorption of vitamin D, but not calcifediol 	(32, 154)


 	Anticoagulants (for thrombotic disorders) 	Vitamin K 	Acquired deficiency: Acquired cellular vitamin K deficiency and a decrease in the synthesis of the vitamin K-dependent plasma clotting factors 	(46)


 	Obesity 	Decreased status reported for vitamin D (but lesser impact with calcifediol), iron, vitamins B1, B6, B12, folate, vitamin A, vitamin C, magnesium, selenium, zinc and potassium. 	Increased body volume; partitioning of fat-soluble vitamins to fat stores; metabolic and microbiota differences; inflammation; poor diets. 	(141, 142, 144, 149–151)


 	Alcohol abuse 	Thiamine deficiency 	Impaired absorption, poor diet, impaired liver storage 	(205)


 	Nutrient status 	All 	Iron status 	Iron absorption is downregulated with high status 	(94)


 	Vitamin A deficiency 	Iron absorption & mobilization 	Impaired with vitamin A deficiency, and enhanced with vitamin A supplementation 	(98)


 	Vitamin C status 	Iron absorption & mobilization 	Enhanced with vitamin C 	(98)


 	Riboflavin deficiency 	Hematological response to iron 	Enhanced with riboflavin; riboflavin deficiency increases anemia 	(98)


 	Vitamin D status 	Increased serum iron 	Vitamin D promotes export of iron from tissues 	(101)


 	Microbiota 	All 	Two-way modulation of vitamin & mineral status 	The gut microbiota can variously influence the bioavailability of micronutrients, as well as be influenced by micronutrient supplementation, with implications for health 	(103, 104)


 	Dysbiosis (SIBO) 	Decreased micronutrient bioavailability 	SIBO associated with villous atrophy and inflammation, decreased absorptive capacity, deconjugation of bile acids, malabsorption 	(107, 108)




 


3.1 Dietary factors

Several dietary factors can impact the bioavailability of micronutrients, including the type of micronutrient (fat soluble vitamins, water soluble vitamins, minerals), the dietary matrix, the vitamin form, and dose and stability. This section will address these factors.


3.1.1 General considerations: type of micronutrient

Micronutrients encompass both vitamins and minerals, with vitamins being subdivided into both water-soluble and fat-soluble categories. The water-soluble vitamins include the B vitamins and vitamin C, and the fat-solubles include vitamins A, D, E, and K (1). The general properties of the different vitamin classes can impact the factors that modify their bioavailability. Fat soluble vitamin uptake, whether endogenous or supplemental, involves bile-acid mediated emulsification and formation into micelles for absorption. Adequate dietary fat improves the absorption of these vitamins, whereas any condition that decreases bile production can inhibit uptake (11). When compounding all these vitamins into enhanced vitamin forms for fortification/supplementation, the emulsion droplet size impacts bioavailability, where optimal absorption is achieved with sizes below 1 micron (see Section 7.4). This contrasts with water-soluble vitamins, which are absorbed directly from the intestines without being impacted by these same processes (1, 11). This is not to say that there aren’t other factors that impact water soluble vitamins, and many are discussed below, including binding by components of the plant matrix. In many instances, though, factors that inhibit uptake of water-soluble vitamins are more impactful on endogenous vitamins than supplemental vitamins (10, 21). Minerals are quite different in that they are inorganic ions often found as salts, or in complexes with amino acids, organic acids, or peptides (1). They tend to have relatively low bioavailability, and are highly susceptible to binding by antagonists such as phytate, polyphenols, fiber, and other constituents in plants which inhibit binding to their receptors and thus their uptake (10, 11). Supplemental forms of minerals can vary greatly in their bioavailability and reactivity with the food matrix. For example ferrous iron is more bioavailable yet more reactive than ferric iron, zinc sulfate is more bioavailable in general than zinc oxide, and complexed mineral forms tend to be more bioavailable than salt forms (18, 33, 35–38).



3.1.2 Dietary matrix

The food matrix can greatly impact bioavailability. A recent review on the bioavailability of 13 vitamins and choline concluded that in general, vitamins in foods from animal sources are more bioavailable than vitamins from plant sources (10). There are a variety of reasons for this. First, certain vitamins can be trapped in or bound to the food matrix in plants. Niacin for example can be linked to carbohydrates or peptides in grains and not fully released, in which case its bioavailability will be low unless the grains are subjected to alkaline treatment, as occurs with the making of tortillas (39, 40). Historically, poor bioavailability of the nicotinic acid form of niacin in corn was an important cause of pellagra (1). Similarly, entrapment in the insoluble cellular structure of certain plants has also been described to reduce the bioavailability of provitamin A carotenoids (41) and food folates and other B vitamins (11, 40, 42).

Second, plants contain several dietary antagonists that can reduce the absorbability of certain micronutrients. The classical example here is the presence of phytic acid, which is the primary storage form of phosphorus in legumes, cereal grains, and certain seeds. Phytic acid chelates metal ions, particularly calcium, zinc, and iron, and dramatically reduces their intestinal uptake (43–45). Other metal ion inhibitors include polyphenols and fibers (10, 11, 45). Indeed, plant-based iron is less bioavailable than heme-bound iron; the US IOM (now NAM) reports that iron is approximately 44% less bioavailable in a vegetarian diet than in a mixed Western diet (10% vs. 18%, respectively) (45, 46). Similarly, absorption of fat-soluble vitamins such as vitamin D and vitamin E, carotenoids, and fatty acids can be inhibited in diets high in fiber, including pectins and lignins (11). Vitamin B6 commonly is found as pyridoxine-β-D-glucoside in plants. This form has a bioavailability of approximately 50%, in contrast to free pyridoxine HCl, which is nearly 100% bioavailable in fortified foods (22, 47).

The lower bioavailability of vitamins from plant vs. animal sources has important ramifications. A number of scientific and policy organizations now advocate for an overall reduction in the consumption of animal-based foods, both for health and environmental sustainability reasons (10, 48, 49). However, micronutrient bioavailability in plant-based foods needs to be considered. Supplementation and food fortification with vitamins represent low cost, safe, and effective strategies to ensure adequate intakes of highly bioavailable vitamins in all diets, including in vegetarian or vegan diets (18, 49–54).



3.1.3 Form of the nutrient

Several vitamins come in multiple forms, or vitamers, and the form that is ingested can have an impact on bioavailability. For example, the most common forms of vitamin A in the human diet are preformed vitamin A (retinyl esters) and pro-vitamin A (β-carotene) (46). The absolute bioavailability of β-carotene has been reported to be around 8–10% for cooked carrots, 15% for sweet potatoes, and 5% in spinach (10). The absorption and conversion of all-trans-β-carotene in oil is estimated to lead to a bioavailability of 40%, and for pure retinol of 80% (10, 46).

The EFSA NDA Panel concluded in 2014 that the bioavailability of food folate is around 50%, i.e., half that of folic acid taken on an empty stomach, whereas the bioavailability of folic acid from fortified foods or from a supplement ingested with food is about 85% (55). Indeed, Dietary Folate Equivalents (DFEs) have been established by national and international expert bodies to reflect these findings—1 μg of DFE is equivalent to 1 μg of food folate, but only 0.6 μg of folic acid either from a fortified food or a dietary supplement consumed with food (25, 28). The earlier IOM (NAM) equivalents are similar, but make a minor distinction in relation to folic acid on an empty stomach: 1 μg of DFEs is equivalent to 1 μg of food folate, or 0.5 μg of folic acid taken on an empty stomach, or 0.6 μg of folic acid with meals (25). Similarly, in Europe EFSA has established a conversion factor for calcifediol as 2.5 times the bioavailability of cholecalciferol, thereby recognizing the variable bioavailability across various vitamin D forms (56).



3.1.4 Dose and stability

Bioavailability of a nutrient can also depend on the intake of the nutrient. Vitamin C illustrates this well because its absorption is saturable. Clinical data indicate that between 80 and 100% of vitamin C at single doses up to 100–200 mg are fully absorbed into the bloodstream (57–59). However, bioavailability diminishes at higher doses, and is less than 50% at doses exceeding around 1,000 mg (58). At doses between 30 and 100 mg per day there is a steep, dose-dependent increase in circulating vitamin C levels, with saturation in the plasma at doses of 200–400 mg per day (Figure 2). Certain technologies, such as lipid-based formulations have been reported to increase the absorption into the bloodstream, both with respect to peak levels and total absorption as indicated by area under the curve (see below) (60).
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FIGURE 2
 Bioavailability of vitamin C as a function of dose. The dose response of plasma ascorbic acid as a function of intake. The dose response is steep up to approximately 100 mg per day of intake, and then reaches a plateau although plasma concentrations still increase with increasing doses. Plasma ascorbic acid levels were well below the peak at intake levels corresponding to the US RDA for males (90 mg/d) and females (75 mg/d). Figure was created using data from (58).


Zinc also provides an illustrative example. As the content of absorbable zinc in the diet increases, the proportion of this zinc that is taken up decreases. This modulation of absorption efficiency is an important mechanism by which the body maintains zinc homeostasis (21, 61). Similarly, homeostasis also is maintained by variable rates of zinc excretion, and thus the balance of absorption and excretion. Indeed, substantial increases in absorbed zinc can be counterbalanced by increases in intestinal zinc excretion (61).

While not strictly a bioavailability issue, micronutrient stability can affect the outcome of micronutrient interventions if the consumer does not ingest the intended or labeled quantity of micronutrients. Vitamins are variously sensitive to heat (for example during cooking, pasteurization, or sterilization), moisture, oxygen, oxidizing and reducing agents, metallic ions, pH and other food components in different degrees (62). In addition to heating, other aspects of food processing can be destructive. For example, slicing or dicing of fruits and vegetables can increase the losses of vitamin C due to increasing the surface area of the food that is exposed to oxygen. Dehydration can lead to increased losses of vitamin C, niacin, and thiamin in vegetables. Other considerations of the food matrix itself can also be important. For example, thiaminase enzymes are present in certain foods including seafood and beans and can promote degradation of thiamin. On the other hand, the presence of egg albumin and casein enhance thiamin stability. All of these factors conspire to impact the stability of vitamins during processing and over the shelf-life, often necessitating the addition of an “overage” of vitamins during the formulation of fortified foods (62). These are important considerations—a wheat flour and maize meal fortification program of excellent design brought little impact due to insufficient dosing of the premix and perhaps stability issues as well (63). As vitamins can be formulated to withstand specific conditions in particular foods, there is an urgent need for the establishment of quality as a critical driver for effectiveness of food fortification programs.




3.2 Host-related factors

In addition to dietary factors, host factors also impact the bioavailability of nutrients. These can include age, gender, physiological state (for example, pregnancy, menstruation, lactation, or organ function), nutrient status of the individual, or the existence of certain disease states.


3.2.1 Life stage

With respect to life stage, the maturation of the digestive tract and the concomitant absorption of nutrients (perhaps especially macronutrients) is still developing in infants in the first weeks and months after birth (11, 64). The elderly also experience differences in nutrient absorption when compared to younger adults, because of changes in secretory and absorptive capacity in the stomach or intestines that occur with aging. These changes do not impact macronutrient bioavailability, but do reduce the bioavailability of specific micronutrients, including certain B vitamins, vitamin D, and (primarily as a result of problems with vitamin D metabolism) calcium (11, 65, 66). Vitamin B12 malabsorption and deficiency are also common in older adults (67). Indeed, it has been estimated that between 20 and 40% of older individuals are deficient, with up to 70% of those cases due to malabsorption issues (68). Vitamin B12 absorption is mediated by its binding to intrinsic factor (IF), which is a protein secreted by parietal cells in the stomach. B12-IF complexes are bound by receptors in the ileum, in the presence of calcium, for absorption (67). The elderly are vulnerable to reduced IF secretion due to loss of parietal cells from pernicious anemia or atrophic gastritis. Decreased production of stomach acid and proteases are also common, and can lead to decreased release of B12 from ingested food proteins and thus decreased absorption (69). Similarly, common medications such as proton-pump and H2-receptor blockers also reduce gastric acid production, again reducing B12 bioavailability (68). For this reason, certain experts recommend supplemental vitamin B12 in older adults significantly exceeding published requirements (67).



3.2.2 Physiological state, metabolic pathway status and hormonal influence

Physiological adaptations can occur in response to states of rapid growth, pregnancy, and lactation to increase the bioavailability of nutrients in response to elevated requirements. In addition, these changes can occur in the face of prolonged low nutrient intakes (11). These changes include increased absorptive capacity in the intestines and increased renal nutrient retention, among other mechanisms (11). These adaptations can be reversed when nutrient requirements decrease, or nutritional intakes increase.

Pregnancy and lactation provide examples of physiological states with increased nutritional requirements. Data indicate that calcium, zinc, iron, and copper intestinal absorption increases, and/or renal conservation increases during pregnancy and/or lactation (11). These effects appear to be at least partly due to the hormonal changes associated with pregnancy, particularly estrogen. Indeed, estrogen has been reported to regulate intestinal calcium absorption in humans and rodent models, with estrogen stimulating increased expression of calcium transport proteins in the duodenum (70, 71). Likewise, the increase in circulating copper concentrations observed during pregnancy has also been ascribed at least partly to increased estrogen levels (72).

Conversely, calcium absorption starts to decline during the transition to menopause, and circulating estradiol concentrations are reported to be a primary determinant of absorption rates (73). Furthermore, calcium absorption continues to decrease in postmenopausal women. These findings make sense, given the mechanistic studies described above. The health impact is enormous, as about a third of postmenopausal women will develop osteoporosis (74). Consistent with these data estrogen therapy improves calcium absorption, which is accompanied by increases in blood calcitriol, in postmenopausal women with osteoporosis (75, 76). For these reasons groups such as the NAM and the International Osteoporosis Foundation recommend increased calcium intakes in women over 50 years old compared to the same aged men or younger female adults (77, 78).

Apart from overall physiological status, the activation or inhibition of individual metabolic pathways across tissues and nutrient-induced transporter desensitization can also influence bioavailability (79). A prominent example is the secretion of hepcidin following iron exposure in the GI tract, which acts to inhibit further iron uptake via its influence on the cellular iron exporter ferroportin (discussed in more detail below) (80).



3.2.3 Disease states and medications

A wide variety of disease states can alter nutrient bioavailability and/or status. Diabetes is one notable example. Metformin is the first-line drug prescribed for glycemic control in type 2 diabetes mellitus (T2DM) and is reported to be among the top 10 of medicines prescribed globally. Although metformin has a good safety profile, its use is well-described to be associated with an increase in vitamin B12 deficiency, at least partially by reducing B12 absorption in the small intestine (81, 82). Metformin-induced B12 deficiency is likely a cause of diabetic neuropathy, which can affect up to half of type 2 diabetics (81). Metformin may also contribute to reduced status of other B vitamins, including thiamine and folate, as well as potentially vitamin D and magnesium. Furthermore, a substantial percentage of type 2 diabetics are prescribed medications including proton pump inhibitors and histamine H2 receptor antagonists, both of which also negatively impact vitamin B12 and magnesium status (81). Vitamin B12 supplementation has shown to be effective at preventing or treating metformin-induced B12 deficiency, and potentially at alleviating neuropathy (82, 83).

Cancer is among the leading causes of death globally, and has substantial impact on nutritional status (84, 85). Indeed, malnutrition is a serious cancer co-morbidity that impacts between 40 and 80% of cancer patients, negatively influencing quality of life, numerous treatment outcomes, and survival rates (86). The malnutrition can result from systemic inflammation that leads to reduced food intake (anorexia) and ultimately weight loss. Other contributing factors to reduced intake include alterations in taste and smell perception, mouth sores, early satiety, nausea and vomiting, swallowing difficulties, reduced intestinal motility, and side effects from medications (86, 87). Due to reduced intake, the bioavailability of the nutrients that are ingested is critical. Unfortunately, malabsorption is also common in these patients (87). Malnutrition in these patients contribute to sarcopenia and cancer cachexia, although cachexia is not treatable by conventional nutritional support alone. Indeed, the most pressing nutritional problem in cancer is muscle loss, which predicts negative outcomes including decreased survival. Micronutrient status and supply can also be a concern (86). For these reasons, regular nutritional screening for cancer patients is recommended, including assessment of nutritional intakes, weight changes, and BMI (87, 88). Both the 2017 and 2021 ESPEN guidelines for clinical nutrition in cancer patients recommend nutritional interventions, including oral nutritional supplements, for those who can eat but are at risk of malnutrition. These guidelines include a strong recommendation for protein intakes above 1 g/kg/d and up to 1.5 g/kg/d, and a strong recommendation that “vitamins and minerals be supplied in amounts approximately equal to the RDA” (87, 88). Use of micronutrient supplements is also supported by the American Cancer Society and the American Institute for Cancer Research (86).

Furthermore, a wide variety of common medications can impact nutrient bioavailability or status (89). As mentioned above, proton pump inhibitors reduce absorption of dietary (but not supplemental) vitamin B12 and may also reduce calcium uptake. Certain oral contraceptives appear to reduce the status of many vitamins and minerals, including folate (90). Certain classes of anti-epileptic drugs reduce folate absorption and increase folate metabolism (91). Diuretic use increases urinary excretion of magnesium and potassium (89). Methotrexate, which is a cancer drug and is also used to treat autoimmune diseases, is a folate antagonist (91). Likewise, statins are reported to reduce vitamin D synthesis, because vitamin D is synthesized by the body from cholesterol (92). Unsurprisingly, certain medications that reduce absorption of fat (often as a treatment to support weight loss) also reduce the absorption of fat soluble vitamins, including vitamins A, D, E, and K (93). Additionally, glucagon-like peptide-1 (GLP-1) modulating drugs which have become widely used, reduce micronutrient absorption through reduced food intake and gastrointestinal effects (see below). These micronutrient-drug interactions can result in micronutrient inadequacy or deficiency, especially with long term medication use, and in many cases can necessitate dietary supplementation.



3.2.4 Nutritional status and nutrient-nutrient interactions

A classic example of the impact of nutritional status on nutrient bioavailability occurs with iron. The human body regulates the absorption of iron such that absorption diminishes as iron status improves (94). In addition, in the case of iron inadequacy, other mechanisms allow the “export” from iron stores to regulate the status (95). Plasma iron concentrations and total iron content of the body are regulated by hepcidin, which inhibits the iron transporter ferroportin to regulate iron absorption from the duodenum, and the release of iron from hepatocytes and macrophages. Inhibition occurs by direct binding, as well as inducing ferroportin ubiquitination, endocytosis, and degradation. Hepcidin production by hepatocytes is regulated by status—an iron deficient individual will produce less hepcidin, and one who is replete will produce more. Notably, serum hepcidin levels are reported to decrease during menstruation, and subsequently increase during the second half of the menstrual cycle (96).

Hepcidin production also is regulated in pregnancy in order to meet the increased demand for iron from both the mother and fetus (80). It has been elegantly demonstrated that iron supplementation increases hepcidin levels, whereby the iron supplementation paradoxically drives reduced iron bioavailability, and that therefore alternate day supplementation is more effective than daily supplementation, showing that also timing of intake can influence bioavailability of nutrients (97).

The status of one (or several) micronutrients can also affect the bioavailability of others. For example, in humans, vitamin A deficiency can impair intestinal iron absorption and mobilization, and vitamin A supplementation can enhance the efficacy of iron supplementation through the enhancement of absorption, mobilization and erythropoiesis (98). The net result is an improvement in hematological indicators. Vitamin C also enhances the absorption of dietary iron, influences its mobilization, and dampens the prooxidant effect of iron, together with vitamin E (98–100). Riboflavin enhances the hematological response to iron, and as such riboflavin deficiency may be a primary cause of anemia in many populations due to the condition of immature intestinal villi associated with riboflavin deficiency, and its role in iron mobilization (98). Adequate status of all these vitamins, along with folate, vitamin B6, vitamin B12, and potentially vitamin D, plays roles in reducing the incidence of anemia (101). The anemia example, demonstrating the interdependency of multiple micronutrients in iron metabolism, highlights the importance of a holistic approach to nutrition, and that simply providing higher doses of a single nutrient (in this case, iron) is not the right strategy (98, 101).



3.2.5 Microbiota

Understanding the contribution of the gut microbiota to nutrient bioavailability is still an emerging area of research, but it is clear that commensal species exert an impact on vitamin supply and bioavailability to the host. The so-called “micronutrient-microbiome axis” operates in both directions—the microbiota both consume nutrients including vitamins in the gut, and produce them as well (102). As such, increasing evidence demonstrates that commensal species can both positively and negatively impact the amount and/or absorption and bioavailability of a wide range of vitamins and minerals (103, 104). For example, supplementation with vitamins A, B12, C, and D are reported to promote growth of beneficial species from a variety of genera, including Bifidobacterium, Lactobacillus, and Roseburia. Certain bacterial genera, including Bifidobacterium, Enterococcus, and Bacteroides synthesize substantial amounts of both B and K vitamins (102, 103, 105). Moreover, B vitamin absorption may be enhanced by probiotics that regulate intestinal pH (104). Associational studies suggest a relationship between the gut microbiota and fat soluble vitamin status, even though the microbiota are not known generally to produce most of these vitamins (vitamin K being an exception) (103). Finally, there are also reports that supplementation with certain probiotic strains can lead to an increased vitamin status. For example, supplementation with a Lactobacillus reuteri strain was associated with an increase in vitamin D status (106).

Increased bioavailability of minerals seems to be related to the availability of bacterial enzymes or production of short-chain fatty acids (SCFA) by the microbiota. Bacterial phytase may be capable of breaking down chelated complexes with iron, calcium, magnesium and phosphorous, thus making these minerals available in the lumen. Human studies have shown that iron absorption is enhanced when providing specific probiotics (102). In animal studies, a higher production of SCFA appears to facilitate calcium and phosphorus absorption. In human studies, supplementation with a prebiotic increased calcium absorption; the postulated mechanism is a decrease in pH due to higher microbiota activity which facilitates minerals remaining in their soluble form (102). Finally, zinc bioavailability increases when combining supplementation with certain probiotics (103).

Dysbiosis can negatively impact nutrient bioavailability. Small intestinal bacterial overgrowth (SIBO) is a condition that exemplifies this. SIBO is characterized by both an increase in the amount of bacteria in the proximal small intestine, as well as a change in the bacterial profile of certain groups such as coliforms, more commonly seen in the distal intestine (107, 108), with varying degrees of severity (107). SIBO is reported to be accompanied by villous atrophy and inflammation of the intestinal epithelium, resulting in decreased absorptive surface area and capacity, deconjugation of bile acids by the microbiota leading to malabsorption of fat and fat-soluble vitamins, bacterial degradation of sugars, and reduced activity of brush border enzymes (108). From a micronutrient perspective, SIBO is linked to reductions in bioavailability (and increased risk of deficiency) in vitamins A, D, E, B12, as well as iron (107, 108).





4 Relevance of bioavailability in the current nutritional context


4.1 Poor quality diets

The bioavailability of nutrients in the diet, or from supplements, is important given the poor nutritional status common around the world today. Survey data consistently indicate widespread nutrient inadequacy and deficiency in a wide variety of vitamins and minerals, both in vulnerable subpopulations and the general population as a whole (5, 12, 109). Diets of low-income populations not only are monotonous and tend to lack essential nutrients but are also often rich in inhibitors. For example, in 2021 in Africa, 74% of caloric intake came from wheat, rice, maize, starchy roots, sugar and sweeteners, and vegetable oil, all of which are very poor in micronutrients in their refined and unfortified forms (110). In addition, these populations also often have impaired nutrient absorption capacity, due to physiological changes deriving from poor nutrient status and high prevalence of infectious diseases (18).

Consumption of diets that are not well-balanced is also prevalent in high-income countries. As one example, a survey of dietary habits of 2,057 adults in Switzerland compared intakes and assessed them for compliance to the food-based dietary guidelines (FBDG) of the Swiss Food Pyramid (111). Less than 1% of the population followed all seven FBDGs, and only 41% met at least three of the seven. While regional (German, Swiss, or Italian-speaking areas) differences existed, in general the Swiss overconsumed in the categories of sweets, salty snacks & alcohol; added animal fats; and meat. They under consumed fruit & vegetables (only 18% met the recommended intake), dairy, and cereal products and potatoes. Not surprisingly given these intake data, the Swiss adult population, and especially the elderly population, is reported to be at risk for deficiencies in many nutrients including vitamins C and D, iron, selenium, and zinc (112). The situation may be even less favorable if bioavailability-driven nutrient status was assessed. These data clearly illustrate that access to a healthy diet is not sufficient to guarantee healthy nutrient status, undermining the popular paradigm that supplementation has no value if a healthy diet is available.



4.2 Vegetarian and vegan diets

As noted above, vegetarian and vegan diets are increasingly recommended and embraced for numerous reasons including their health benefits and for environmental sustainability reasons (49). However, one must take care to consume adequate amounts of micronutrients as certain vitamins, and minerals such as iron and zinc from plant-based diets can be less bioavailable than from diets that include animal-based foods (10, 49). The micronutrient content of cereal grains and legumes are also diminishing because of climate change (see below).

Several dietary modeling studies have been published investigating the potential impact of vegetarian or vegan diets. While the results of each model vary, switching from a diet incorporating animal-based foods to a diet with an increased percentage of plant-based foods, or exclusively plant-based foods has been predicted variously to increase the risk of inadequate intakes of several vitamins (A, B vitamins especially B12, D), minerals (calcium, zinc, heme iron), and choline (113–116).

Recent cohort studies confirm that shortfalls in intake and/or status of many of these nutrients is common in vegetarians and/or vegans, and additionally iodine in vegans (49, 117–122). The WHO has stated that vegan diets are associated with low intakes of vitamins B2, B12, and D, as well as zinc, calcium, and selenium, and that vegans “may consider the consumption of fortified foods” (49). Vitamin B12 is of particular focus since this vitamin is found almost exclusively in animal products (120). It should be noted, however, that these shortfalls are not unique to vegetarians and vegans, and in fact are also common in those that consume non-vegetarian diets as well. Indeed, obtaining recommended intakes and status of micronutrients is certainly attainable with carefully-designed plant-based diets (49, 123). Thus, vegetarians and vegans (as with the rest of the population) are advised to select diets that are high in bioavailable micronutrients and/or low in inhibiting factors and complement their diets with supplements and fortified foods as needed, with particular focus on vitamin B12 (49, 123).



4.3 Decreasing rates of micronutrient intake

In addition to the challenges described above with suboptimal diet quality and reduced micronutrient bioavailability associated with plant-based diets, it is concerning that the actual intake of micronutrients is decreasing in some populations, including in high income countries. As one example, a recent study reports that the intakes of vitamin C in Korea decreased by 51% between 1998 and 2018, to 61 mg/d, which is below published requirements for vitamin C intake in adolescents and adults (6, 124, 125). This decrease is linked to an overall reduction in the intake of fruits, vegetables, and grains in Korea over this same time. Similarly, in the United States, vitamin C consumption also decreased over essentially the same timespan (1999–2018), by 23% to an average of 75 mg/d (7). Like the situation in Korea, this decrease was driven by a near 50% reduction in 100% fruit juice, the leading source of vitamin C in the U.S. While this average intake does meet the US RDA, the percentage of the population that failed to achieve the EAR increased from 38% in 1998 to 47% in 2018, with certain subpopulations reaching more than 60% below the EAR. The most prominent increases in the percentage below the EAR included toddlers, those 14–18 years of age, and males that were 19–50 years or ≥71 years (7). Since 2002, U.S. infants and toddlers have also seen concerning decreases in intakes of vitamins C and D, as well as iron in 6–11.9 month old infants due to decreased consumption of iron-fortified infant cereals (126, 127). The authors of these studies suggested that increased consumption of meats and fortified cereals designed for older infants could help increase iron intakes, and that dietary supplements likely could also improve the situation. In China between 1989 and 2015, intakes of several micronutrients have decreased among adults aged 18–35, including in particular vitamins A, B1, and C (8). Finally, a recent report concludes that 1 in 5 Europeans are now devoting less of their budgets to purchase of supplemental vitamins and minerals (128).

The concentration of essential nutrients in fruits and vegetables is also declining over time. A reduction of 5–40% in vitamins and minerals has been reported when examining their content in the past decades. This can be due to a “dilution effect” where larger crop yields imply lower nutrient concentrations, a narrow selection of plant varieties for yield and resistance reasons, and mineral depletion of soils (129–131). Indeed, micronutrient deficiencies are routinely seen in intensively grown vegetable crops, pulses, cereals, and oilseeds including in India (126). This implies that soil or foliar application of minerals could improve the situation (131). A recent study reports that foliar application of zinc can dramatically increase the zinc content of finger millet, to a greater extent than soil application, although soil application was more effective at increasing yield (132). However, some have expressed concern about the usage of mineral fertilizers, due to their expense and sustainability concerns among others, and instead promote organic amendments or other strategies such as biofortification (131, 133). A recent publication explored the use of dewatered sewage sludge (SS) and poultry manure (PM) as alternatives to mineral fertilizers. This group reported that PM significantly increased plant zinc although it decreased with SS and there was no impact on plant copper. Both amendments improved plant growth and soil fertility (133).

Furthermore, climate change and its drivers also are diminishing the nutritional composition of crops, and this impact is predicted to intensify as atmospheric CO2 levels increase. Increasing atmospheric CO2 leads to decreases in the concentration of protein and minerals (e.g., iron and zinc) in cereal grains and legumes, and B vitamins in rice (134–136). Declines in nutrient content are predicted to place hundreds of millions of additional people to be at risk for zinc, iron, and/or protein deficiency, in addition to the 2 billion people who are deficient in zinc or iron today (134, 136).

Overall, most of the global population fails to consume adequate amounts of micronutrients from the diet (excluding fortification and supplementation). As mentioned above, a recent study estimates that at least 5 billion people worldwide have inadequate dietary intakes of iodine, vitamin E, or calcium; 4.9 billion do not consume enough iron; and more than 4 billion do not take in enough riboflavin, folate, or vitamin C (4). Likewise, billions have inadequate intakes and/or deficiencies for one or more of vitamins A, B6, B12, D, thiamin, niacin, selenium, magnesium, and zinc (4, 5, 137–139).



4.4 Obesity

Worldwide obesity has nearly tripled since 1975 (39% of adults aged 18 years and over were overweight in 2016, and 13% were obese). Indeed, most people live in countries where mortality from overweight and obesity exceeds mortality from being underweight (140). Despite excessive dietary consumption (energy-dense but nutrient-poor foods), obese populations have high rates of micronutrient deficiencies. Indeed, observational data show an inverse association between BMI and nutritional status for vitamin D, iron, vitamins B1, B6, B12, folate, vitamin A, vitamin C, magnesium, selenium, zinc and potassium (141–148).

The demand for micronutrients could be altered due to their condition. For instance, the increased body mass in individuals with obesity may necessitate a higher intake of nutrients to compensate for partitioning between lean and fat mass and metabolic and microbiota alterations (149–151). Obesity is linked to persistent low-grade inflammation and heightened oxidative stress, resulting in an increased demand for antioxidants and specific micronutrients (149). The inadequacies in certain micronutrients seen in obesity, such as vitamins C and D and zinc, could potentially contribute to insulin resistance (149, 151). Additionally, the expanded volume of body fluids and body fat mass in obese individuals may induce a dilution effect, causing lower concentrations of certain nutrients in the bloodstream and requiring elevated intake to sustain optimal levels (149, 151–154).

GLP-1 is one of several gastrointestinal hormones that influence the control of eating and satiety, gastric emptying, meal-related glycemia, and weight gain. GLP-1R agonist drugs promote satiety, thereby reducing food intake and leading to weight loss (155, 156). Historically, these drugs were prescribed to improve glycemic control in type 2 diabetic patients, but more recently they have become popular as weight loss drugs particularly for obesity. Indeed, U.S. doctors wrote more than 9 million prescriptions for GLP-1R agonist medications during the last 3 months of 2022 (157). Data on micronutrient status of patients taking GLP-1R agonist drugs are lacking. Given that the obese population already suffers from micronutrient deficiencies, and that these drugs reduce food intake and can induce gastrointestinal side effects such as diarrhea and vomiting, it is reasonable to expect that micronutrient intakes in this population would remain poor. Thus, supplementation or food fortification with a range of highly bioavailable micronutrients may be critical for this population.




5 Micronutrient intervention strategies

Given the above, it is generally accepted that vitamin and mineral inadequacies and deficiencies are widespread globally. While a thorough review of public health intervention strategies to address these challenges is beyond the scope of this review, a few are worth mentioning. The major tools available in the fight against micronutrient malnutrition are dietary supplementation, food fortification, and dietary diversification (a food-based approach). Each has its strengths and limitations and domain of applicability for improving micronutrient status in a population over varying periods of time (18, 158).

Strengths of dietary supplementation include its rapid impact on micronutrient status, health, and life expectancy of the individuals consuming the supplement. Historically supplementation approaches have been utilized for vitamin A and iron deficiency. One example is a partnership between Nutrition International, UNICEF and other groups that has provided over 10 billion vitamin A capsules to children under 5 years old (two annual doses per child), in 55 countries to prevent blindness and improve immunity (159). A key limitation of supplementation is that periodic high coverage has often not been sustained over time for a variety of reasons, including lack of sustained financial or political support or other overriding priorities and poor compliance by the target individual (158).

Experience has shown food fortification to be effective and a useful bridge to sustainable, long-term dietary change. If the program is universal through a commonly consumed product, fortification implies little creation of consumer demand, fewer logistical problems in supply than supplementation and its low costs are borne almost exclusively by the consumer. It has the potential to have a broader impact when compared to supplementation, and its impact is evident in the short to medium term (158). In addition, when consumed regularly fortified foods can maintain body stores of nutrients more effectively than intermittent supplementation, and it can be highly cost effective (18, 160). Examples of successful fortification campaigns include the fortification of liquid dairy products and fat spreads in Finland with vitamin D and the fortification of folic acid into flours to reduce incidence of neural tube defects (51, 52). Success of this strategy of course depends on adequate fortification rates of micronutrients to the staple food, as demonstrated in a fortification campaign in South Africa (63).

Food-based approaches attempt to correct the underlying causes of micronutrient deficiencies by encouraging changes in dietary habits of the population within their cultural context. These strategies are usually considered the ideal long-term goal. Nevertheless, experience has shown that while dietary modification can be brought about by nutrition education, to even begin to achieve these changes may require 5–10 years or more, assuming a stable economic and political environment, and modifications in agricultural activities —such as crops raised and food production— as well as on food marketing, preservation, and preparation (158).



6 Case studies: vitamins and forms

The literature indicates that vitamins added to foods or taken as supplements generally are at least as bioavailable as endogenous ones, and often more so since those in foods may be bound to the food matrix (10, 21, 26). For example, as described above the bioavailability of vitamin A, niacin, riboflavin, vitamin B6 and vitamin B12 is reduced by the presence of fiber (161). The bioavailability of supplemental folic acid is substantially greater than that of naturally occurring folate in food (10, 25). Indeed, food folate is less bioavailable than folic acid with a median relative bioavailability of 65% (range: 44–80%), an estimate that approximates the 60% value derived from the DFE equation (162). Similar findings have been reported for supplemental vs. endogenous vitamin B6, B5, β-carotene, and vitamin K, particularly when comparing supplemental vitamins to those in plant-based diets. The bioavailability of added vitamin A esters is generally high and is typically not strongly influenced by the food matrix (163). All steady state comparative bioavailability studies in humans have shown no differences between synthetic and natural vitamin C, regardless of the subject population, study design or intervention used (26).

As such, the bioavailability of added vitamins is generally high. Nevertheless, a number of technologies are available to increase micronutrient bioavailability that can be implemented on an individual or population basis.


6.1 Vitamin D and calcifediol

As described above, many vitamins occur in the diet in different forms (vitamers), that can impact bioavailability or bioactivity. Vitamin D is a good example of this. Dietary vitamin D occurs as vitamin D3 (primarily from fish, meat, and eggs), vitamin D2 (primarily from mushrooms and yeast), and to a lesser extent, calcifediol. All three forms are available as dietary supplements. Calcifediol is the 25-hydroxylated form of vitamin D3 (25(OH)D) and is the primary form of vitamin D in the bloodstream. It is present in the diet, predominantly in meat, dairy, eggs, and in some markets as a dietary supplement (56, 164, 165).

Vitamin D insufficiency and deficiency are common globally. Supplementation with vitamin D3 or D2 is a safe and inexpensive strategy to improve vitamin D status. However, optimizing serum 25(OH)D levels with these vitamers can take relatively long periods of time (weeks or months), with a substantial percentage of individuals supplementing at recommended levels not reaching an adequate status, especially elderly or overweight people (Figure 3) (166–172). Scientific assessment of clinical trial data and recent expert review indicate that at physiological intakes, calcifediol is approximately 3× more effective than vitamin D3 at raising blood vitamin D levels above baseline status. Furthermore, the clinical data indicate that at equivalent doses, those taking calcifediol reached adequate status (75 nmol/L or 30 ng/mL 25(OH)D) more quickly and reliably than those taking vitamin D3 (Figure 3 and Table 2) (154). Indeed, a greater percentage of study participants taking calcifediol achieved sufficiency than participants taking vitamin D3 (Figure 3). In the EU, EFSA has concluded a 2.5× conversion factor “reflects the relative bioavailability of calcifediol” as compared to vitamin D3, when used in food supplements (56). There is compelling evidence that the ability of calcifediol relative to vitamin D3 to increase vitamin D status is even greater in those with obesity, possibly due to a variety of factors including increased sequestering of vitamin D3 in fat stores (150, 173).
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FIGURE 3
 Calcifediol is faster and more effective than vitamin D3 at raising serum 25(OH)D status. The graph shows individual participant (colored circles) and group model-predicted mean data (colored lines) (172). Healthy postmenopausal women took 20 μg/d of calcifediol (25(OH)D, red circles) or vitamin D3 (blue circles). Serum 25(OH)D levels were measured on 14 clinical visits through 4 months of intervention. Vitamin D sufficiency (30 ng/mL (75 nmol/L) 25(OH)D) is indicated by the solid black line. Each group mean reached the 30 ng/mL threshold (red dashed line and triangles for calcifediol, blue line and triangles for vitamin D3), although the calcifediol group reached this threshold more rapidly. While all participants taking calcifediol reached sufficiency by 35 days, the authors reported that about 50% of those taking vitamin D3 did not reach sufficiency over the entire course of the study. Used with permission of Springer Nature BV, from Chapter Relative Effects of Vitamin D3 and Calcifediol, Bischoff-Ferrari et al., 2013 (172); permission conveyed through Copyright Clearance Center, Inc.



TABLE 2 Relative effectiveness and speed of calcifediol vs. vitamin D3 at raising circulating 25(OH)D levels in clinical subjects.


	Reference
	Source
	Dose (μg/d)
	Time to reach 75 nmol/L (days)a
	Relative speed to reach 75 nmol/L (days)b
	Relative effectiveness in raising serum 25(OH)D levelsc

 

 	(206) 	D3 	25 	 	 	1


 	calcifediol 	10 	 	 	3.5


 	20 	 	 	3.3


 	50 	 	 	3.5


 	(166) 	D3 	20 	70 (69 nmol/L) 	1 	1


 	calcifediol 	7 	70 (71 nmol/L) 	 	4.2


 	20 	35 	2.0 	5.0


 	(168) 	D3 	20 	68 	1 	1


 	calcifediol 	20 	17 	4.1 	2.8


 	(207) 	D3 	60 	112 (74 nmol/L) 	 	1


 	calcifediol 	20 	28 	 	5.5


 	(169) 	D3 	20 	112 	 	1


 	calcifediol 	5 	not reached 	 	1.0


 	10 	56 	 	3.0


 	15 	28 	 	2.8


 	(170) 	D3 	20 	40 	1 	1


 	calcifediol 	10 	26 	 	3.0


 	15 	10 	 	2.9


 	20 	7 	5.7 	2.8


 	Average 	 	 	3.9 	3.3





a The time (days) for the mean serum 25(OH)D level in the study population to reach sufficiency (75 nmol/L) is indicated, when it was reported in the individual study. In some instances, the mean did not quite reach 75 nmol/L (as indicated). In the case of (166), those taking vitamin D3 achieved a serum level of 69 ± 8.7 nmol/L at 70 days. In this case, 70 days was taken as the time to reach sufficiency for the purposes of estimating a relative speed factor.

b Relative speed is defined as the time needed for the study participants taking calcifediol to achieve a mean serum 25(OH)D level of 75 nmol/L, as compared to those taking an equal dose of vitamin D3. Values were calculated as days to reach sufficiency in the vitamin D3 group divided by the days to reach sufficiency in the calcifediol group. Comparisons of unequal daily doses were not considered.

c Relative effectiveness was calculated as the ratio of the difference in serum 25(OH)D (final minus baseline) in the group taking daily calcifediol vs. the group taking vitamin D3, corrected by the daily dose. Values are from (154) and (170).
 

From a mechanistic perspective, there is a marginal difference in absorption in favor of calcifediol vs. vitamin D3 in healthy individuals, although that difference is greatly enhanced in those with intestinal fat malabsorption issues (154). More importantly, unlike calcifediol, vitamin D3 requires a hydroxylation step in the liver to be converted to 25(OH)D and thus to raise vitamin D status. The existing data indicate that only a minority of vitamin D3 molecules are converted to 25(OH)D, especially at higher supplemental doses (154). Thus, when compared to vitamin D3, an increased proportion of ingested calcifediol becomes available for use in normal metabolic and physiological functions and processes, which is one of our definitions of bioavailability.

Calcifediol is approved for commercial use as a dietary supplement in several countries including Australia, New Zealand, Brazil, Singapore, and Malaysia. Recently, the European Commission has authorized calcifediol as a novel food and as a form of vitamin D for food supplements (174, 175).



6.2 Folate and methylfolate

There are primarily two forms of folate, folic acid and methylfolate (176). Folic acid is the synthetic form found in dietary supplements and fortified foods. After absorption, it must go through a series of enzymatic processes to convert to the active form, methylfolate. Depending on the population, up to approximately 60% of people have limited ability to convert folic acid to methylfolate due to mutations in the methylenetetrahydrofolate reductase (MTHFR) gene (177). Methylfolate is the form found naturally in foods, and since it is already in the active form it does not need to be converted. It is also more bioavailable and absorbed faster than folic acid, both in women with and without MTHFR gene mutations (Figure 4) (178). Absorption and bioavailability may be especially important for women of childbearing age, because achieving a blood threshold level of >906 nmol/L prior to the neural tube closure at 4–6 weeks of pregnancy is protective against neural tube defects (179). In a 12-week study, 142 healthy women of childbearing age who were supplemented with methylfolate had higher red blood cell folate levels compared to those supplemented with an equimolar dose of folic acid (1,951 ± 496 vs. 1,498 ± 580 nmol/L, p < 0.001) (180). However, folic acid is the form that was clinically shown to prevent neural tube defects and is the form recommended by the WHO and other expert groups (181, 182). Combining methylfolate with folic acid may be advantageous. In women of childbearing age, it took 8 weeks of supplementation with either 400 mcg of folic acid or the equimolar dose of methylfolate (416 mcg) to reach the protective blood folate threshold level (>906 nmol/L) (183). But when 400 mcg of folic acid was combined with 451 mcg of methylfolate, the protective blood threshold level was achieved in only 4 weeks (184). Methylfolate has also been reported to increase red cell folate levels to a greater extent than does folic acid in formula-fed infants (185).
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FIGURE 4
 Bioavailability of MTHF is greater than that of folic acid in women with both wild type (CC) or mutated (TT) alleles of the MTHFR gene. Healthy women who were homozygous for either the wild type allele (CC) or 677C➔T mutation (TT) of the 5,10-methylenetetrahydrofolate reductase gene (MTHFR) were given a single dose of folic acid (FA, 400 μg) or methylfolate (MTHF, 416 μg) in a randomized crossover design. Plasma folate was measured at multiple timepoints through 8 h. The graph shows the mean AUC for total plasma folate concentration. p values for the comparisons between folate sources are shown above the bars. Figure was created using data from Prinz-Langenohl et al. (178).


Methylfolate is widely available as a dietary supplement and/or as a source of folate in infant formula in several regions including Europe, Asia, Latin America, and the United States.




7 Case studies: enhancers of bioavailability

Enhancing the bioavailability of nutrients is a critical aspect of nutritional science. As described above, certain diets or matrices can contain antagonists or other components that limit the absorption of nutrients. Also as mentioned, there can be endogenous limits on the amount of these nutrients that can be absorbed and/or retained by the body, independent of the existence of dietary antagonists. Nutritional innovation strategies to enhance delivery of nutrients can take advantage of several technologies that help solve for both of these situations, in order to optimize nutritional delivery and status, spanning from enzymatic treatments to specialized formulations and delivery methods (see Table 3). For instance, phytase, permeation enhancers, lipid-based formulations, and micronutrient compounding are at the forefront of bioavailability innovation. These technologies, specifically chosen for this review, represent solutions that target both exogenous barriers (such as dietary antagonists) and intrinsic absorption limits, ensuring efficient nutrient delivery across various dietary contexts. Although other bioavailability enhancers exist, these four represent the most impactful and practical for current nutritional formulations, optimizing nutrient absorption while maintaining safety and meeting regulatory standards in dietary supplements.


TABLE 3 Technologies to improve nutrient bioavailability.


	Technology
	Mechanism of Action
	Benefits
	Limitations
	References

 

 	Phytase* 	Breaks down phytic acid, reducing mineral binding and enhancing mineral bioavailability 	Improves absorption of iron, zinc, calcium, and magnesium 	Limited effect in non-plant-based diets 	(208, 209)


 	Medium-Chain Fatty Acids (C8, C10)* 	Paracellular (tight junction modulation), transcellular (membrane fluidization) 	Effective for lipid-soluble vitamins and for peptides 	Potential irritation in high doses 	(190, 195, 210)


 	Eligen™ Technology (SNAC, 4-CNAB, 5-CNAC)* 	Transcellular (carrier mechanism, pH elevation, gastric enzyme inhibition) 	Improved peptide and vitamin bioavailability 	Expensive, complex formulation requirements 	(192, 196)


 	Bile Salts* 	Transcellular (membrane fluidization) 	Enhanced fat-soluble vitamin uptake 	Can cause GI discomfort or diarrhea in some users 	(211)


 	Lipid-Based Formulations (Liposomes)* 	Protects nutrients from degradation, promotes sustained release and absorption via micelles 	Effective for vitamins, protects against GI degradation 	Requires complex production 	(60, 212, 213)


 	Compounded Nutrients (Emulsified Beadlets)* 	Reduces particle size for improved solubility and absorption 	Highly effective, customizable 	Specialized processing needed 	(214, 215)


 	Piperine* 	Increases transcellular uptake 	Enhances nutrient absorption, widely used in supplements 	Potential drug interactions 	(216, 217)


 	Acyl-Carnitine 	Transcellular (membrane perturbation), paracellular (tight junction modulation) 	Effective for cellular uptake 	Limited research in diverse nutrient types 	(218)


 	Sucrose Laurate 	Combined transcellular/paracellular action, promotes membrane fluidization and tight junction opening 	Mild surfactant, well-tolerated 	Limited availability, mostly used in pharmaceutical applications 	(196, 219)


 	Choline Geranate (CAGE) 	Paracellular (tight junction modulation, enzymatic protection, mucus viscosity reduction) 	Strong bioavailability enhancer 	Cost and regulatory concerns in some regions 	(220, 221)





* Commercial products using these technologies with the objective of increasing absorption/bioavailability can be found in the market.
 


7.1 Phytase

Phytic acid is one of the most common inhibitors of mineral bioavailability, particularly in plant-based diets (43–45). Microbial phytase active at gut pH can break down phytates to a level where binding to minerals is significantly decreased (208, 209). Vitamin C is also a well-known enhancer of iron absorption (186). Many studies have shown that the presence of phytase when iron is present significantly increases iron absorption (43, 44, 187). In one study, the potential effect of phytase on iron bioavailability was studied when the diet contained iron as ferrous sulfate, as NaFeEDTA, or as NaFeEDTA with vitamin C also added. Phytase addition significantly increased the bioavailability of iron in all three diets (p < 0.05 for the diets containing ferrous sulfate or NaFeEDTA; p < 0.01 for the diet containing NaFeEDTA + vitamin C). The combination of phytase, vitamin C, and NaFeEDTA resulted in an iron absorption of 7.4%, compared with an absorption of 2.4% from FeSO4 without phytase or vitamin C in the same meal (p < 0.001) (Figure 5) (187). These findings highlight the potential of incorporating phytase into food fortification strategies, especially in plant-based diets where phytic acid is prevalent. By reducing mineral-binding phytates, phytase can enhance the bioavailability of key micronutrients like iron and zinc, making fortification efforts more effective in addressing micronutrient deficiencies. Indeed, phytase is expected to be introduced in flours, porridges, and other staple foods as a processing aid to increase iron bioavailability in certain countries in Asia and Africa. Furthermore, phytase has recently been launched in dietary supplements in several markets in Europe, the United States, and Asia including India and Taiwan (188).

[image: Bar chart showing percentages of iron absorption for six treatments. The treatments are FeSO4, NaFeEDTA, or NaFeEDTA, each with or without phytase addition. In each of these three cases, the addition of phytase significantly increased iron absorption vs. the corresponding treatment without phytase. NaFeEDTA with Vitamin C and Phytase has the highest absorption at approximately 8 percent.]

FIGURE 5
 Bioavailability of iron is increased by phytase addition in diets containing iron from FeSO4, NaFeEDTA, or NaFeEDTA + vitamin C. Healthy young women were provided study diets (maize porridge) containing 3 mg stable labeled Fe as FeSO4, NaFeEDTA, or NaFeEDTA where 60 mg vitamin C was also added. Each diet was provided both with and without 10 mg phytase. Each woman consumed a diet with a single given iron source with or without phytase in a crossover design. Shown is the fractional iron absorption from each of the test diets, with the p value for each pairwise comparison. In each pairwise comparison, the presence of phytase significantly increased iron absorption. Figure was created using data from Troesch et al. (187).




7.2 Permeation enhancers

Several permeation enhancer (PE) technologies have been developed to increase absorption of nutrients and other compounds. PEs transiently alter the intestinal epithelial barrier to facilitate uptake of nutrients that normally would have low bioavailability. Nutrient absorption facilitated by PEs can be paracellular, transcellular, or both (189, 190). PEs can be derived from plants. Piperine, for example, is isolated from black pepper and can be found in many dietary supplements in the U.S. (191). Other PEs can be a combination of fatty acids or fatty acid derivatives (189, 190, 192). In one study looking at vitamin B12 pharmacokinetics, an N-acetylated amino acid derivative of salicylic acid (sodium N-[8-(2-hydroxybenzoyl)amino]caprylate, or SNAC) increased the rate of B12 uptake, and also increased the total uptake by over two fold (192). The SNAC technology is used in a medical food for the dietary management of patients with diagnosed vitamin B12 deficiency (193). Another example is the gastrointestinal permeation enhancement technology that uses medium-chain fatty acids like sodium caprate (C10) and sodium caprylate (C8) (189), reported to act via increasing paracellular uptake of molecules and potentially other mechanisms (189, 190, 194–196, 210). The beneficial effects of C10 and C8 on uptake have been described in the pharmaceutical space (Figure 6) (195), and this technology could be applied in dietary supplements as well.

[image: Line graph showing desmopressin levels over time in picograms per milliliter (pg/ml) for three formulations: 200-microgram oral capsule with GIPET permeation enhancer, 200-microgram oral reference tablet, and 4-microgram subcutaneous reference tablet. The capsule peaks above 150 pg/ml quickly, while tablets show a markedly lower response. The graph shows significantly enhanced absorption with the permeation enhancer vs the oral dose without, including a higher peak concentration and prolonged systemic exposure.]

FIGURE 6
 Oral bioavailability of a peptide with permeation enhancer technology. Plasma concentration–time profile of a peptide (desmopressin) following a single oral dose of 200 μg formulated with a permeation enhancer (GIPET™) compared to a 200 μg oral reference tablet without permeation enhancer, and a 4 μg subcutaneous injection. Data show significantly enhanced absorption with the permeation enhancer vs. the oral dose without, including a markedly higher peak concentration and prolonged systemic exposure. AUC analysis demonstrates a 12-fold increase in bioavailability (2.4% vs. 0.2%), supporting the effectiveness of medium-chain fatty acid–based permeation enhancement in improving oral peptide delivery. Reprinted by permission of Informa UK Limited, trading as Taylor & Francis Group, www.tandfonline.com, from Leonard et al., Promoting absorption of drugs in humans using medium-chain fatty acid-based solid dosage forms: GIPET™. Expert Opinion on Drug Delivery (195). GIPET™: gastrointestinal permeation enhancement technology (Merrion Pharmaceuticals, LLC); AUC, area under the curve; s.c., subcutaneous.




7.3 Lipid-based formulations

Liposomes and other lipid-based formulations (LF) are other compelling technologies to increase nutrient bioavailability (60, 197, 198). Nutrients such as vitamins are loaded into matrices of phospholipids, which are the same types of lipids that form cell membranes. These structures protect the encapsulated nutrients from enzymes and gastric acid in the upper GI tract. In the small intestine the lipid matrix is exposed to bile salts and pancreatic lipase, forming micelles, allowing for the nutrient “cargo” to be released slowly from the matrix. This sustained release increases the allowable time for uptake and helps prevent the saturation of nutrient receptors in the small intestine, thereby increasing the proportion of nutrients that can be absorbed relative to nutrients that are not encapsulated. These technologies have been demonstrated to enhance the bioavailability of vitamin C, for example (Figure 7) (60, 197, 198). Commercial examples of products using lipid-based formulations can be found in pharma and dietary supplements.

[image: Bar graph comparing liposomal and non-liposomal vitamin C in terms of Cmax and AUC. Liposomal vitamin C shows higher Cmax and AUC values than non-liposomal vitamin C, with significant differences indicated by p-values less than 0.0001.]

FIGURE 7
 Liposome technology increases the bioavailability of vitamin C. Healthy adult subjects were provided with a single dose of liposomal or non-liposomal vitamin C (1,000 mg) in a crossover design. Blood was collected prior to vitamin C administration, and at 20 timepoints through 24 h post administration. Vitamin C concentrations were measured in the plasma. The maximum concentration of plasma vitamin C (Cmax) and AUC from 0 to 24 h are shown in the graph. p values for the comparisons between liposomal and non-liposomal sources are shown above the bars. Figure was created using data from Gopi and Balakrishnan (60).




7.4 Compounding/encapsulation

Finally, formulating or “compounding” micronutrients can have a substantial impact on bioavailability. Vitamins—especially the fat-soluble ones—can be encapsulated into “beadlets” or spray-dried into powders (199). Each process initially generates droplets of 1 micron or smaller, making them smaller than micelles, thus enhancing their absorption several times. The encapsulation also serves to protect the vitamins from oxidation and undesirable nutrient-nutrient interactions. Each process contains excipients such as gelatin, dextrin, sugar, and water, with the beadlets also bearing an outer starch shell via powder catch in a starch fluidized bed. A good example for this higher bioavailability is provided by the ratio of conversion of beta-carotene to Vitamin A. The US IOM (now NAM) reports that 12 micrograms of dietary beta-carotene are required to produce 1 μg of retinol (46). Yet, a form of pure beta-carotene in oil can achieve a conversion rate of 2.4:1, and a 1% water-dispersible beadlet can achieve a conversion ratio of 2:1 (internal dsm-firmenich data) (200).

These “enhanced forms” of highly bioavailable fat-soluble vitamin forms are present in many commercially available supplements and fortified staple foods that contribute to micronutrient adequacy. Twelve countries in the world have mandatory legislation for the fortification of sugar with vitamin A (201). This is done with a water-dispersible encapsulated form of vitamin A that—as explained above—is highly bioavailable (202). Chile has recently mandated the fortification of milk and wheat flour with vitamin D. The latter will use the same sort of powder vitamin forms with superior bioavailability (203, 204).




8 Conclusion

Micronutrient deficiencies remain a global public health challenge. Optimal intake and status of vitamins and minerals ideally would be accomplished via the consumption of diverse and well-balanced diets, but this has proven difficult to achieve. Indeed, billions of people have inadequate intakes for one or more of a broad array of micronutrients and deficiencies are widespread. Poor status contributes to a wide spectrum of adverse health outcomes.

Bioavailability—the proportion of a nutrient that is absorbed and can be used in metabolism or stored by the body for future utilization—is a critical determinant of nutritional status. For micronutrients, it is influenced by host factors such as life stage, nutritional status, physiological state, disease state, and the gastrointestinal microbiota; and dietary factors such as vitamin dose and form, nutrient interactions, and the dietary matrix including the presence of antagonists. These elements can conspire to limit the absorbability and thus the utilization of these nutrients and consequently are important contributors to the marked state of micronutrient deficiencies seen worldwide.

To address these gaps, proven strategies such as dietary supplementation and food fortification have significantly improved micronutrient intake and status across populations. In parallel, advancements in bioavailability-enhancing technologies—such as optimized nutrient forms (e.g., calcifediol, methylfolate), enzymes like phytase, permeation enhancers, liposomes/lipid based formulations, and compounding/encapsulation—offer powerful tools to further improve nutrient absorption and utilization. Looking ahead, innovations such as microbiota modulation and crop biofortification may provide additional avenues to support global nutritional sufficiency. Ensuring access to highly bioavailable nutrients is essential to closing nutritional gaps and advancing health equity, in alignment with the United Nations Sustainable Development Goals 2 and 3.



Author contributions

JR: Conceptualization, Writing – original draft, Writing – review & editing. HC: Writing – review & editing, Writing – original draft. MR: Writing – review & editing, Writing – original draft. KF: Writing – review & editing, Writing – original draft. JB: Writing – review & editing, Writing – original draft. AK: Writing – review & editing, Writing – original draft. SP: Conceptualization, Writing – review & editing, Writing – original draft. AS: Writing – review & editing, Conceptualization, Writing – original draft.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Acknowledgments

The authors thank Anne Birkett, Maaike Bruins, Carole Springett, Jenni Pessi, Brigitte Oppliger, and Gabriele Civiletto for valuable discussions and input.



Conflict of interest

JR, HC, MR, KF, JB, AK, SP, and AS are employees of dsm-firmenich, which produces and markets vitamins and premixes.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1646750/full#supplementary-material



References
	 1. Marriott,BP, Birt,DF, Stallings,VA, and Yates,AA. Present knowledge in nutrition. 11th ed. London: Academic Press (2020).
	 2. Bojang,KP, and Manchana,V. Nutrition and healthy aging: a review. Curr Nutr Rep. (2023) 12:369–75. doi: 10.1007/s13668-023-00473-0 
	 3. Mahadzir,MDA, Tan,S, Elena,S, Chin,EM, Garg,V, Mantantzis,K , et al. Towards defining optimal concentrations of micronutrients in adults to optimize health. Mech Ageing Dev. (2025) 225:112062. doi: 10.1016/j.mad.2025.112062 
	 4. Passarelli,S, Free,CM, Shepon,A, Beal,T, Batis,C, and Golden,CD. Global estimation of dietary micronutrient inadequacies: a modelling analysis. Lancet Glob Health. (2024) 12:e1590–9. doi: 10.1016/S2214-109X(24)00276-6 
	 5. Dunlop,E, Pham,NM, Van Hoang,D, Mazahery,H, Neo,B, Shrapnel,J , et al. A systematic review and meta-analysis of circulating 25-hydroxyvitamin D concentration and vitamin D status worldwide. J Public Health. (2025):fdaf080. doi: 10.1093/pubmed/fdaf080 
	 6. Kweon,S, Park,JY, Park,M, Kim,Y, Yeon,SY, Yoon,L , et al. Trends in food and nutrient intake over 20 years: findings from the 1998-2018 Korea national health and nutrition examination survey. Epidemiol Health. (2021) 43:e2021027. doi: 10.4178/epih.e2021027 
	 7. Brauchla,M, Dekker,MJ, and Rehm,CD. Trends in vitamin C consumption in the United States: 1999–2018. Nutrients. (2021) 13:420. doi: 10.3390/nu13020420 
	 8. Li,W, Zhang,B, Wang,Z, Wang,L, Wang,S, Hao,L , et al. Status and trends in dietary vitamin intakes of adults aged 18 to 35 in 15 provinces (autonomous regions, municipalities) of China during 1989-2015. Wei Sheng Yan Jiu. (2021) 50:448–53. doi: 10.19813/j.cnki.weishengyanjiu.2021.03.017 
	 9. EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS). Guidance on safety evaluation of sources of nutrients and bioavailability from the sources (revision 1). EFSA J. (2021) 19:6552. doi: 10.2903/j.efsa.2021.6552
	 10. Chungchunlam,SMS, and Moughan,PJ. Comparative bioavailability of vitamins in human foods sourced from animals and plants. Crit Rev Food Sci Nutr. (2023) 64:11590–625. doi: 10.1080/10408398.2023.2241541 
	 11. Gibson,RS. The role of diet- and host-related factors in nutrient bioavailability and thus in nutrient-based dietary requirement estimates. Food Nutr Bull. (2007) 28:S77–S100. doi: 10.1177/15648265070281S108 
	 12. Stevens,GA, Beal,T, Mbuya,MNN, Luo,H, Neufeld,LM, Addo,OY , et al. Micronutrient deficiencies among preschool-aged children and women of reproductive age worldwide: a pooled analysis of individual-level data from population-representative surveys. Lancet Glob Health. (2022) 10:e1590–9. doi: 10.1016/S2214-109X(22)00367-9 
	 13. Hilger,J, Friedel,A, Herr,R, Rausch,T, Roos,F, Wahl,DA , et al. A systematic review of vitamin D status in populations worldwide. Br J Nutr. (2014) 111:23–45. doi: 10.1017/S0007114513001840 
	 14. World Health Organization. Anaemia. (2024). Available online at: https://www.who.int/health-topics/anaemia#tab=tab_1 (Accessed May 13, 2024).
	 15. World Health Organization. Malnutrition. (2024). Available online at: https://www.who.int/news-room/fact-sheets/detail/malnutrition (Accessed May 15, 2024).
	 16. Kiani,AK, Dhuli,K, Donato,K, Aquilanti,B, Velluti,V, Matera,G , et al. Main nutritional deficiencies. J Prev Med Hyg. (2022) 63:E93–E101. doi: 10.15167/2421-4248/JPMH2022.63.2S3.2752 
	 17. Bruins,MJ, Van Dael,P, and Eggersdorfer,M. The role of nutrients in reducing the risk for noncommunicable diseases during aging. Nutrients. (2019) 11:85. doi: 10.3390/nu11010085 
	 18. World Health Organization, Food and Agricultural Organization of the United Nations. Guidelines on food fortification with micronutrients. Geneva: World Health Organization and Food and Agriculture Organization of the United Nations (2006).
	 19. Inui,T, Hanley,B, Tee,ES, Nishihira,J, Tontisirin,K, Van Dael,P , et al. The role of micronutrients in ageing Asia: what can be implemented with the existing insights. Nutrients. (2021) 13:2222. doi: 10.3390/nu13072222 
	 20. Wimalawansa,SJ, Weiss,ST, and Hollis,BW. Integrating endocrine, genomic, and extra-skeletal benefits of vitamin D into national and regional clinical guidelines. Nutrients. (2024) 16:3969. doi: 10.3390/nu16223969 
	 21. Hambidge,KM. Micronutrient bioavailability: dietary reference intakes and a future perspective. Am J Clin Nutr. (2010) 91:1430S–2S. doi: 10.3945/ajcn.2010.28674B 
	 22. Gregory,JF. Accounting for differences in the bioactivity and bioavailability of vitamers. Food Nutr Res. (2012) 56:5809. doi: 10.3402/fnr.v56i0.5809 
	 23. Jackson,M. The assessment of bioavailability of micronutrients: introduction. Eur J Clin Nutr. (1997) 1:S1–2.
	 24. Stipanuk,MH, and Caudill,MA. Biochemical, physiological, and molecular aspects of human nutrition. 3rd ed. St. Louis, MO: Elsevier/Saunders (2013). 629 p.
	 25. Institute of Medicine. Dietary reference intakes for thiamin, riboflavin, niacin, vitamin B6, folate, vitamin B12, pantothenic acid, biotin and choline. Washington, DC: National Academies Press (1998).
	 26. Carr,A, and Vissers,M. Synthetic or food-derived vitamin C—are they equally bioavailable? Nutrients. (2013) 5:4284–304. doi: 10.3390/nu5114284 
	 27. Heaney,RP. Factors influencing the measurement of bioavailability, taking calcium as a model. J Nutr. (2001) 131:1344S–8S. doi: 10.1093/jn/131.4.1344S 
	 28. World Health Organization, Food and Agricultural Organization of the United Nations. Vitamin and mineral requirements in human nutrition. 2nd ed. Geneva: World Health Organization (2004).
	 29. Baker,DH. Vitamin bioavailability In: CB Ammerman, DH Baker, and AJ Lewis, editors. Bioavailability of nutrients for animals: amino acids, minerals, and vitamins. San Diego, CA: Academic Press (1995). 399–431.
	 30. Baker,DH, and Stein,HH. Bioavailability of minerals and vitamins in feedstuffs In: LI Chiba, editor. Sustainable swine nutrition. Ames, IA: John Wiley & Sons (2013). 341–64.
	 31. Godber,JS. Nutrient bioavailability in humans and experimental animals. J Food Qual. (1990) 13:21–36.
	 32. Institute of Medicine. Dietary reference intakes: calcium, vitamin D. Washington, DC: National Academies Press (2011).
	 33. Wedekind,KJ, Hortin,AE, and Baker,DH. Methodology for assessing zinc bioavailability: efficacy estimates for zinc-methionine, zinc sulfate, and zinc oxide. J Anim Sci. (1992) 70:178–87. doi: 10.2527/1992.701178x 
	 34. Parada,J, and Aguilera,JM. Food microstructure affects the bioavailability of several nutrients. J Food Sci. (2007) 72:R21–32. doi: 10.1111/j.1750-3841.2007.00274.x 
	 35. Sun,X, Sarteshnizi,RA, Boachie,RT, Okagu,OD, Abioye,RO, Pfeilsticker Neves,R , et al. Peptide–mineral complexes: understanding their chemical interactions, bioavailability, and potential application in mitigating micronutrient deficiency. Foods. (2020) 9:1402. doi: 10.3390/foods9101402 
	 36. Hurrell,R. How to ensure adequate iron absorption from iron-fortified foods. Nutr Rev. (2002) 60:S7–S15. doi: 10.1301/002966402320285137
	 37. Fischer,JAJ, Cherian,AM, Bone,JN, and Karakochuk,CD. The effects of oral ferrous bisglycinate supplementation on hemoglobin and ferritin concentrations in adults and children: a systematic review and meta-analysis of randomized controlled trials. Nutr Rev. (2023) 81:904–20. doi: 10.1093/nutrit/nuac106 
	 38. EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS). Scientific opinion on the use of ferric sodium EDTA as a source of iron added for nutritional purposes to foods for the general population (including food supplements) and to foods for particular nutritional uses. EFSA J. (2010) 8:1414. doi: 10.2903/j.efsa.2010.1414
	 39. Carter,EGA, and Carpenter,AJ. The bioavailability for humans of bound niacin from wheat bran. Am J Clin Nutr. (1982) 36:855–61. doi: 10.1093/ajcn/36.5.855 
	 40. Gregory,JF, Quinlivan,EP, and Davis,SR. Integrating the issues of folate bioavailability, intake and metabolism in the era of fortification. Trends Food Sci Technol. (2005) 16:229–40. doi: 10.1016/j.tifs.2005.03.010
	 41. Castenmiller,JJ, and West,CE. Bioavailability and bioconversion of carotenoids In: DB McCormick, editor. Annual review of nutrition: 1998. Palo Alto: Annual Reviews, Inc (1998). 19–38.
	 42. McNulty,H, and Pentieva,K. Folate bioavailability. Proc Nutr Soc. (2004) 63:529–36. doi: 10.1079/PNS2004383 
	 43. Hallberg,L, Rossander,L, and Skånberg,AB. Phytates and the inhibitory effect of bran on iron absorption in man. Am J Clin Nutr. (1987) 45:988–96. doi: 10.1093/ajcn/45.5.988 
	 44. Hurrell,R, Juillerat,M, Reddy,M, Lynch,S, Dassenko,S, and Cook,J. Soy protein, phytate, and iron absorption in humans. Am J Clin Nutr. (1992) 56:573–8. doi: 10.1093/ajcn/56.3.573 
	 45. Petry,N, Egli,I, Zeder,C, Walczyk,T, and Hurrell,R. Polyphenols and phytic acid contribute to the low iron bioavailability from common beans in young women. J Nutr. (2010) 140:1977–82. doi: 10.3945/jn.110.125369 
	 46. Institute of Medicine. Dietary reference intakes for vitamin a, vitamin K, arsenic, boron, chromium, copper, iodine, Iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc. Washington, DC: National Academies Press (2001).
	 47. Nakano,H, McMahon,LG, and Gregory,JF. Pyridoxine-5′-β-D-glucoside exhibits incomplete bioavailability as a source of vitamin B-6 and partially inhibits the utilization of co-ingested pyridoxine in humans. J Nutr. (1997) 127:1508–13. doi: 10.1093/jn/127.8.1508 
	 48. FAO, IFAD, UNICEF, WFP, WHO The state of food security and nutrition in the world 2020 Rome FAO (2020) 115–162
	 49. WHO European Office for the Prevention and Control of Noncommunicable Diseases. Plant-based diets and their impact on health, sustainability and the environment: a review of the evidence. Copenhagen: WHO Regional Office for Europe. (2021). p. 1–14.
	 50. Hennessy,Á, Walton,J, and Flynn,A. The impact of voluntary food fortification on micronutrient intakes and status in European countries: a review. Proc Nutr Soc. (2013) 72:433–40. doi: 10.1017/S002966511300339X 
	 51. Raulio,S, Erlund,I, Männistö,S, Sarlio-Lähteenkorva,S, Sundvall,J, Tapanainen,H , et al. Successful nutrition policy: improvement of vitamin D intake and status in Finnish adults over the last decade. Eur J Pub Health. (2016) 27:ckw154–73. doi: 10.1093/eurpub/ckw154 
	 52. Cortés,F, Mellado,C, Pardo,RA, Villarroel,LA, and Hertrampf,E. Wheat flour fortification with folic acid: changes in neural tube defects rates in Chile. Am J Med Genet A. (2012) 158A:1885–90. doi: 10.1002/ajmg.a.35430 
	 53. Dary,O, and Mora,JO. Food fortification to reduce vitamin a deficiency: international vitamin a consultative group recommendations. J Nutr. (2002) 132:2927S–33S. doi: 10.1093/jn/132.9.2927S 
	 54. World Health Organization. WHO antenatal care recommendations for a positive pregnancy experience: nutritional interventions update: multiple micronutrient supplements during pregnancy. Geneva: World Health Organization. (2020). 1–19.
	 55. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific opinion on dietary reference values for folate. EFSA J. (2014) 12:3893. doi: 10.2903/j.efsa.2014.3893
	 56. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA). Scientific opinion on the tolerable upper intake level for vitamin D, including the derivation of a conversion factor for calcidiol monohydrate. EFSA J. (2023) 21:6660. doi: 10.2903/j.efsa.2023.8145
	 57. Graumlich,JF, Ludden,TM, Conry-Cantilena,C, Cantinlena,LR Jr, Wang,Y, and Levine,M. Pharmacokinetic model of ascorbic acid in healthy male volunteers during depletion and repletion. Pharm Res. (1997) 14:1133–9. doi: 10.1023/A:1012186203165 
	 58. Levine,M, Conry-Cantilena,C, Wang,Y, Welch,RW, Washko,PW, Dhariwal,KR , et al. Vitamin C pharmacokinetics in healthy volunteers: evidence for a recommended dietary allowance. Proc Natl Acad Sci USA. (1996) 93:3704–9. doi: 10.1073/pnas.93.8.3704 
	 59. Levine,M, Wang,Y, Padayatty,SJ, and Morrow,J. A new recommended dietary allowance of vitamin C for healthy young women. Proc Natl Acad Sci USA. (2001) 98:9842–6. doi: 10.1073/pnas.171318198 
	 60. Gopi,S, and Balakrishnan,P. Evaluation and clinical comparison studies on liposomal and non-liposomal ascorbic acid (vitamin C) and their enhanced bioavailability. J Liposome Res. (2021) 31:356–64. doi: 10.1080/08982104.2020.1820521 
	 61. Hambidge,KM, Miller,LV, Westcott,JE, Sheng,X, and Krebs,NF. Zinc bioavailability and homeostasis. Am J Clin Nutr. (2010) 91:1478S–83S. doi: 10.3945/ajcn.2010.28674I 
	 62. Ottaway,PB. Stability of vitamins in food In: PB Ottaway, editor. The technology of vitamins in food. Dordrecht: Springer Science+Business Media (1993). 90–114.
	 63. Yusufali,R, Sunley,N, De Hoop,M, and Panagides,D. Flour fortification in South Africa: post-implementation survey of micronutrient levels at point of retail. Food Nutr Bull. (2012) 33:S321–9. doi: 10.1177/15648265120334S308 
	 64. Krebs,NF. Bioavailability of dietary supplements and impact of physiologic state: infants, children and adolescents. J Nutr. (2001) 131:1351S–4S. doi: 10.1093/jn/131.4.1351S 
	 65. Russell,RM. The aging process as a modifier of metabolism. Am J Clin Nutr. (2000) 72:529S–32S. doi: 10.1093/ajcn/72.2.529S 
	 66. Ebeling,PR, Sandgren,ME, DiMagno,EP, Lane,AW, DeLuca,HF, and Riggs,BL. Evidence of an age-related decrease in intestinal responsiveness to vitamin D: relationship between serum 1,25-dihydroxyvitamin D3 and intestinal vitamin D receptor concentrations in normal women. J Clin Endocrinol Metab. (1992) 75:176–82. doi: 10.1210/jcem.75.1.1320048 
	 67. Linus Pauling Institute Micronutrient Information Center (Oregon State University). Vitamin B12. (2023). Available online at: https://lpi.oregonstate.edu/mic/vitamins/vitamin-B12 (Accessed October 15, 2024).
	 68. Mouchaileh,N. Vitamin B12 deficiency in older people: a practical approach to recognition and management. J Pharm Pract Res. (2023) 53:350–8. doi: 10.1002/jppr.1897
	 69. Stover,PJ. Vitamin B12 and older adults. Curr Opin Clin Nutr Metab Care. (2010) 13:24–7. doi: 10.1097/MCO.0b013e328333d157 
	 70. Nie,X, Jin,H, Wen,G, Xu,J, An,J, Liu,X , et al. Estrogen regulates duodenal calcium absorption through differential role of estrogen receptor on calcium transport proteins. Dig Dis Sci. (2020) 65:3502–13. doi: 10.1007/s10620-020-06076-x 
	 71. Van Cromphaut,SJ. Intestinal calcium transporter genes are upregulated by estrogens and the reproductive cycle through vitamin D receptor-independent mechanisms. J Bone Miner Res. (2003) 10:1725–36. doi: 10.1359/jbmr.2003.18.10.1725
	 72. Maia,PA, Figueiredo,RCB, Anastácio,AS, Porto Da Silveira,CL, and Donangelo,CM. Zinc and copper metabolism in pregnancy and lactation of adolescent women. Nutrition. (2007) 23:248–53. doi: 10.1016/j.nut.2007.01.003 
	 73. Aloia,J, and Shieh,A. Intestinal calcium absorption efficiency in women and the influence of menopause In: CJ Hollins Martin, RR Watson, and VR Preedy, editors. Nutrition and diet in menopause. New York: Humana Press (2013). 67–78.
	 74. Rizzoli,R, Bischoff-Ferrari,H, Dawson-Hughes,B, and Weaver,C. Nutrition and bone health in women after the menopause. Womens Health. (2014) 10:599–608. doi: 10.2217/WHE.14.40 
	 75. Civitelli,R, Agnusdei,D, Zacchei,F, Avioli,LV, and Gennari,C. Effects of one-year treatment with estrogens on bone mass, intestinal calcium absorption, and 25-hydroxyvitamin D-1 alpha-hydroxylase reserve in postmenopausal osteoporosis. Calcif Tissue Int. (1988) 42:77–86. doi: 10.1007/BF02556338 
	 76. Aloia,JF, Vaswani,A, Yeh,J, McGowan,D, and Ross,P. Biochemical short-term changes produced by hormonal replacement therapy. J Endocrinol Investig. (1991) 14:927–34. doi: 10.1007/BF03347118 
	 77. NIH Office of Dietary Supplements. Calcium fact sheet for health professionals. (2024). Available online at: https://ods.od.nih.gov/factsheets/Calcium-HealthProfessional/ (Accessed June 17, 2024).
	 78. International Osteoporosis Foundation. Calcium. (2024). Available online at: https://www.osteoporosis.foundation/educational-hub/topic/calcium/calcium-recommendations (Accessed June 17, 2024).
	 79. Steyfkens,F, Zhang,Z, Van Zeebroeck,G, and Thevelein,JM. Multiple transceptors for macro- and micro-nutrients control diverse cellular properties through the PKA pathway in yeast: a paradigm for the rapidly expanding world of eukaryotic nutrient transceptors up to those in human cells. Front Pharmacol. (2018) 9:191. doi: 10.3389/fphar.2018.00191 
	 80. Nemeth,E, and Ganz,T. Hepcidin and iron in health and disease. Annu Rev Med. (2023) 74:261–77. doi: 10.1146/annurev-med-043021-032816
	 81. Wakeman,M, and Archer,DT. Metformin and micronutrient status in type 2 diabetes: does polypharmacy involving acid-suppressing medications affect vitamin B12 levels? Diabetes Metab Syndr Obes Targets Ther. (2020) 13:2093–108. doi: 10.2147/DMSO.S237454 
	 82. Bell,DBS. Metformin-induced vitamin B12 deficiency can cause or worsen distal symmetrical, autonomic and cardiac neuropathy in the patient with diabetes. Diabetes Obes Metab. (2022) 24:1423–8. doi: 10.1111/dom.14734
	 83. Pratama,S, Lauren,BC, and Wisnu,W. The efficacy of vitamin B12 supplementation for treating vitamin B12 deficiency and peripheral neuropathy in metformin-treated type 2 diabetes mellitus patients: a systematic review. Diabetes Metab Syndr Clin Res Rev. (2022) 16:102634. doi: 10.1016/j.dsx.2022.102634 
	 84. World Health Organization. Global cancer burden growing, amidst mounting need for services. (2024). Available online at: https://www.who.int/news/item/01-02-2024-global-cancer-burden-growing--amidst-mounting-need-for-services (Accessed July 18, 2024).
	 85. NIH National Cancer Institute. Cancer statistics. (2024). Available online at: https://www.cancer.gov/about-cancer/understanding/statistics#:~:text=Cancer%20is%20among%20the%20leading,related%20deaths%20to%2015.3%20million (Accessed July 17, 2024).
	 86. Ravasco,P. Nutrition in cancer patients. J Clin Med. (2019) 8:1211. doi: 10.3390/jcm8081211 
	 87. Arends,J, Bachmann,P, Baracos,V, Barthelemy,N, Bertz,H, Bozzetti,F , et al. ESPEN guidelines on nutrition in cancer patients. Clin Nutr. (2017) 36:11–48. doi: 10.1016/j.clnu.2016.07.015 
	 88. Muscaritoli,M, Arends,J, Bachmann,P, Baracos,V, Barthelemy,N, Bertz,H , et al. ESPEN practical guideline: clinical nutrition in cancer. Clin Nutr. (2021) 40:2898–913. doi: 10.1016/j.clnu.2021.02.005 
	 89. Prescott,JD, Drake,VJ, and Stevens,JF. Medications and micronutrients: identifying clinically relevant interactions and addressing nutritional needs. J Pharm Technol. (2018) 34:216–30. doi: 10.1177/8755122518780742 
	 90. Wakeman,MP. A review of the effects of oral contraceptives on nutrient status, with especial consideration to folate in UK. J Adv Med Med Res. (2019) 30:1–17. doi: 10.9734/jammr/2019/v30i230168
	 91. NIH Office of Dietary Supplements. Folate fact sheet for health professionals. (2024). Available online at: https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/#h23 (Accessed July 17, 2024).
	 92. NIH Office of Dietary Supplements. Vitamin D fact sheet for health professionals. (2024). Available online at: https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/#h3 (Accessed July 17, 2024).
	 93. Mayo Clinic. Orlistat (Oral route). (2024). Available online at: https://www.mayoclinic.org/drugs-supplements/orlistat-oral-route/precautions/drg-20065184?p=1#:~:text=Because%20orlistat%20may%20decrease%20the,your%20multivitamin%20supplement%20at%20bedtime (Accessed July 17, 2024).
	 94. Kalasuramath,S, Kurpad,AV, and Thankachan,P. Effect of iron status on iron absorption in different habitual meals in. Indian J Med Res. (2013) 137:324–30.
	 95. Ganz,T. Hepcidin and its role in regulating systemic iron metabolism. Hematology. (2006) 2006:29–35. doi: 10.1182/asheducation-2006.1.29 
	 96. Angeli,A, Lainé,F, Lavenu,A, Ropert,M, Lacut,K, Gissot,V , et al. Joint model of iron and hepcidin during the menstrual cycle in healthy women. AAPS J. (2016) 18:490–504. doi: 10.1208/s12248-016-9875-4 
	 97. Stoffel,NU, Zeder,C, Brittenham,GM, Moretti,D, and Zimmermann,MB. Iron absorption from supplements is greater with alternate day than with consecutive day dosing in iron-deficient anemic women. Haematologica. (2020) 105:1232–9. doi: 10.3324/haematol.2019.220830 
	 98. Fishman,SM, Christian,P, and West,KP. The role of vitamins in the prevention and control of anaemia. Public Health Nutr. (2000) 3:125–50. doi: 10.1017/S1368980000000173 
	 99. Shankar,A, Agustina,R, and Setiyawati,Y. Nutritional anemia in pregnancy and lactation In: CD Karakochuk, MB Zimmerman, D Moretti, and K Kraemer, editors. Nutritional Anemia. Cham, Switzerland: Springer Nature Switzerland AG (2022). 91–104.
	 100. Traber,M, and Kamal-Eldin,A. Oxidative stress and vitamin E in anemia In: CD Karakochuk, MB Zimmerman, D Moretti, and K Kraemer, editors. Nutritional anemia. Cham, Switzerland: Springer Nature Switzerland AG (2022). 205–19.
	 101. Karakochuk,CD, Zimmermann,MB, Moretti,D, and Kraemer,K. Nutritional anemia. Cham: Springer International Publishing (2022).
	 102. Hadadi,N, Berweiler,V, Wang,H, and Trajkovski,M. Intestinal microbiota as a route for micronutrient bioavailability. Curr Opin Endocr Metab Res. (2021) 20:100285. doi: 10.1016/j.coemr.2021.100285 
	 103. Barone,M, D’Amico,F, Brigidi,P, and Turroni,S. Gut microbiome–micronutrient interaction: the key to controlling the bioavailability of minerals and vitamins? Biofactors. (2022) 48:307–14. doi: 10.1002/biof.1835
	 104. Wan,Z, Zheng,J, Zhu,Z, Sang,L, Zhu,J, Luo,S , et al. Intermediate role of gut microbiota in vitamin B nutrition and its influences on human health. Front Nutr. (2022) 9:1031502. doi: 10.3389/fnut.2022.1031502 
	 105. Dje Kouadio,DK, Wieringa,F, Greffeuille,V, and Humblot,C. Bacteria from the gut influence the host micronutrient status. Crit Rev Food Sci Nutr. (2023) 64:10714–29. doi: 10.1080/10408398.2023.2227888 
	 106. Jones,ML, Martoni,CJ, and Prakash,S. Oral supplementation with probiotic L. reuteri NCIMB 30242 increases mean circulating 25-Hydroxyvitamin D: a post hoc analysis of a randomized controlled trial. J Clin Endocrinol Metab. (2013) 98:2944–51. doi: 10.1210/jc.2012-4262 
	 107. Krajicek,EJ, and Hansel,SL. Small intestinal bacterial overgrowth. Mayo Clin Proc. (2016) 91:1828–33. doi: 10.1016/j.mayocp.2016.07.025 
	 108. Adike,A, and DiBaise,JK. Small intestinal bacterial overgrowth. Gastroenterol Clin N Am. (2018) 47:193–208. doi: 10.1016/j.gtc.2017.09.008 
	 109. Bruins,M, Bird,J, Aebischer,C, and Eggersdorfer,M. Considerations for secondary prevention of nutritional deficiencies in high-risk groups in high-income countries. Nutrients. (2018) 10:47. doi: 10.3390/nu10010047 
	 110. Ritchie,H, Rosado,P, and Roser,M. Diet compositions. (2023). Available online at: https://ourworldindata.org/diet-compositions (Accessed May 30, 2024).
	 111. Chatelan,A, Beer-Borst,S, Randriamiharisoa,A, Pasquier,J, Blanco,J, Siegenthaler,S , et al. Major differences in diet across three linguistic regions of Switzerland: results from the first national nutrition survey menuCH. Nutrients. (2017) 9:1163. doi: 10.3390/nu9111163 
	 112. Berger,MM, Herter-Aeberli,I, Zimmermann,MB, Spieldenner,J, and Eggersdorfer,M. Strengthening the immunity of the Swiss population with micronutrients: a narrative review and call for action. Clin Nutr ESPEN. (2021) 43:39–48. doi: 10.1016/j.clnesp.2021.03.012 
	 113. Beal,T, Ortenzi,F, and Fanzo,J. Estimated micronutrient shortfalls of the EAT–lancet planetary health diet. Lancet Planet Health. (2023) 7:e233–7. doi: 10.1016/S2542-5196(23)00006-2 
	 114. Tso,R, and Forde,CG. Unintended consequences: nutritional impact and potential pitfalls of switching from animal- to plant-based foods. Nutrients. (2021) 13:2527. doi: 10.3390/nu13082527 
	 115. Springmann,M, Wiebe,K, Mason-D’Croz,D, Sulser,TB, Rayner,M, and Scarborough,P. Health and nutritional aspects of sustainable diet strategies and their association with environmental impacts: a global modelling analysis with country-level detail. Lancet Planet Health. (2018) 2:e451:–e461. doi: 10.1016/S2542-5196(18)30206-7
	 116. White,RR, and Hall,MB. Nutritional and greenhouse gas impacts of removing animals from US agriculture. Proc Natl Acad Sci USA. (2017) 114:E10301–8. doi: 10.1073/pnas.1707322114 
	 117. Pawlak,R, Lester,SE, and Babatunde,T. The prevalence of cobalamin deficiency among vegetarians assessed by serum vitamin B12: a review of literature. Eur J Clin Nutr. (2014) 68:541–8. doi: 10.1038/ejcn.2014.46 
	 118. Sanders,TAB. DHA status of vegetarians. Prostaglandins Leukot Essent Fatty Acids. (2009) 81:137–41. doi: 10.1016/j.plefa.2009.05.013 
	 119. Elorinne,A-L, Alfthan,G, Erlund,I, Kivimäki,H, Paju,A, Salminen,I , et al. Food and nutrient intake and nutritional status of Finnish vegans and non-vegetarians. PLoS One. (2016) 11:e0148235. doi: 10.1371/journal.pone.0148235 
	 120. Sobiecki,JG, Appleby,PN, Bradbury,KE, and Key,TJ. High compliance with dietary recommendations in a cohort of meat eaters, fish eaters, vegetarians, and vegans: results from the European prospective investigation into cancer and nutrition–Oxford study. Nutr Res. (2016) 36:464–77. doi: 10.1016/j.nutres.2015.12.016 
	 121. Eveleigh,ER, Coneyworth,LJ, Avery,A, and Welham,SJ. Vegans, vegetarians, and omnivores: how does dietary choice influence iodine intake? A systematic review. Nutrients. (2020) 12:1606. doi: 10.3390/nu12061606 
	 122. Schüpbach,R, Wegmüller,R, Berguerand,C, Bui,M, and Herter-Aeberli,I. Micronutrient status and intake in omnivores, vegetarians and vegans in Switzerland. Eur J Nutr. (2017) 56:283–93. doi: 10.1007/s00394-015-1079-7 
	 123. Melina,V, Craig,W, and Levin,S. Position of the academy of nutrition and dietetics: vegetarian diets. J Acad Nutr Diet. (2016) 116:1970–80. doi: 10.1016/j.jand.2016.09.025 
	 124. EFSA. Dietary reference values for the EU. (2024). Available online at: https://multimedia.efsa.europa.eu/drvs/index.htm (Accessed June 7, 2024).
	 125. NIH Office of Dietary Supplements. Vitamin C fact sheet for health professionals. (2024). Available online at: https://ods.od.nih.gov/factsheets/VitaminC-HealthProfessional/#h2 (Accessed June 7, 2024).
	 126. Eldridge,AL, Catellier,DJ, Hampton,JC, Dwyer,JT, and Bailey,RL. Trends in mean nutrient intakes of US infants, toddlers, and young children from 3 feeding infants and toddlers studies (FITS). J Nutr. (2019) 149:1230–7. doi: 10.1093/jn/nxz054 
	 127. Finn,K, Callen,C, Bhatia,J, Reidy,K, Bechard,L, and Carvalho,R. Importance of dietary sources of iron in infants and toddlers: lessons from the FITS study. Nutrients. (2017) 9:733. doi: 10.3390/nu9070733 
	 128. Stada Arzneimittel AG. Stada health report 2023: a lack of prevention is eroding Europeans’ health. (2023). Available online at: https://www.stada.com/media/8029/stada_health_report_2023_en.pdf (Accessed June 9, 2024).
	 129. Davis,DR. Declining fruit and vegetable nutrient composition: what is the evidence? HortScience. (2009) 44:15–9. doi: 10.21273/HORTSCI.44.1.15
	 130. Singh,M. Micronutrient deficiencies in crops and soils in India In: BJ Alloway, editor. Micronutrient deficiencies in global crop production. Dordrecht: Springer (2008). 93–126.
	 131. Rana,L, Kumar,N, Rajput,J, Sow,S, Ranjan,S, Kumari,S , et al. Unlocking potential: the role of zinc fortification combating hidden hunger and enhancing nutritional security. J Exp Agric Int. (2024) 46:625–42. doi: 10.9734/jeai/2024/v46i102986
	 132. Nanja Reddy,YA, Narayana Reddy,AB, Nirmalakumari,A, Patro,TSSK, Subba Rao,M, Prabhakar, , et al. Foliar application of zinc enhances the grain zinc concentration, whereas the soil application improves the grain yield of finger millet (Eleusine coracana L.). Plant Physiol Rep. (2023) 28:513–20. doi: 10.1007/s40502-023-00747-3
	 133. Boudjabi,S, and Chenchouni,H. Comparative effectiveness of exogenous organic amendments on soil fertility, growth, photosynthesis and heavy metal accumulation in cereal crops. Heliyon. (2023) 9:e14615. doi: 10.1016/j.heliyon.2023.e14615 
	 134. Myers,SS, Smith,MR, Guth,S, Golden,CD, Vaitla,B, Mueller,ND , et al. Climate change and global food systems: potential impacts on food security and undernutrition. Annu Rev Public Health. (2017) 38:259–77. doi: 10.1146/annurev-publhealth-031816-044356
	 135. Zhu,C, Kobayashi,K, Loladze,I, Zhu,J, Jiang,Q, Xu,X , et al. Carbon dioxide (CO2) levels this century will alter the protein, micronutrients, and vitamin content of rice grains with potential health consequences for the poorest rice-dependent countries. Sci Adv. (2018) 4:eaaq1012. doi: 10.1126/sciadv.aaq1012 
	 136. Mirzabaev,A, Bezner Kerr,R, Hasegawa,T, Pradhan,P, Wreford,A, von der Pahlen,MCT , et al. Severe climate change risks to food security and nutrition. Clim Risk Manag. (2023) 39:100473. doi: 10.1016/j.crm.2022.100473
	 137. Victora,CG, Christian,P, Vidaletti,LP, Gatica-Domínguez,G, Menon,P, and Black,RE. Revisiting maternal and child undernutrition in low-income and middle-income countries: variable progress towards an unfinished agenda. Lancet. (2021) 397:1388–99. doi: 10.1016/S0140-6736(21)00394-9 
	 138. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries and territories, 1990–2019: a systematic analysis for the global burden of disease study 2019. Lancet. (2020) 396:1223–49. doi: 10.1016/S0140-6736(20)30752-2 
	 139. Hess,SY, McLain,AC, Frongillo,EA, Afshin,A, Kassebaum,NJ, Osendarp,SJM , et al. Challenges for estimating the global prevalence of micronutrient deficiencies and related disease burden: a case study of the global burden of disease study. Curr Dev Nutr. (2021) 5:nzab141. doi: 10.1093/cdn/nzab141 
	 140. World Health Organization. Obesity and overweight. (2024). Available online at: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (Accessed January 9, 2024).
	 141. Kobylińska,M, Antosik,K, Decyk,A, and Kurowska,K. Malnutrition in obesity: is it possible? Obes Facts. (2022) 15:19–25. doi: 10.1159/000519503 
	 142. Damms-Machado,A, Weser,G, and Bischoff,SC. Micronutrient deficiency in obese subjects undergoing low calorie diet. Nutr J. (2012) 11:34. doi: 10.1186/1475-2891-11-34 
	 143. Mohapatra,S, Gangadharan,K, and Pitchumoni,CS. Malnutrition in obesity before and after bariatric surgery. Dis Mon. (2020) 66:100866. doi: 10.1016/j.disamonth.2019.06.008 
	 144. Cepeda-Lopez,AC, Melse-Boonstra,A, Zimmermann,MB, and Herter-Aeberli,I. In overweight and obese women, dietary iron absorption is reduced and the enhancement of iron absorption by ascorbic acid is one-half that in normal-weight women. Am J Clin Nutr. (2015) 102:1389–97. doi: 10.3945/ajcn.114.099218 
	 145. Herter-Aeberli,I, Thankachan,P, Bose,B, and Kurpad,AV. Increased risk of iron deficiency and reduced iron absorption but no difference in zinc, vitamin a or B-vitamin status in obese women in India. Eur J Nutr. (2016) 55:2411–21. doi: 10.1007/s00394-015-1048-1 
	 146. McKay,J, Ho,S, Jane,M, and Pal,S. Overweight & obese Australian adults and micronutrient deficiency. BMC Nutr. (2020) 6:12. doi: 10.1186/s40795-020-00336-9 
	 147. Tobias,DK, Luttmann-Gibson,H, Mora,S, Danik,J, Bubes,V, Copeland,T , et al. Association of body weight with response to vitamin D supplementation and metabolism. JAMA Netw Open. (2023) 6:e2250681. doi: 10.1001/jamanetworkopen.2022.50681 
	 148. García,O, Ronquillo,D, del Carmen Caamaño,M, Martínez,G, Camacho,M, López,V , et al. Zinc, iron and vitamins a, C and E are associated with obesity, inflammation, lipid profile and insulin resistance in Mexican school-aged children. Nutrients. (2013) 5:5012–30. doi: 10.3390/nu5125012 
	 149. Lapik,IA, Galchenko,AV, and Gapparova,KM. Micronutrient status in obese patients: a narrative review. Obes Med. (2020) 18:100224. doi: 10.1016/j.obmed.2020.100224
	 150. Bouillon,R, and Quesada Gomez,JM. Comparison of calcifediol with vitamin D for prevention or cure of vitamin D deficiency. J Steroid Biochem Mol Biol. (2023) 228:106248. doi: 10.1016/j.jsbmb.2023.106248 
	 151. Bird,JK, Feskens,EJ, and Melse-Boonstra,A. A systematized review of the relationship between obesity and vitamin C requirements. Curr Dev Nutr. (2024) 8:102152. doi: 10.1016/j.cdnut.2024.102152 
	 152. Jin,X, Qiu,T, Li,L, Yu,R, Chen,X, Li,C , et al. Pathophysiology of obesity and its associated diseases. Acta Pharm Sin B. (2023) 13:2403–24. doi: 10.1016/j.apsb.2023.01.012 
	 153. Via,M. The malnutrition of obesity: micronutrient deficiencies that promote diabetes. ISRN Endocrinol. (2012) 2012:1–8. doi: 10.5402/2012/103472 
	 154. Quesada-Gomez,JM, and Bouillon,R. Is calcifediol better than cholecalciferol for vitamin D supplementation? Osteoporos Int. (2018) 29:1697–711. doi: 10.1007/s00198-018-4520-y 
	 155. Steinert,RE, Feinle-Bisset,C, Asarian,L, Horowitz,M, Beglinger,C, and Geary,N. Ghrelin, CCK, GLP-1, and PYY(3–36): secretory controls and physiological roles in eating and glycemia in health, obesity, and after RYGB. Physiol Rev. (2017) 97:411–63. doi: 10.1152/physrev.00031.2014 
	 156. Drucker,DJ. Mechanisms of action and therapeutic application of glucagon-like peptide-1. Cell Metab. (2018) 27:740–56. doi: 10.1016/j.cmet.2018.03.001 
	 157. CNBC. Ozempic, Wegovy drug prescriptions hit 9 million, surge 300% in under three years. (2023). Available online at: https://www.cnbc.com/2023/09/27/ozempic-wegovy-drug-prescriptions-hit-9-million.html (Accessed February 15, 2024).
	 158. Committee on Micronutrient Deficiency, Institute of Medicine In: CP Howson, ET Kennedy, and A Horwitz, editors. Prevention of micronutrient deficiencies: tools for policymakers and public health workers. Washington, D.C: National Academy Press (1998)
	 159. Nutrition International. 10 billion capsules. (2025). Available online at: https://www.nutritionintl.org/10bcapsules/ (Accessed July 26, 2025).
	 160. CDC. Trends in wheat-flour fortification with folic acid and iron --- worldwide, 2004 and 2007. (2008). Available online at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm5701a4.htm#:~:text=To%20assess%20the%20global%20change%20from%202004%20to,analyzed%20data%20from%20the%20Flour%20Fortification%20Initiative%20%28FFI%29.%2A (Accessed July 26, 2025).
	 161. Kelsay,J. Effects of fiber on mineral and vitamin bioavailability In: GV Vahouny and D Kritchevsky, editors. Dietary fiber in health and disease. New York: Plenum Press (1982). 91–104.
	 162. Caudill,MA. Folate bioavailability: implications for establishing dietary recommendations and optimizing status. Am J Clin Nutr. (2010) 91:1455S–60S. doi: 10.3945/ajcn.2010.28674E 
	 163. Moretti,D, Biebinger,R, Bruins,MJ, Hoeft,B, and Kraemer,K. Bioavailability of iron, zinc, folic acid, and vitamin a from fortified maize: micronutrient bioavailability from maize. Ann N Y Acad Sci. (2014) 1312:54–65. doi: 10.1111/nyas.12297
	 164. Roseland,JM, Phillips,KM, Patterson,KY, Pehrsson,PR, and Taylor,CL. Vitamin D in foods: an evolution of knowledge In: D Feldman, editor. Vitamin D. 4th ed. New York: Academic Press (2018). 41–77.
	 165. Jakobsen,J, and Christensen,T. Natural vitamin D in food: to what degree does 25-hydroxyvitamin D contribute to the vitamin D activity in food? JBMR Plus. (2021) 5:e10453. doi: 10.1002/jbm4.10453 
	 166. Cashman,KD, Seamans,KM, Lucey,AJ, Stocklin,E, Weber,P, Kiely,M , et al. Relative effectiveness of oral 25-hydroxyvitamin D3 and vitamin D3 in raising wintertime serum 25-hydroxyvitamin D in older adults. Am J Clin Nutr. (2012) 95:1350–6. doi: 10.3945/ajcn.111.031427 
	 167. Bischoff-Ferrari,HA, Dawson-Hughes,B, Stöcklin,E, Sidelnikov,E, Willett,WC, Edel,JO , et al. Oral supplementation with 25(OH)D3 versus vitamin D3: effects on 25(OH)D levels, lower extremity function, blood pressure, and markers of innate immunity. J Bone Miner Res. (2012) 27:160–9. doi: 10.1002/jbmr.551 
	 168. Jetter,A, Egli,A, Dawson-Hughes,B, Staehelin,HB, Stoecklin,E, Goessl,R , et al. Pharmacokinetics of oral vitamin D3 and calcifediol. Bone. (2014) 59:14–9. doi: 10.1016/j.bone.2013.10.014
	 169. Vaes,AMM, Tieland,M, de Regt,MF, Wittwer,J, van Loon,LJC, and de Groot,LCPGM. Dose–response effects of supplementation with calcifediol on serum 25-hydroxyvitamin D status and its metabolites: a randomized controlled trial in older adults. Clin Nutr. (2018) 37:808–14. doi: 10.1016/j.clnu.2017.03.029 
	 170. Graeff-Armas,LA, Bendik,I, Kunz,I, Schoop,R, Hull,S, and Beck,M. Supplemental 25-hydroxycholecalciferol is more effective than cholecalciferol in raising serum 25-hydroxyvitamin D concentrations in older adults. J Nutr. (2019) 150:73–81. doi: 10.1093/jn/nxz209
	 171. Yao,P, Sun,L, Lu,L, Ding,H, Chen,X, Tang,L , et al. Effects of genetic and nongenetic factors on total and bioavailable 25(OH)D responses to vitamin D supplementation. J Clin Endocrinol Metab. (2017) 102:100–10. doi: 10.1210/jc.2016-2930 
	 172. Bischoff-Ferrari,HA. Chapter 18 relative effects of vitamin D3 and calcifediol In: P Burckhardt, B Dawson-Hughes, and CM Weaver, editors. Nutritional influences on bone health, 8th international symposium. London: Springer (2013). 189–96.
	 173. Di Nisio,A, De Toni,L, Sabovic,I, Rocca,MS, De Filippis,V, Opocher,G , et al. Impaired release of vitamin D in dysfunctional adipose tissue: new cues on vitamin D supplementation in obesity. J Clin Endocrinol Metab. (2017) 102:2564–74. doi: 10.1210/jc.2016-3591 
	 174. European Union. Commission implementing regulation (EU) 2024/1052 of 10 April 2024 authorising the placing on the market of calcidiol monohydrate as a novel food and amending implementing regulation (EU) 2017/2470. (2024). Available online at: http://data.europa.eu/eli/reg_impl/2024/1052/oj (Accessed August 14, 2025).
	 175. European Union. Commission regulation (EU) 2025/352 of 21 February 2025 amending directive 2002/46/EC of the European Parliament and of the council as regards calcidiol monohydrate used in the manufacture of food supplements. (2025). Available online at: http://data.europa.eu/eli/reg/2025/352/oj (Accessed August 14, 2025).
	 176. Greenberg,JA, Bell,SJ, Guan,Y, and Hu,Y-H. Folic acid supplementation and pregnancy: more than just neural tube defect prevention. Rev Obstet Gynecol. (2011) 4:52–9. doi: 10.3909/riog0157
	 177. Wilcken,B. Geographical and ethnic variation of the 677C>T allele of 5,10 methylenetetrahydrofolate reductase (MTHFR): findings from over 7000 newborns from 16 areas world wide. J Med Genet. (2003) 40:619–25. doi: 10.1136/jmg.40.8.619 
	 178. Prinz-Langenohl,R, Brämswig,S, Tobolski,O, Smulders,Y, Smith,D, Finglas,P , et al. [6S]-5-methyltetrahydrofolate increases plasma folate more effectively than folic acid in women with the homozygous or wild-type 677C→T polymorphism of methylenetetrahydrofolate reductase. Br J Pharmacol. (2009) 158:2014–21. doi: 10.1111/j.1476-5381.2009.00492.x 
	 179. Cordero,AM, Crider,KS, Rogers,LM, Cannon,MJ, and Berry,RJ. Optimal serum and red blood cell folate concentrations in women of reproductive age for prevention of neural tube defects: World Health Organization guidelines. MMWR. (2015) 64:421–3.
	 180. Henderson,AM, Aleliunas,RE, Loh,SP, Khor,GL, Harvey-Leeson,S, Glier,MB , et al. L-5-methyltetrahydrofolate supplementation increases blood folate concentrations to a greater extent than folic acid supplementation in Malaysian women. J Nutr. (2018) 148:885–90. doi: 10.1093/jn/nxy057 
	 181. World Health Organization. Periconceptional folic acid supplementation to prevent neural tube defects. (2023). Available online at: https://www.who.int/tools/elena/interventions/folate-periconceptional (Accessed June 7, 2024).
	 182. CDC. MTHFR gene variant and folic acid facts. (2024). Available online at: https://www.cdc.gov/folic-acid/data-research/mthfr/?CDC_AAref_Val=https://www.cdc.gov/ncbddd/folicacid/mthfr-gene-and-folic-acid.html (Accessed June 7, 2024).
	 183. Lamers,Y, Prinz-Langenohl,R, Brämswig,S, and Pietrzik,K. Red blood cell folate concentrations increase more after supplementation with [6S]-5-methyltetrahydrofolate than with folic acid in women of childbearing age. Am J Clin Nutr. (2006) 84:156–61. doi: 10.1093/ajcn/84.1.156 
	 184. Schaefer,E, Bieri,G, Sancak,O, and Maggini,S. A randomized, placebo-controlled trial in women of childbearing age to assess the effect of folic acid and methyl-tetrahydrofolate on erythrocyte folate levels. Vitam Min. (2016) 5:1. doi: 10.4172/2376-1318.1000134
	 185. Troesch,B, Demmelmair,J, Gimpfl,M, Hecht,C, Lakovic,G, Roehle,R , et al. Suitability and safety of L-5-methyltetrahydrofolate as a folate source in infant formula: a randomized-controlled trial. PLoS One. (2019) 14:e0216790. doi: 10.1371/journal.pone.0216790 
	 186. Teucher,B, Olivares,M, and Cori,H. Enhancers of iron absorption: ascorbic acid and other organic acids. Int J Vitam Nutr Res. (2004) 74:403–19. doi: 10.1024/0300-9831.74.6.403 
	 187. Troesch,B, Egli,I, Zeder,C, Hurrell,RF, de Pee,S, and Zimmermann,MB. Optimization of a phytase-containing micronutrient powder with low amounts of highly bioavailable iron for in-home fortification of complementary foods. Am J Clin Nutr. (2009) 89:539–44. doi: 10.3945/ajcn.2008.27026 
	 188. Mintel. Mintel global new products database. (2024). Available online at: https://clients.mintel.com/home (Accessed March 4, 2024).
	 189. Maher,S, Brayden,DJ, Casettari,L, and Illum,L. Application of permeation enhancers in oral delivery of macromolecules: an update. Pharmaceutics. (2019) 11:41. doi: 10.3390/pharmaceutics11010041 
	 190. Twarog,C, Fattah,S, Heade,J, Maher,S, Fattal,E, and Brayden,DJ. Intestinal permeation enhancers for oral delivery of macromolecules: a comparison between salcaprozate sodium (SNAC) and sodium caprate (C10). Pharmaceutics. (2019) 11:78. doi: 10.3390/pharmaceutics11020078 
	 191. Shoba,G, Joy,D, Joseph,T, Majeed,M, Rajendran,R, and Srinivas,P. Influence of piperine on the pharmacokinetics of curcumin in animals and human volunteers. Planta Med. (1998) 64:353–6. doi: 10.1055/s-2006-957450 
	 192. Castelli,MC, Wong,DF, Friedman,K, and Riley,MGI. Pharmacokinetics of oral cyanocobalamin formulated with sodium N-[8-(2-hydroxybenzoyl)amino]caprylate (SNAC): an open-label, randomized, single-dose, parallel-group study in healthy male subjects. Clin Ther. (2011) 33:934–45. doi: 10.1016/j.clinthera.2011.05.088 
	 193. Emisphere Technologies. Eligen B12 fact sheet. (2014). Available online at: https://www.multivu.com/players/English/7467651-emisphere-technologies-eligen-b12/links/7467651-Eligen-B12-Fact-Sheet-FINAL-12-3-14.pdf (Accessed August 11, 2025).
	 194. Twarog,C, Liu,K, O’Brien,PJ, Dawson,KA, Fattal,E, Illel,B , et al. A head-to-head Caco-2 assay comparison of the mechanisms of action of the intestinal permeation enhancers: SNAC and sodium caprate (C10). Eur J Pharm Biopharm. (2020) 152:95–107. doi: 10.1016/j.ejpb.2020.04.023
	 195. Leonard,TW, Lynch,J, McKenna,MJ, and Brayden,DJ. Promoting absorption of drugs in humans using medium-chain fatty acid-based solid dosage forms: GIPET™. Expert Opin Drug Deliv. (2006) 3:685–92. doi: 10.1517/17425247.3.5.685 
	 196. Kim,JC, Park,EJ, and Na,DH. Gastrointestinal permeation enhancers for the development of oral peptide pharmaceuticals. Pharmaceuticals. (2022) 15:1585. doi: 10.3390/ph15121585 
	 197. Davis,JL, Paris,HL, Beals,JW, Binns,SE, Giordano,GR, Scalzo,RL , et al. Liposomal-encapsulated ascorbic acid: influence on vitamin C bioavailability and capacity to protect against ischemia–reperfusion injury. Nutr Metab Insights. (2016) 9:S39764. doi: 10.4137/NMI.S39764 
	 198. Wen,C-J, Chiang,C-F, Lee,C-S, Lin,Y-H, and Tsai,J-S. Double nutri (liposomal encapsulation) enhances bioavailability of vitamin C and extends its half-life in plasma. J Biomed Nanotechnol. (2022) 18:922–7. doi: 10.1166/jbn.2022.3274 
	 199. Zięba,T, Raszewski,B, Kapelko-Żeberska,M, and Kobryń,JH. A review on methods for the production of microcapsules and their application in drug and food technology. Polym Med. (2024) 54:117–25. doi: 10.17219/pim/196538
	 200. Van Lieshout,M, West,CE, Muhilal, Permaesih,D, Wang,Y, Xu,X , et al. Bioefficacy of β-carotene dissolved in oil studied in children in Indonesia. Am J Clin Nutr. (2001) 73:949–58. doi: 10.1093/ajcn/73.5.949
	 201. Rohner,F, Wirth,JP, Zeng,W, Petry,N, Donkor,WES, Neufeld,LM , et al. Global coverage of mandatory large-scale food fortification programs: a systematic review and meta-analysis. Adv Nutr. (2023) 14:1197–210. doi: 10.1016/j.advnut.2023.07.004 
	 202. Arroyave,G, and Mejía,LA. Five decades of vitamin a studies in the region of Central America and Panama. Food Nutr Bull. (2010) 31:118–29. doi: 10.1177/156482651003100112 
	 203. Republic of Chile Ministry of Health. Chilean sanitary regulation for foods, decree N°977/96, January 2025 update, article 350. (2025). Available online at: https://dipol.minsal.cl/wp-content/uploads/2025/06/RSA-DECRETO_977_96_act_enero-2025.pdf (Accessed August 18, 2025).
	 204. Republic of Chile Ministry of Health. Decree 29 amends supreme decree no. 977 of 1996 of the Ministry of Health, food sanitary regulations. (2024). Available online at: https://www.bcn.cl/leychile/navegar?idNorma=1204340 (Accessed August 18, 2025).
	 205. Wang,S-C, Chen,Y-C, Chen,S-J, Lee,C-H, and Cheng,C-M. Alcohol addiction, gut microbiota, and alcoholism treatment: a review. Int J Mol Sci. (2020) 21:6413. doi: 10.3390/ijms21176413 
	 206. Barger-Lux,MJ, Heaney,RP, Dowell,S, Chen,TC, and Holick,MF. Vitamin D and its major metabolites: serum levels after graded oral dosing in healthy men. Osteoporos Int. (1998) 8:222–30. doi: 10.1007/s001980050058 
	 207. Shieh,A, Ma,C, Chun,RF, Witzel,S, Rafison,B, Contreras,HTM , et al. Effects of cholecalciferol vs calcifediol on total and free 25-hydroxyvitamin D and parathyroid hormone. J Clin Endocrinol Metab. (2017) 102:1133–40. doi: 10.1210/jc.2016-3919 
	 208. Kumar,V, Sinha,AK, Makkar,HPS, and Becker,K. Dietary roles of phytate and phytase in human nutrition: a review. Food Chem. (2010) 120:945–59. doi: 10.1016/j.foodchem.2009.11.052
	 209. Rizwanuddin,S, Kumar,V, Naik,B, Singh,P, Mishra,S, Rustagi,S , et al. Microbial phytase: their sources, production, and role in the enhancement of nutritional aspects of food and feed additives. J Agric Food Res. (2023) 12:100559. doi: 10.1016/j.jafr.2023.100559 
	 210. Maher,S, Leonard,TW, Jacobsen,J, and Brayden,DJ. Safety and efficacy of sodium caprate in promoting oral drug absorption: from in vitro to the clinic. Adv Drug Deliv Rev. (2009) 61:1427–49. doi: 10.1016/j.addr.2009.09.006 
	 211. Moghimipour,E, Ameri,A, and Handali,S. Absorption-enhancing effects of bile salts. Molecules. (2015) 20:14451–73. doi: 10.3390/molecules200814451 
	 212. Yan,S, Cheng,Y, Li,L, Zhong,C, Chen,C, and Gao,X. Lipid-based formulations: a promising approach for poorly soluble drug delivery via the intestinal lymphatic system. J Drug Deliv Sci Technol. (2023) 87:104770. doi: 10.1016/j.jddst.2023.104770
	 213. Holm,R, Kuentz,M, Ilie-Spiridon,A-R, and Griffin,BT. Lipid based formulations as supersaturating oral delivery systems: from current to future industrial applications. Eur J Pharm Sci. (2023) 189:106556. doi: 10.1016/j.ejps.2023.106556 
	 214. Csicsák,D, Szolláth,R, Kádár,S, Ambrus,R, Bartos,C, Balogh,E , et al. The effect of the particle size reduction on the biorelevant solubility and dissolution of poorly soluble drugs with different acid-base character. Pharmaceutics. (2023) 15:278. doi: 10.3390/pharmaceutics15010278 
	 215. Shi,A, Liu,H, Zhou,J-R, Adhikari,B, and Agyei,D. Editorial: novel emulsion systems: solutions to enhance nutrient bioavailability and healthy diets. Front Nutr. (2022) 9:1074076. doi: 10.3389/fnut.2022.1074076 
	 216. Chaudhri,SK, and Jain,S. A systematic review of piperine as a bioavailability enhancer. J Drug Deliv Ther. (2023) 13:133–6. doi: 10.22270/jddt.v13i4.5781
	 217. Tiwari,A, Mahadik,KR, and Gabhe,SY. Piperine: a comprehensive review of methods of isolation, purification, and biological properties. Med Drug Discov. (2020) 7:100027. doi: 10.1016/j.medidd.2020.100027
	 218. Aungst,BJ. Intestinal permeation enhancers. J Pharm Sci. (2000) 89:429–42. doi: 10.1002/(SICI)1520-6017(200004)89:4<429::AID-JPS1>3.0.CO;2-J
	 219. McCartney,F, Rosa,M, and Brayden,DJ. Evaluation of sucrose laurate as an intestinal permeation enhancer for macromolecules: ex vivo and in vivo studies. Pharmaceutics. (2019) 11:565. doi: 10.3390/pharmaceutics11110565 
	 220. Mitragotri,S. Choline geranate (CAGE): a multifaceted ionic liquid for drug delivery. J Control Release. (2024) 376:593–600. doi: 10.1016/j.jconrel.2024.10.034 
	 221. Riaz,M, Akhlaq,M, Naz,S, and Uroos,M. An overview of biomedical applications of choline geranate (CAGE): a major breakthrough in drug delivery. RSC Adv. (2022) 12:25977–91. doi: 10.1039/D2RA03882J 
	 222. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA). Conversion of calcium-L-methylfolate and (6S)-5-methyltetrahydrofolic acid glucosamine salt into dietary folate equivalents. EFSA J. (2022) 20:7452. doi: 10.2903/j.efsa.2022.7452
	 223. Abuyaman,O, Abdelfattah,A, Shehadeh-Tout,F, Deeb,AA, and Hatmal,MM. Vitamin B12 insufficiency and deficiency: a review of nondisease risk factors. Scand J Clin Lab Invest. (2023) 83:533–9. doi: 10.1080/00365513.2023.2297357 
	 224. Reynolds,RD. Bioavailability of vitamin B-6 from plant foods. Am J Clin Nutr. (1988) 48:863–7. doi: 10.1093/ajcn/48.3.863 
	 225. Institute of Medicine. Dietary reference intakes for vitamin C, vitamin E, selenium, and carotenoids. Washington, DC: National Academies Press (2000).
	 226. Schurgers,LJ, Teunissen,KJF, Hamulyák,K, Knapen,MHJ, Vik,H, and Vermeer,C. Vitamin K–containing dietary supplements: comparison of synthetic vitamin K1 and natto-derived menaquinone-7. Blood. (2007) 109:3279–83. doi: 10.1182/blood-2006-08-040709 
	 227. Maares,M, and Haase,H. A guide to human zinc absorption: general overview and recent advances of in vitro intestinal models. Nutrients. (2020) 12:762. doi: 10.3390/nu12030762 
	 228. Gandia,P, Bour,D, Maurette,J-M, Donazzolo,Y, Duchène,P, Béjot,M , et al. A bioavailability study comparing two oral formulations containing zinc (Zn bis-glycinate vs. Zn gluconate) after a single administration to twelve healthy female volunteers. Int J Vitam Nutr Res. (2007) 77:243–8. doi: 10.1024/0300-9831.77.4.243 


Copyright
 © 2025 Richards, Cori, Rahn, Finn, Bárcena, Kanellopoulos, Péter and Spooren. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-12-1646750-g005.jpg
NaFeEDTA + Vit C + Phytase-

NaFeEDTA + Vit C

NaFeEDTA + Phytase-|

0.036
NaFeEDTA-
FeS0O4 + Phytase-|
0.024
FeSO4-
T T 1
0 2 4 8

% Fe absorption





OPS/images/fnut-12-1646750-g006.jpg
Desmopressin (pg/ml)

0O  Desmopressin-GIPET
200-1g p.0. capsule

A Desmopressin 200-4g p.0.

200

150 reference tablet
A Desmopressin 4-4g s.c.
100 reference tablet

50

0 500 1000 1500
Time (h)





OPS/images/fnut-12-1646750-g003.jpg
25(0H)D

°

Vitamin D3
—a— Vitamin D3 ~—a— 25(OH)D

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105112119

804

(Tw/8u) A(HO)ST ewseld

Time (days)





OPS/images/fnut-12-1646750-g004.jpg
O3 5-MTHF

O FA

0.0012

<0.0001

[

(Wu) DNV 93810} BWISE]Y

2 °
& 2

{53





OPS/images/fnut-12-1646750-g007.jpg
Cmax (mg/dL)

IS

Y

<0.0001

<0.0001

e

Cmax AuC

[ Liposomal Vit C
[J Non-Liposomal Vit C

80

60

40

20

(Ip/y.Bw) ony





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Micronutrient bioavailability: concepts, influencing factors, and strategies for improvement



		1 Introduction



		2 Bioavailability: what is it and how is it measured?



		3 Factors that impact bioavailability



		3.1 Dietary factors



		3.1.1 General considerations: type of micronutrient



		3.1.2 Dietary matrix



		3.1.3 Form of the nutrient



		3.1.4 Dose and stability









		3.2 Host-related factors



		3.2.1 Life stage



		3.2.2 Physiological state, metabolic pathway status and hormonal influence



		3.2.3 Disease states and medications



		3.2.4 Nutritional status and nutrient-nutrient interactions



		3.2.5 Microbiota















		4 Relevance of bioavailability in the current nutritional context



		4.1 Poor quality diets



		4.2 Vegetarian and vegan diets



		4.3 Decreasing rates of micronutrient intake



		4.4 Obesity









		5 Micronutrient intervention strategies



		6 Case studies: vitamins and forms



		6.1 Vitamin D and calcifediol



		6.2 Folate and methylfolate









		7 Case studies: enhancers of bioavailability



		7.1 Phytase



		7.2 Permeation enhancers



		7.3 Lipid-based formulations



		7.4 Compounding/encapsulation









		8 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnut-12-1646750-g001.jpg
ENHANCERS INHIBITORS

NUTRIENT DOSE AND FORM:
Certain vitamin forms: calcifediol, supplemental MTHF
Higher doses or intakes

NUTRIENT INTERACTIONS:

Fat for fat-soluble vitamins
Vitamin C for Fe absorption
Multiple vitamins for Fe metabolism

Vitamin A deficiency for Fe absorption

HOST RELATED FACTORS:
Pregnancy/lactation

Healthy microbiota

Decreased nutritional status

Older age

Dysbiosis

FOOD MATRIX & DIETARY ANTAGONISTS:

Animal based foods
Supplemental and fortification forms

Plant based foods: phytate, fiber, cellular structure

DRUG-NUTRIENT INTERACTIONS:
Metformin, proton pump blockers: B

Anti-epileptic drugs, methotrexate: folate

GLP-1RA drugs: side effects could reduce absorption

ENHANCERS OF BIOAVAILABILITY:
Phytase

Permeation Enhancers
Lipid-based formulations
Compounding/Encapsulation





OPS/images/fnut-12-1646750-g002.jpg
3
8

=
3

/§/f//£

s g
& 3

Plasma Ascorbic Acid
Concentration (uM)
N
3

o+ T T T T )
0 500 1000 1500 2000 2500

UsRoAforvic  Vitamin C Dose (mg/day)

90mg/d (adult male)
75mgid (adult female)





OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Micronutrient bioavailability:
concepts, influencing factors, and
strategies for improvement












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






