Bioavailability of Nutrients and Other Bioactive Components
from Dietary Supplements

Bioavailability of Dietary Supplements and Impact of Physiologic State:

Infants, Children and Adolescents’?

Nancy F. Krebs®
Department of Pediatrics, University of Colorado School of Medicine, Denver, Colorado 80262

ABSTRACT Bioavailability can be broadly defined as the absorption and utilization of a nutrient, both of which
may be affected by such host factors as gender, physiologic state and coexisting pathologic conditions. This report
highlights factors of particular importance for the bioavailability of nutrients for infants, children and adolescents.
Considerations for nutrient bioavailability for pediatric populations include maturation of the gastrointestinal tract,
growth, character of the diet, and nutritional status. Critical periods of development include early infancy (0—6 mo),
late infancy/early childhood (6-24 mo) and adolescence (12-18 yr). Iron, zinc and calcium are minerals of particular
interest and importance to pediatric populations and are susceptible to alterations in bioavailability. In the young
infant, iron and zinc are highly bioavailable from human milk. By ~6 mo of age, other dietary sources are needed
to maintain continued normal status. In breastfed infants who were born prematurely or with low birth weight,
earlier supplemental iron is often recommended. For the older infant and toddler, iron and zinc are also important
for normal growth and development. The bioavailability of these trace minerals in complementary foods is
discussed. During adolescence, adequate calcium intake is critical to normal bone mineralization. In girls, peak
calcium absorption and calcium deposition in bones occur at or near menarche, which illustrates the importance
of the physiologic state on mineral bioavailability. Investigations into nutrient bioavailability must carefully consider
these factors, because the failure to have well-matched comparison groups with respect to age and/or nutritional
status may inadvertently mask differences in nutrient utilization.  J. Nutr. 131: 1351S-1354S, 2001.
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The concept of bioavailability as applied to nutrients is
critically important for understanding nutrient metabolism,
homeostasis and, ultimately, requirements. There are numer-
ous factors that affect bioavailability, such as the chemical
form of the nutrient, the food or supplement matrix in which
the nutrient is consumed and other foods in the diet. There are
several host factors that also influence bioavailability, includ-
ing age, gender, physiologic state and coexisting pathologic
conditions. This report highlights the factors of particular
importance for bioavailability of nutrients to infants, children
and adolescents. Selected principles are illustrated with exam-
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ples from three minerals that are commonly of concern a
different stages of development: iron, zinc and calcium.

Definition of bioavailability

Bioavailability can be broadly defined as including theo
absorption and utilization of a nutrient (Falrweather—Taltg
1997, O’Dell 1998). Such a definition implies the consider-5
ation of more than absorption and includes excretion and
retention. Indeed, early descriptions of differences in bioavail-5:
ability were made from observations that similar total 1ntakes<
of a nutrient resulted in differences in growth in young animalsg
(ODell and Savage 1960). The extent to which nutrlent—-
retention is influenced equally by excretion pathways as bym
absorption pathways will vary among nutrients. a

If such a broad definition is used, then the assessment of%
bioavailability ideally includes more than measurements o;
absorption efficiency, such as growth, biochemical markers,2
cognitive development, immune function and others.
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Considerations for bioavailability in pediatric populations

There are several factors that may affect bioavailability that}
apply primarily to infants, children and adolescents, such as©
increased nutrient requirements to support growth and devel-
opment, maturation of the gastrointestinal tract and the di-
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FIGURE 1 Linear and ponderal growth rates.

gestive and absorptive processes, a monotonous diet, age and
rates of growth during certain critical periods. It should be
noted that other recognized factors that affect bioavailability
of nutrients, including such inhibitors of nutrient absorption
as phytic and oxalic acids, are not discussed here because they
do not affect bioavailability in children differently than they
do in adults, although the impact may well be different.

Maturation gastrointestinal function. Although there are
only limited data for macronutrient digestion and absorption
in the human, information about changes in the absorption of
micronutrients with increasing age is even more limited. For
protein digestion, trypsin and pepsin activities progressively
increase during the first 3 mo of postnatal life. Lactase activity
is detectable by 34 wk’ gestation and increases thereafter.
Pancreatic amylase is not well developed until after the post-
natal age of 4 mo, whereas intestinal glucoamylase activity
approaches adult levels by 1 mo. Fat digestion is aided by
several forms of lipase, including that in human milk, in
addition to the relatively modest pancreatic lipase activity. By
6-8 wk of age, fat absorption on a typical high fat milk intake
is ~90%. Macronutrient digestion and absorption are thus
considered to be essentially mature by the postnatal age of 6
mo (Schmitz 1991). The extent to which gastrointestinal tract
maturation influences micronutrient absorption is unknown
but is likely to vary with nutrient status, requirements and
mechanisms of absorption. The preterm infant poses signifi-
cant challenges to nutrient absorption that are beyond the
scope of this review.

Growth. Growth rates and the accretion of new lean
tissue affect nutrient requirements. As shown in Fig. 1, both
linear and ponderal growth rates are very rapid in the Ist y of
life but steadily decline through the first 3 y of life. During
adolescence, there is another significant increase in both
height and weight gain. Although the composition of the new

tissue will have an influence on nutrient requirements, for
simplicity, it can be concluded that overall nutrient needs will
be relatively high during such periods of rapid growth, partic-
ularly for nutrients directly involved in musculoskeletal syn-
thesis (Walker and Watkins 1997).

Character of diet. Also important to bioavailability in
pediatric groups is the character of their diets. For the young®
infant in particular, the monotonous nature of the diet resultsi
in a somewhat greater risk for nutrient imbalances. For exam-g
ple, in the exclusively breastfed infant, the balance of nutrl»
ents in human milk is ideally suited to meet the infant’sZ
nutritional needs. If, however, the intake of any of the nutri-§
ents is significantly altered, there may be effects on other=
nutrients that cannot be compensated for by other dletarym
constituents. The young formula-fed infant is likewise depen—\
dent on a single “food,” resulting in a critical dependence onm
the provision of adequate concentrations of all essential nu-@
trients in forms that are optimally bioavailable. The introduc-5
tion of complementary foods for the older infant begins the2
process of dietary diversification, but infants and young chil-3
dren commonly continue to consume diets more limited in3
variety than those of adults. During adolescence, diets oftens’
become less than ideal from a micronutrient standpoint,S
whereas micronutrient needs are increasing in conjunctiong
with increased growth rates, bone deposition, menarche, andm
so on. Teenagers may choose fad diets or those with hmlted"‘
variability and may rely on high energy, low nutrient- denseg
food choices. Such dietary practices obviously have implica-
tions for micronutrient bioavailability.

Nutritional status. The nutritional status will influence=
nutrient bioavailability in children, as it does in adults. For&
studies of bioavailability, it is thus important to have subjects2
who are carefully matched with respect to their dietary mtake@
and nutrient status. Ferritin levels, as an index of iron status,oo
have been shown to be inversely related to iron absorpuono

(Abrams et al. 1997, Hertrampf et al. 1998).
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Critical periods in pediatrics for selected nutrients
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As indicated in Table 1, the risk of deficiency is increasedg
at critical ages and for certain minerals. These three micronu-=
trients are discussed as examples to illustrate the consider-%
ations presented above at selected critical ages. The choice of?,
minerals as examples for the consideration of bioavailability is3
appropriate because of their propensity for mineral/mineral<
interactions and for absorption being affected by other d1etarym
constituents, such as phytic acid. =

Birth to 6 mo. For the exclusively breastfed infant fromg
birth to 6 mo of age, both the need for and the supply of irona
and zinc change. Healthy term infants are born with iron§
stores, and the gradual breakdown of red blood cells provides;
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Table 1 S
c
Risk of deficiency at critical ages and for certain minerals 3
: S
Nutrient ©
Iron Zinc Calcium

Anemia
Mental retardation

Effects of deficiency:

6- to 24-mo-old children
Adolescent girls (12-18 yr)

High risk groups

Growth retardation
Immune dysfunction
Developmental delays

Suboptimal bone mineralization

2-24 mo old infants Adolescents

Adolescents (12-18 yr)
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another source of utilizable iron. Thus, the dietary iron re-
quirement is modest, and bioavailability of the iron in human
milk is favorable. By midway through the 1st y of life, however,
intake of an additional source of iron becomes important to
avoid the development of iron deficiency. Ferritin levels in
infants 6 mo and older are likely to be influenced by the type
of early feeding, timing and choice of complementary foods
and factors such as birth weight and rate of growth in the first
6 mo of life. Infants who were born prematurely reach their
physiologic iron nadir earlier than do term infants; those who
are born weighing even a little less than 2500 g also are at a
risk of the development of iron deficiency earlier than term
infants. In a study of Honduran infants, the introduction of
iron-fortified complementary foods at 4 mo did not consis-
tently meet iron needs. Iron supplementation was recom-
mended (Dewey et al. 1998). The American Academy of
Pediatrics recommends empirically providing therapeutic iron
to such infants, starting at 2 mo post-term, at a rate of 2—4
mg/kg/d, while continuing breastfeeding (American Academy
of Pediatrics 1998).

Zinc is another trace mineral that may become limiting for
exclusively breastfed infants, but for different reasons. In con-
trast to iron, zinc concentrations in human milk are initially
quite high: 2-3 mg/L, compared with ~0.5-1 mg/L for iron
(Siimes and Salmenpera, 1989). These high concentrations
decline rapidly over the first few months postpartum and then
more gradually from ~ 4 mo on (Krebs et al. 1995). As for
iron, the bioavailability of zinc from human milk is very
favorable. By ~6 mo, the adequacy of zinc intake from exclu-
sive breastfeeding becomes more marginal, and the introduc-
tion of complementary foods becomes important to maintain
normal zinc status (Krebs et al. 1994).

When recommending supplementation of the exclusively
breastfed infant with a single mineral, as has been recom-
mended for iron, it is important to consider possible interac-
tions induced by such interventions. Although there have
been a small number of studies that examined potential iron/
zinc interactions, these have not been in breastfed infants, in
whom the normal ratio of iron to zinc is nearly equivalent or,
as in the early months of life, the zinc concentration actually
exceeds that of iron. The initiation of therapeutic iron sup-
plementation would dramatically change this balance. For
example, a 5-mo-old infant that weighed 6 kg would receive
12-19 mg iron/d, while receiving on average slightly <1 mg
zinc/d (Krebs et al. 1994). The effects of such an unbalanced
intake of trace mineral in breastfed infants has not been
examined. In preliminary studies of infants in Denver who
were primarily breastfed but also received ~25% of their
energy from either low iron (4.5 mg/L) or iron-fortified for-
mula (12 mg/L), fractional absorption of the zinc in human
milk was significantly lower in the infants who received the
high iron formula (Krebs et al., unpublished data). If con-
firmed, these findings provide evidence for potentially signif-
icant mineral/mineral interactions in a population that has a
relatively high requirement for zinc as well as for iron.

Six to 24 mo. The importance of adequate iron and zinc
intakes for older infants is recognized to avoid the develop-
ment of iron deficiency anemia and growth faltering. As noted
earlier, the choice of complementary foods is critical to pro-
vide adequate intakes of these and other micronutrients. Com-
plementary foods that are commonly recommended for early
consumption are often quite high in iron due to fortification
but tend to be much lower in zinc (Krebs 2000).

A number of investigators have examined the absorption of
iron from weaning foods. The effect of meat or heme concen-
trate on the absorption of nonheme iron has been evaluated

with inconsistent results. Engelmann et al. (1998) examined
the incorporation of stable isotopes of iron into erythrocytes in
6- to 7-mo-old infants from a vegetable puree meal with or
without added meat (lean beef). In this study, there was a
significant enhancement of nonheme iron absorption with the
addition of meat. In a different study design, Martinez et al.
(1998) evaluated the potential effect of heme iron concentrate®
as a fortificant for weaning foods in 6-mo-old infants. Ironz
retention based on 7-d balance data did not differ for thoseo
receiving heme iron concentrate compared with those receiv-g
ing ferrous sulfate, nor did the heme iron significantly increaseZ;
the absorption of iron stable isotope administered as ferrousg
sulfate. The interpretation of this study is complicated by the=
small number of subjects who were studied with the stableg
isotope. The groups differed with regard to formula or breast-3
feeding, which would likely affect iron status and thereforem
iron absorption. In another study of mineral absorption in 5-&
to 7-mo-old infants, the absorption of iron from labeled ferrouss
sulfate was inversely related to serum ferritin, whereas iron2
absorption from human milk was not related to ferritin levels2
(Abrams et al. 1997). The percentage of iron absorption from3
human milk, ~21%, was lower in these older infants than is5'
frequently assumed (~50%). Whether the age of the infants,§
routine consumption of beikost or other factors were key to—
this observation is unknown.
Fewer studies have examined zinc absorption from compleé"‘«
mentary foods. We compared the fractional absorption of zinc8
from meat (beef) and from iron-fortified cereal in 7-mo-oldz
breastfed infants. Although the absorption efficiency did not\
differ between the two foods, the significantly higher zmcS
content of the meat resulted in higher amount of zinc absorbed:
(Jalla et al. 1998). Abrams et al. (1997) also examined zmc(ﬁ
absorption from human milk in 5- to 7-mo-old infants who3Q
were also consuming beikost. The authors reported fractlonalo’
absorption values that were similar to those observed foro
exclusively breastfed infants and found no relationship be-2
tween percent absorption and the zinc intake from beikost;S
detailed information on the sources of nonhuman milk zincd
was not provided.
Adolescence. The importance of calcium intake durmgo
adolescence to optimize bone mineral accretion has gained<
considerable attention in recent years (National Institutes of2
Health 1994). Because many adolescents do not routmely 5
consume calcium in amounts that are optimal for bone min-3-
eralization, recommendations have been made to increaseZ
intake through the use of supplements. It is also now recog-$
nized that calcium absorption, and therefore bone mineral3
accretion, is intimately related to stage of pubertal develop-g S
ment. In a large cross-sectional and partially longitudinal studya:
of calcium metabolism in 5- to 18-y-old girls, Bronner anclC
Abrams (1998) reported that calcium absorption, bone cal-2 -3
cium deposition and bone calcium removal all peaked at or>
near menarche. Both deposition and removal were linearlyv1
related to calcium absorption. Likewise, another group re~m
ported on axial and peripheral bone mineral density in ~3OOC
children aged 6-18 y and found that pubertal stage was the3
strongest predictor of axial bone mineral density (Rubin et al.3
1993). ©
These observations illustrate the critical importance of the
pubertal stage in considering calcium bioavailability in chil-
dren. When comparing absorption and bioavailability of dif-
ferent sources of calcium, such as supplements, subjects must
be well matched to ensure valid conclusions are reached. In
addition, other factors that are likely to be important include
the source of the calcium (e.g., inorganic supplement, vegeta-
ble based or dairy product), vitamin D status, physical activity
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level, ethnicity and possibly intakes of protein, fat, sodium and
other minerals.

This overview highlights the importance of considerations
for bioavailability of nutrients and dietary supplements specific
to pediatric populations. Although infants and children do not
routinely take dietary supplements on their own, caution
should be exerted when making public health recommenda-
tions. For minerals in particular, there is potential for nutrient/
nutrient interactions that may compromise bioavailability of
one mineral while focusing on another.

Areas for future research include more comprehensive eval-
uations of bioavailability, because for some nutrients, frac-
tional absorption provides only partial insight into nutrient
utilization. As illustrated by the effects of iron supplementa-
tion on zinc absorption, more systematic investigation of nu-
trient/nutrient interaction is needed, especially as the use of
dietary supplementation becomes more common. When pos-
sible, an assessment of the bioavailability in terms of func-
tional outcomes would also be beneficial. Such outcomes
might include effects on growth, development and cognitive
function and immune function. Such broader assessments
would provide more useful information than simple compari-
sons of the absorption of a given nutrient. Finally, supplemen-
tation programs have the potential for unforeseen adverse
consequences, and these programs should also be examined
when intakes of supplements exceed amounts that would nor-
mally occur in the diet. This is particularly important for
pediatric populations.
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