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INTRODUCTION

The prevalence of anemia is particularly high in
developing countries, where 39% of children
under five years old, 48% of 5-14 year old chil-
dren, 42% of all women, and 52% of pregnant
women are anemic (1). It is estimated that about
half of the anemia is due to iron deficiency (2),
and the remainder due to other causes, such as
nutritional deficiencies (e.g., deficiencies of vita-
min A, riboflavin, folic acid and vitamin By,),
infectious disorders (particularly malaria, HIV
and tuberculosis), hemoglobinopathies, and eth-
nic differences in norma Hb distributions (3, 4).
In sub-Saharan Africa, anemia affects 50-80% of
children (1, 5). In Céte d'lvoire, using specific
indicators of iron status, iron deficiency was
detected in approximately 50% of anemic chil-
dren (6). Although iron deficiency is often
assumed to be the cause of most anemia in chil-
dren in developing regions, a recent Tha study
demonstrated that this is not aways the case;
among 567 6-12 year old children in the rural
Northeast, the prevalence of anemia was 31%.
Hemoglobinopathies, suboptimal vitamin A sta-
tus, and age were the mgjor predictors of hemo-
globin concentrations (7). Only a small propor-
tion of anemiain the children was associated with
iron deficiency. In astudy in Sri Lankan children
(8), the prevaence of anemia was 50% in males
and 58% in females, but among the anemic chil-
dren, only 30% of malesand 48% of femaleswere
iron deficient.

Multiple micronutrient deficiencies often
coexist in populations in developing countries.
Concurrent deficiencies of vitamin A and iron are
common in African schoolchildren (9, 10). In a
recent survey of Sri Lankan adolescents, iron
deficiency wasfound in 30% of malesand 48% of
females; folate and zinc deficiencies were found
in 54% and 55% of the children, respectively (8).
The relative risks of having at least two deficien-
cies of iron, folate and/or zinc among the anemic
children were 1.6 (95% ClI; 0.6-4.2) among boys

and 0.8 (95% ClI; 0.5-1.5) among girls. A defi-
ciency of one micronutrient may influence the
absorption, metabolism and/or excretion of another
micronutrient. An example is the aggravation of
iodine deficiency goiter by iron deficiency anemia
(10), an effect mediated through impairment of the
iron dependent thyroid enzyme, thyroperoxidase.
Thisreview will focus on interactions between iron
deficiency and four other micronutrients — vitamin
A, riboflavin, copper, and zinc —in the etiology of
anemia(Table 13.1).

VITAMIN A

Vitamin A (VA) deficiency (VAD) affects less
than 30% of the global population (11). The most
vulnerable groups are women of reproductive
age, infants and children (12), the same age
groups a highest risk for anemia (13, 14). Thelink
between VAD and anemia has been recognized
for many years. Surveys in developing countries
have generaly reported positive correlations
between serum retinol (SR) and hemoglobin (Hb)
concentrations, with stronger associationsin pop-
ulations with poorer VA status. These include
studies in Central American schoolchildren
(r=0.21, P<0.05) (15); Indian children (r=0.52,
P<0.001) (16); Malawian adolescents (r=0.16,
P=0.08) (17) and Austrian adults (r=0.56,
P<0.001) (18). In pooled data from Vietnam,
Chile, Brazil, Uruguay, Ecuador, Venezuela,
Guatemala and Ethiopia, VA status and Hb were
highly correlated (r=0.77, P<0.0001) (19). In
Indonesia, infants and their mothers with SR <0.7
pumol/L had a 2.4 fold increased risk for iron defi-
ciency anemia (IDA) (20). In Tanzania, pregnant
women with Hb values <90 g/L were 2.2 fold
more likely to have VAD (21).

Hodges, et al. (19) fed adults three different
VA deficient diets together with mineral and vita-
min supplements for 1-2 years. Despite daily
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Table 13.1: Overview of potential interactions of iron and vitamin A, riboflavin, copper and zinc in the

etiology of anemia.

Micronutrient interaction

Effect

Mechanism

Vitamin A (VA) —iron

VA repletion in combined iron-
and VA-deficient populations
improves Hb

May increase resistance to
infection, and thereby reduce
circulating hepcidin levelstrig-
gered by inflammation, increa-
sing dietary iron absorption and
mobilization to the marrow

May improve dietary iron
absorption

May directly stimulate erythro-
poiesis by increasing renal ery-
thropoietin synthesis

Riboflavin —iron

Compared to iron supplements
given aone, riboflavin and iron
supplementation produce a
greater increase in Hb

May improve mobilization of
iron from stores

May increase dietary iron
absorption

Copper —iron Copper deficiency producesa | Reduced hephaestin activity
“functional” iron deficiency impairs dietary iron absorption
anemia, that is responsive to by reducing iron efflux from the
copper but not iron enterocyte

Reduced ceruloplasmin activity
decreases iron availability to the
marrow by reducing iron efflux
from the liver and spleen

Zinc —iron Concurrent zinc and iron sup- | May compete at the divalent

plementation may reduced the
efficacy of theiron to increase
Hb

metal transporter 1 (DMT 1) for
transfer from the lumen into the
enterocyte
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intakes of 18-19 mg iron, mild anemia developed
after approximately six months. As SR levels fell
from adequate (>30 ug/dL), to 20-30 pg/dL, to
low (<20ug/dL), mean Hb valuesfell from 156 to
129 to 119 g/L. The anemiawas not responsive to
iron therapy until the subjects were repleted with
VA. Children receiving a soup fortified with iron
and vitamin C increased serum iron levels and
transferrin saturation to a greater extent when SR
levels were >40 pg/dL as compared to <20 ug/dL
(22) suggesting VA status affects mobilization of
storage iron.

Data from human studies investigating the
influence of VA on absorption are equivocal. In
Venezuela, iron absorption from fortified bread
mesals was increased in the presence of VA or 3-
carotene (23, 24). Iron absorption from a wheat
bread based meal increased from 6.9% to 8.3%
when the bread was consumed with 300 pg
retinol equivalent (RE) added to drinking water
(23). In the second study, iron absorption
increased from 3.0 to 8.5% when maize based
bread contained 40 ug RE as B-carotene; from 3.0
to 8.3% when awheat bread contained 51 pg RE
as B-carotene; and from 2.1 to 8.8% when arice
meal contained 56 g RE as B-carotene (24). The
authors suggested that VA or B-carotene forms a
complex with iron in the digestive tract, and that
this complex protects iron from reacting with
inhibitors of iron absorption such as phytic acid or
phenolic compounds. This seems unlikely, how-
ever, since the molar ratios of VA to iron used in
their studies were <0.04. In alater report (25), B-
carotene, but not retinol, increased iron uptake in
a Caco-2 cell system. This suggests that the effect
of retinol on iron incorporation into erythrocytes
seen in the earlier studies may not be due to
increased iron absorption from the gut but rather
on improved mobilization of stored iron for ery-
thropoiesis. In contrast, there was no effect of VA
oniron absorption when similar mealswerefed to
Swiss and Swedish subjects (26). The authors
suggested that the contradictory results may be
due to lower VA status, and possibly lower over-

al nutritional status, in the Venezuelan subjects
who were from a lower socioeconomic popula-
tion compared to the subjects from Switzerland
and Sweden. Another study suggested that iron
absorption was inhibited when VA was added to a
maize meal fed to VA deficient children in the
Cote d'Ivoire, and VA supplementation for three
weeks did not affect iron absorption (27). These
contradictory data suggest that further research is
needed to clarify the effect of VA status on iron
absorption.

In pre-school and school-age children (28-32)
as well as in nonpregnant and pregnant women
(33-36), improving VA status usually increases
Hb and reduces anemia, although not all studies
agree (37, 38). Provision of VA fortified
monosodium glutamate not only improved VA
status of preschool children in Indonesia but also
increased Hb by 10 g/L over afive month period
(28). In Indonesia, anemic pregnant women with
marginal VA status were given aplacebo, VA (2.4
mg RE/d), iron (60 mg/d) or iron plus VA (60 mg
iron/d, 2.4 mg RE/d) (33). After eight weeks, the
percentage of women no longer anemic was 16%,
35%, 68% and 97%, respectively. In a similar
design, anemic school children in Tanzania
received daily a placebo, VA (1.5 mg RE), iron
(40 mg), or iron plus VA; the Hb increase in the
four groups was 3.6 g/L, 13 g/L, 17.5 g/L, and
22.1 g/L, respectively, after three months (32).
Overall, these studies suggest that, in areas where
VA and iron intakes are poor, dual fortification or
supplementation will likely be more effective in
controlling anemia than providing VA or iron
aone.

The mechanism by which vitamin A exertsits
effect on erythropoiesis remains unclear. Severa
mechanisms may explain the effect of VA status
on anemia (39): 1) decreased resistance to infec-
tion in VAD, and, hence, an increase in the ane-
mia of infection; 2) effects on iron absorption
and/or metabolism; and 3) direct modulation of
erythropoiesis. In developing countries with a
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high prevalence of infectious diseases, because
VA status modulates immune function, VAD may
increase risk for infection, and thereby, the ane-
miaof infection (40). Thereislittle data available
to directly support this hypothesis (39). More-
over, in arecent controlled study in North African
children free of malariaand hookworm, VA reple-
tion clearly improved Hb, suggesting that this
mechanism may not be important in some regions
(62).

In animals with VA deficiency, iron is
retained in the liver and spleen, and is less avail-
able for erythropoiesis (41-44). In VA deficient
rats, iron uptake by the bone marrow is impaired
(45) and erythrocyte incorporation of 59Fe is
decreased (46, 47). In deficient animals, repletion
with VA increases utilization of iron in bone and
spleen (48). In humans, VA deficiency is associ-
ated with a low proportion of transferrin satura-
tion and low iron binding capacity (29, 49). In
children, consumption of VA fortified sugar
increases serum iron, serum ferritin and the pro-
portion of transferrin saturation (50). Rooden-
burg, et a. (48, 51) suggested that VAD impairs
erythropoiesis and speculated that iron accumula-
tion in the reticuloendothelia system may be due
to reduced iron transport due to an inhibition of
transferrin synthesis. However, Mgjia and Arroy-
ave (49) did not find a decrease in circulating
transferrin concentrations in rats with VAD.

Retinoids may stimulate erythropoiesis
through a direct effect on the later stages of red
cell development (52, 53). In vitro, retinoic acid,
synergistically with erythropoietin (EPO), stimu-
lates the formation of erythroid burst-forming
unit (BFU-E) colonies (54) and d16 (early) ery-
throid colonies (55). EPO is a 30400 dalton gly-
coprotein, produced mainly by renal peritubular
cells. It acts on the late stages of erythropoiesis,
primarily on colony-forming unit erythroid
(CFU-E) cells, and stimulates maturation through
the normoblast into reticul ocytes and mature ery-
throcytes (56). The enhancer region of the EPO

gene contains aresponse element that is regulated
by retinoic acid (57). In vitro and in animal mod-
es, VA treatment stimulates production of EPO
(57). In VA deficient rats, treatment with retinoic
acid transiently increases circulating EPO con-
centrations, which return to original levels after
24 hours (58). Retinoids increase EPO gene tran-
scription in an oxygen dependent manner (59).

It is unclear if vitamin A supplementation
increases EPO concentrations in humans. Two
studies in malnourished populations have exam-
ined the effect of VA supplementation on circulat-
ing EPO (38, 60). Compared to iron and folate
supplementation, VA, iron and folate supplemen-
tation did not affect EPO concentrations in
Malawian pregnant women (38). In Tanzanian
children, asingle dose of VA decreased serum fer-
ritin and EPO concentrations measured after 72
hours (60). However, these studies did not have
true controls, and were done in regions endemic
for malaria, which influences EPO concentrations
(61).

A recent intervention trial in malaria-free
school-age children with poor VA and iron status
investigated the effect of VA repletion on Hb, iron
status, and EPO concentrations (62). Using adou-
ble blind, randomized design, Moroccan school-
children (n=81) were given either VA (200,000
IU) or aplacebo at baseline and at five months. At
baseline, five and 10 months, Hb, indicators of
iron and vitamin A status, and EPO were mea-
sured. At baseline, 54% of children were anemic
and 77% had low VA status. In the VA group at 10
months, serum retinol improved significantly
compared to the control. VA treatment increased
mean Hb by 7 g/L and reduced the prevalence of
anemiafrom 54% to 38%. VA treatment increased
mean corpuscular volume and decreased serum
transferrin  receptor, indicating improved iron
deficient erythropoiesis. VA decreased serum fer-
ritin, suggesting mobilization of hepatic iron
stores. Calculated from the TfR to serum ferritin
ratio (TfR/SF), overall body iron stores remained
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Figure 13.1: Vitamin A and iron deficient schoolchildren (n=81) received vitamin A (200,000 1U) or a pla-
cebo at baseline and at five months. Compared to placebo (—) vitamin A repletion (- - -) increased circu-
lating erythropoietin (EPO) concentrations and decreased the slope of the regression line of 1og(10) EPO on
Hb at 10 months. This effect is likely explained by a direct VA-mediated stimulus of erythropoiesis that
downregulated the EPO response to lower Hb concentrations.

unchanged. These findings argue against a VA-
mediated increasein iron absorption. Rather, they
suggest VA repletion causes redistribution of iron
from stores to the marrow for erythropoiesis. In
the VA group at 10 months, there was an increase
in EPO and a decrease in the slope of the regres-
sion line of log(10) EPO on Hb (Figure 13.1).
Several mechanisms may explain the change in
the slope of the regression line. It may represent
physiologicaly appropriate EPO levels for chil-
dren with Hb at the lower range of the distribution
after improvements in iron deficient erythro-
poiesis. Alternatively, adirect VA-mediated stim-
ulus of erythropoiesis may have downregulated
the EPO response to lower Hb concentrations.
Enhanced erythropoiesis may lower circulating
EPO levels in anemia (63), due to internalization
and degradation of the EPO-EPO receptor com-
plex in maturing erythroid cells (64). In summary,
in children deficient in VA and iron, VA supple-
mentation mobilizes iron from existing stores to
support increased erythropoiesis, an effect likely
mediated by increasesin circulating EPO (62).

RIBOFLAVIN

Riboflavin (vitamin B,) is required for many
metabolic pathways, usually as a precursor of the
flavin coenzyme, NAD, in oxidation reactions
(65). Riboflavin deficiency is particularly com-
mon in regions where intakes of dairy products
and meat are low (66). Deficiency causes
impaired growth, cheilosis, angular stomatitis,
glossitis and dermatitis, and impaired vision (67).
Schoolchildren, in both developing and industri-
alized countries, are an age group at high risk for
riboflavin deficiency (68).

Riboflavin deficiency may also impair erthry-
opoiesis and contribute to anemia (69, 70). Sug-
gested mechanisms for this effect of riboflavin
deficiency are decreased mobilization of iron
from stores (71, 72), decreased iron absorption,
and increased iron losses (73-75). Although these
mechanisms have been investigated in animals,
there is little data from humans. A stable isotope
study in adult Gambian men showed a greater
increase in hemoglobin with riboflavin supple-
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mentation compared to controls (both groups
received iron supplements) (76). But this study
did not demonstrate an increase in iron absorp-
tion, suggesting the improvement in hemoglobin
may have been due to iron mobilization from
stores (76). In threetrialsin children and pregnant
women, compared to iron supplements given
alone, riboflavin and iron supplementation pro-
duced a greater increase in hemoglobin, athough
the results may have been confounded by con-
comitant folic acid supplementation (77-79). A
study in pregnant women reported that the combi-
nation of iron and riboflavin supplementation, or
riboflavin supplementation alone, did not prevent
a decrease in hemoglobin, although the decrease
was less in the treated groups than the control
group (80). Riboflavin supplementation given
concurrently with iron improves the response to
iron supplementation in adult males and school-
children (81, 82). Another trial reported no addi-
tional benefit of riboflavin plus iron compared to
iron supplementation alone in young adults (83).
Similarly, no effect could be found in ariboflavin
supplementation trial in Croatian schoolchildren
with adequate hemoglobin levels (84). Taken
together, these data suggest that the effect of
riboflavin status on hemoglobin is variable, and
may be confounded by the multifactorial etiology
of anemia, particularly in countries in sub-Saha-
ran Africa.

The few published studies investigating
riboflavin status in African children suggest that
riboflavin deficiency may be widespread. A study
in Botswanan children reported that 33-40% of
children had an erythrocyte glutathione reductase
activation coefficient (EGRAC) >1.4 (85). In a
study in Kenya, approximately one third of chil-
dren were riboflavin deficient, as measured asred
blood cell riboflavin (86). In asurvey of 2-5 year
old South African children, intakes of riboflavin
were less than haf of the recommended daily
allowance (RDA) (87). A food survey in centra
Cote d'Ivoire found low consumption of dairy
products and meat, the usual major dietary

sources of riboflavin, but riboflavin intakes were
not reported (88).

A recent study in 5-15 year old children in
south-central Cote d'Ivoire examined the preva
lence of riboflavin deficiency in children, esti-
mated the riboflavin content of the local diet and
determined if riboflavin deficiency predicts ane-
mia and/or iron deficiency (89). Three-day
weighed food records were done to determine
riboflavin intakes. Prevalence of anemia in the
sample was 52%; 59% were iron deficient, and
36% suffered from iron deficiency anemia. Only
2% of children were VA deficient. Plasmodium
parasitemia was found in 49% of the children.
Milk and meat intakes were low, and the median
intake of riboflavin was 0.42 mg/day, only 47% of
the estimated average requirement for this age
group. The prevalence of riboflavin deficiency
was 65%. Age, elevated C-reactive protein (CRP)
and iron deficiency were significant predictors of
hemoglobin. Riboflavin deficient children free of
malaria were more likely to be iron deficient
(odds ratio; 3.07; 1.12-8.41), but riboflavin defi-
ciency did not predict hemoglobin and/or anemia
in this age group (89). Thus, these data did not
support a detrimental effect of riboflavin defi-
ciency on anemia, as suggested by earlier studies
(69, 90).

COPPER

Copper deficiency is a rare cause of anemia (91,
92), which is usualy microcytic (93), but also
normocytic and macrocytic anemia have aso
been reported (94). It may be associated with neu-
tropenia and thrombocytopenia (95), and is
responsive to dietary supplementation with cop-
per but not with iron (96). How copper deficiency
causes anemia is uncertain. The divalent metal
transporter 1 (DMT1), the duodena iron trans-
porter, is also a physiologically relevant copper
transporter, and these metals could potentially
compete with each other for uptake into entero-
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cytes (97). Mild copper deficiency alters gene
expression of proteins involved in iron metabo-
lism (98). Copper dependent enzymes are neces-
sary for red cell maturation: Ferroxidase Il is
responsible for the oxidation of iron during ery-
thropoiesis (99), and copper deficient animals
with low levels of cytochrome oxidase only
poorly synthesize heme from ferric iron and pro-
toporphyrin (100).

Copper deficiency impairs dietary iron
absorption in animals (101) and humans (102).
Moreover, animals and humans consuming cop-
per deficient diets develop iron deficiency anemia
in addition to accumulating iron in the gut, liver,
and spleen (103, 104). These effects are likely
mediated through the copper-containing ferroxi-
dases, ceruloplasmin (105) and hephaestin (106)
that modulate iron efflux from cells. Ceruloplas-
min is found primarily in the circulation, and
modul ates iron homeostasis in the liver and other
tissues. Hephaestin is found at the basolateral
membrane of enterocytes in the small intestine,
and required for efficient dietary iron absorption
(107). Iron absorption in sex-linked anemic mice
(dla) isimpaired due to a defect in the (108). Sla
mice take up iron normally from the intestinal
lumen into enterocytes, but are unable to transfer
it adequately to the circulation. In a study by
Chen, et a. (109), mice were fed a copper defi-
cient diet or a control diet for six weeks. In the
copper deficient mice, ceruloplasmin ferroxidase
activity was circa 50% that of the controls’, and
enterocyte hephaestin was aso significantly
reduced. Efflux of iron from the enterocyte to the
circulation involves ferroportin 1, the basolateral
iron exporter (110) and hephaestin, a process that
isregulated systemically by theliver derived pep-
tide hepcidin (111). In the Chen, et al. study
(209), in copper deficient mice, hepatic hepcidin
expression was 40% of controls' and enterocyte
ferroportin 1 levels were increased tenfold, sug-
gesting systemic iron deficiency. However,
although copper deficiency impairs dietary iron
absorption and results in iron deficiency anemia,

copper deficiency in the genera population is
rare, so thisinteraction is not likely to be of pub-
lic health importance.

ZINC

Iron deficiency anemiais frequently the result of
low dietary iron absorption due to low intakes of
meat and high intakes of inhibitors, such as phy-
tate and polyphenols. These same dietary factors
decrease bioavailability of zinc (112). Although
the data do not suggest that zinc deficiency plays
a role in anemia, deficiencies of iron and zinc
often coexist, and supplements containing both
iron and zinc could be of value in vulnerable pop-
ulations. However, severa studies have suggested
concurrent zinc supplementation may reduce the
efficacy of iron, possibly by impairing iron
absorption. However, high intake of nonheme
iron inhibits the absorption of zinc (113-115), and
conversely, ahigh ratio of dietary zinc to iron can
inhibit iron absorption (116, 117). These interac-
tions have been reported when the micronutrients
were given in a water solution in adults (116,
117), but not when given in infant formula or
meals (115, 117-120). The mechanism of this
interaction is not clear, but may involve competi-
tion for absorption in the small intestine. The
DMT 1 transportsboth iron and zincions (121). It
ispossible that high concentrations of zinc reduce
absorption of iron into the enterocyte, athough
this has not been demonstrated in mammalian
systems. The effects of zinc supplementation dur-
ing mid and late infancy on intestinal iron trans-
port mechanismswere recently investigated using
asuckling rat model (122). Earlier ininfancy, zinc
supplementation was associated with increased
enterocyte iron retention, decreased hephaestin,
and increased ferroportin 1 expression. During
late infancy, these effects were absent. The data
suggest that zinc supplementation may reduce
iron absorption through increased enterocyte iron
retention, possibly due to reduced hephaestin lev-
els (122).
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In arecent six month randomized controlled
supplementation trial in Vietnam, infantsreceived
daily either 10 mg iron, 10 mg zinc, 10 mg iron
plus 10 mg zinc, or a placebo. The combined
iron—zinc supplementation was as effective as
iron supplements to control iron deficiency and
anemia (123). Similar efficiency of combined
iron—zinc and iron supplementation alone on iron
status was also reported in Mexican children
(124-126). In contrast, in studies in Indonesian
infants (127, 128) with the same doses and dura-
tion of zinc and iron supplementation used in the
Vietnam study (123), the combined iron-zinc
supplementation was less effective than iron
alone on improvement of iron status. These data
suggest that concurrent zinc supplementation
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