Determinants of maternal zinc status during pregnancy’=2
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ABSTRACT Zinc deficiency in pregnant experimental ani- The offspring had numerous skeletal defects and abnormalities of
mals limits fetal growth and, if severe, causes teratogenic anonthe brain (2), and many were weak and died within 4 d. Subse-
alies. Although the data from human studies are not consistenquent studies soon showed that severe zinc deficiency was also
similar outcomes have been observed and were associated with pseratogenic in mammals. Hurley and Swenerton (3) reported that
maternal zinc status. This paper reviews humans studies of zinc stats fed a zinc-deficient diet throughout pregnancy had fewer
tus and pregnancy outcome, describes the physiologic adjustmemtfspring and that they were growth retarded with multiple anom-
in zinc utilization during pregnancy to meet fetal needs while mainalies. Every organ system displayed abnormalities of develop-
taining maternal status, and identifies dietary and environmentahent; malformations of the heart, lungs, brain, and urogenital
conditions that may override those physiologic adjustments and psystem were common. External defects included misshaped heads
the health of the mother and fetus at risk. Adjustments in intestinand fused or missing digits of the feet. Similar defects were
zinc absorption appear to be the primary means by which zineeported later in zinc-deficient mice, sows, and ewes.
retention is increased to meet fetal demands. However, transfer of Acrodermatitis enteropathica produces severe zinc deficiency
sufficient zinc to the fetus is dependent on maintenance of normal humans. This is an autosomal genetic recessive defect in zinc
maternal serum zinc concentrations. Conditions that could interfen@etabolism and causes a marked inhibition of zinc absorption.
with zinc absorption include intake of cereal-based diets that ar€he advent of treatment with diiodohydroxyquin in 1953, a drug
high in phytate, high intakes of supplemental iron, or any gastrointhat improved zinc absorption but did not normalize plasma zinc
testinal disease. Conditions that may alter maternal plasma zirmoncentrations, allowed the survival of patients with the disor-
concentrations and the transport of zinc to the fetus include smokier. The outcomes of 7 pregnancies in 3 acrodermatitis entero-
ing, alcohol abuse, and an acute stress response to infection mathica patients showed the devastating effect of acrodermatitis
trauma. Supplemental zinc may be prudent for women with pooenteropathica on fetal development (4). Of the 7 pregnancies,
gastrointestinal function or with any of these conditions duringd resulted in poor outcomes—1 spontaneous abortiancéphalic
pregnancy. Am J Clin Nutr2000;71(suppl):1334S-43S. fetus, 1 achondroplastic dwarf, and 2 low-birth-weight infants.
Later, acrodermatitis enteropathica patients were treated with
KEY WORDS Zinc, pregnancy, fetal growth, teratology, zinc large oral doses of zinc. When these patients were given suffi-
absorption, smoking, alcohol, review cient zinc to maintain normal plasma zinc centrations
throughout gestation, pregnancy outcomes were normal (5).
Thus, plasma zinc concentration is an important determinant of
INTRODUCTION pregnancy outcome.

Severe maternal zinc deficiency has a devastating effect on The underlying mechanism whereby severe zinc deficiency
pregnancy outcome. Studies of experimental animals and humanauses developmental defects is not known with certainty;
show that maternal zinc deficiency can cause infertility, prolongedhowever, it is likely to be the result of the impairment of sev-
labor, intrauterine growth retardation, teratogenesis, or embryonieral metabolic functions. Abnormal synthesis of nucleic acids
or fetal death. Although the teratogenic effects of zinc deficiencyand protein, impaired cellular growth and morphogenesis,
in the developing fetus are well documented, much less attenticmbnormal tubulin polymerization with resultant reductions in
has been given to the impact on maternal function and health. cellular motility and development, chromosomal defects,

The purpose of this review was 1) compare the maternal excessive cell death, and excessive lipid peroxidation of cellu-
response to varying degrees of zinc deficiency during pregnanchar membranes may all occur in severe zinc deficiency and con-
2) describe the physiologic adjustments that occur in zinc metaliribute to teratogenic effects.
olism to support maternal and fetal needs, @nhdescribe con-
ditions that may override these physiologic adjustments and pt

the health of the mother and fetus at risk. e N o )
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Very little zinc is required to prevent congenital anomalies. Inand transfer of zinc from tissues to the plasma for uptake by the
rats, the addition of only 1 mg Zn/L drinking water, to provide aplacenta and transfer to the fetus.
total dietary zinc intake of2.5 ng/g, eliminated all overt signs In most animal studies of zinc and pregnancy, low-zinc diets
of developmental defects (6). The characteristic cyclic pattern ofre started at conception. In practice, women eating low-zinc
food intake throughout gestation, as seen with severe deficiencgjets have probably done so for years before conception. Lowe
was also eliminated. Apparently, the demand for zinc in earlyet al (11) tried to reproduce the human situation more closely by
gestation to support normal embryogenesis is very small and adapting rats to a low-zinc diet (&/g) 6 wk before conception.
provided by extremely low-zinc diets. However, a sharp declineNo congenital anomalies occurred and the weight of individual
in food intake occurred on day 18 and continued for the last 3 gups was not low. However, there was an insignificant decrease
of gestation. An intake of 11 mg Zn/L drinking water was in the number of pups, and the total weight of the conceptus was
required to eliminate this anorexia. There is little transfer of zincslightly lower in the low-zinc group. In these animals, as in other
to the fetus before day 18. Anorexia corresponds with the shargtudies of marginal zinc intakes, maternal food intake dropped
increase in permeability of the placenta to zinc and transfer tabruptly on day 17, leading to a cessation of maternal weight
the fetus. Perhaps the fetal demand precipitated a more sevegain.®°Zn was infused on day 21 of gestation and the plasma dis-
maternal deficiency, a drop in plasma zinc concentrations, andppearance of the tracer was modeled by using a 2-h zinc kinet-
the anorexia and weight loss. ics model. Two rapidly exchangeable zinc pools, which probably
Using %5Zn as a tracer, Masters et al (7) showed that the prirepresent the plasma and part of the liver zinc concentration,
mary source of zinc for the developing rat fetus during the lasivere identified in the model. The turnover rates and zinc losses
3 d of gestation in dams fed marginal diets is maternal muscl&om these rapidly exchangeable zinc pools were higher in mar-
zinc. Dietary zinc is the primary source for the offspring of con-ginally deficient dams than in controls. Thus, during late preg-
trol dams who do not display anorexia. Masters et al estimatedancy when the fetal demand for zinc is high and the dietary sup-
that about twice as much zinc than what is needed by the totaly is low, the plasma turns over more frequently and transfers
conceptus is released from maternal tissues in conjunction witmore zinc out of the circulation, probably to the fetus to support
the onset of anorexia and rapid weight loss. Fairweather-Tagrowth and development.
et al (8) also found that the uptake of an oral dos®&f into In summary, these studies in experimental animals showed
maternal bone was lower in marginally deficient pregnant damshat the only source of maternal tissue zinc available for the
than in controls. This implies that a higher proportion of the zinadeveloping fetus is that released from catabolized tissue during
absorbed from a marginal diet is directed to the developing offanorexia. With diets totally devoid of zinc, cyclic periods of
spring in comparison with controls. anorexia occur throughout gestation. However, this does not pre-
Examination of pup and maternal weights showed that theent multiple anomalies. Very little zinc is required to prevent
response varies with the extent of zinc deprivation (6). At verythese anomalies; as little asug/g diet was sufficient for normal
low intakes (2-5 mg Zn/L drinking water), the dam’s weight, asdevelopment in rhesus monkeys. This is comparable with 2 mg/d
a percentage of the control dam’s weight, was lower than was thie human diets. With marginal intakes in the rat ranging from
pup’s weight as a percentage of the controls. This suggests that5 to 9ug/g diet, the onset of anorexia coincides with the sharp
the fetus has a high priority for the available zinc, and fetalincrease in placental zinc transfer. Birth weights of monkeys
growth was supported at the expense of maternal weight gain. Atith marginal zinc intakes were higher in those animals with
a more mild deficiency (11 mg Zn/L in drinking water), the lower plasma zinc concentrations and a higher degree of
dam’s weight was equivalent to that of the controls fed 25 ma@norexia. To what extent catabolism of maternal tissue and sub-
Zn/L in drinking water, but the pup’s weight was still low. The sequent zinc release offset insufficient intakes in humans is
fetal and maternal response to zinc deprivation may differ irunclear. However, taken together, the data from animal studies
humans, in whom there is only one offspring. It is apparent, howsupport the need for information on maternal energy and zinc
ever, that there is a threshold for dietary zinc that must be met tmtakes along with measures of plasma zinc concentrations to
support fetal growth. clarify the relation between maternal zinc status and pregnancy
Most of the studies of zinc and pregnancy outcome have beesutcome.
done in rodents in which the demand for zinc is high because of
multiple births. Studies in pregnant rhesus monkeys are espe-
cially useful because there is only one offspring and the outcomgdUMAN STUDIES OF MATERNAL ZINC STATUS AND
is likely to be more similar to that of humans. In general, thePREGNANCY OUTCOME
findings in monkeys mimic those in rats. When pregnant mon- The poor pregnancy outcomes in women with acrodermatitis
keys were fed 4.g Zn/g diet, no overt signs of zinc deficiency enteropathica and low plasma zinc concentrations document the
occurred in the first half of gestation and the young were bormmportant role of zinc in human pregnancy, and the effects
without any developmental defects. Plasma zinc concentrationsbserved in those mothers were similar to those in zinc-deficient
dropped in all animals after mid gestation. The fall in plasmgregnant animals— congenital anomalies and fetal growth retar-
zinc was related to the degree of anorexia, ie, when plasma ziration. Acrodermatitis enteropathica is quite rare, however. The
concentrations were low, the more mild the anorexia (9). Pregeffect of marginal maternal zinc status on pregnancy outcome is
nancy loss was about 3 times higher in zinc-deficient animals more pertinent issue.
than in controls (10). Symmetrical growth retardation occurred The first comprehensive evaluation of maternal zinc status and
in 7 of the 8 male infants in the zinc-deficient group and in 2 ofpregnancy outcome was reported by Jameson in 1976 (12). He
the 8 females. Birth weight was negatively correlated withstudied 316 pregnant women and found that 60% of the women
plasma zinc concentrations. This suggests that in zinc-deficientho gave birth to infants with congenital anomalies had low
animals, the decline in food intake led to maternal weight losserum zinc concentrations in the first trimester. Also, women who
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TABLE 1

Surveys of the association between maternal zinc status and birth'weight

Investigator Year Location  Number of subjects Finding

Crosby et al (14) 1977 us 182 Mid pregnancy plasma zinc correlated with birth weight

Atinmo et al (15) 1980 Nigeria 50 Plasma zinc correlated with birth weight

Meadows et al (16) 1981 UK 238 Leukocyte zinc lower in mothers with SGA infants

Meadows et al (17) 1983 UK 90 Leukocyte zinc lower in mothers with IUGR infants

Patrick et al (18) 1982 Canada 13 Leukocyte zinc correlated with birth weight

Ghosh et al (19) 1985 Hong Kong 437 Birth weight positively correlated with serum zinc and negatively
correlated with hair zinc

Simmer and Thompson (20) 1985 UK 79 Leukocyte zinc lower in mothers with SGA infants

Mameesh et al (21) 1985 Iran 57 Serum zinc correlated with birth weight, length, and head circumference

Wells et al (22) 1987 UK 70 Leukocyte zinc concentrations predicted low birth weights

Singh et al (23) 1987 India 92 Low serum zinc correlated with reduced birth weight and number of
low-birth-weight infants

Higashi et al (24) 1988 Japan 228 Low serum zinc in third trimester associated with more
low-birth-weight infants

Mbofung and Subbarau (25) 1990 Nigeria 22 Placental zinc content correlated with birth weight

Neggers et al (26) 1990 us 476 Serum zinc associated with adjusted birth weights

Yasodhara et al (27) 1991 India 176 Low serum zinc and higher cord blood zinc associated with larger
birth weights

Jeswani and Vani (28) 1991 India 60 Lower cord blood zinc in SGA and preterm infants

Speich et al (29) 1992 France 66 Erythrocyte and plasma zinc predicted birth weight

Kirksey et al (30) 1994 Egypt 29 Serum zinc in second trimester accounted for 20% of variance in
birth weight

1US, United States; UK, United Kingdom; SGA, small-for-gestational age; IUGR, intrauterine growth retardation.

delivered either before or after normal term had low serum zinment is difficult because plasma zinc concentrations decrease
concentrations in the third trimester. Thereafter, several studies @fith infection, vigorous exercise, and food intake. Assessment is
maternal zinc status and pregnancy outcome were done worldwideore difficult during pregnancy because plasma zinc concentra-
Although the results of those studies were mixed, several adversiens decline in proportion to the increase in plasma volume (31).
outcomes have been associated with maternal zinc status. AdvelBecause plasma volume expansion is not consistent across all
fetal outcomes include congenital anomalies, reduced birth weigitregnancies, the fall in plasma zinc concentration is quite vari-
for gestational age, and preterm delivery. Maternal complicationable. Failure to document the stage of pregnancy at the time of
include pregnancy-induced hypertension, preeclampsia, intrahe blood drawing and to use gestational-appropriate standards
partum hemorrhage, infections, and prolonged labor. for evaluating the plasma zinc concentrations lead to erroneous
There have been more studies of the relation between mateconclusions about maternal zinc status.
nal zinc status and resulting birth weight than of any other preg- Most of the studies used nonfasting blood samples drawn
nancy outcome. Because birth weight is a continuous variable, ftom women in clinics. A few studies attempted to control for the
can be studied in smaller sample sizes than can the incidence effect of food intake on plasma zinc concentrations by collecting
congenital anomalies, maternal hemorrhaging, or materndblood within a specified time period, eg, 1000-1200 (26, 30).
hypertension. A total of 41 studies of maternal zinc status an@his reduced the variation in plasma zinc concentrations due to
birth weight were published between 1977 and 1994 and werod consumption if all women in the study ate at approximately
reviewed by Tamura and Goldenberg (13). | could not locate anthe same time before the blood was drawn.
other papers published since 1994. Seventeen of the 41 studiesThe primary outcome variable, birth weight, is dependent on
reported a significant relation between an indicator of maternainany factors besides maternal zinc status, eg, sex of the infant,
zinc status and birth weight or the incidence of fetal growthmaternal age, race, weight, gestational weight gain, smoking,
retardation Table 1). The 17 studies were conducted throughoutand alcohol consumption. If a significant correlation between
the world; 7 were performed in developing countries (India,birth weight and serum zinc concentration is found, a follow-up
Nigeria, Iran, and Egypt), whereas the other 10 were conductestepwise multiple regression analysis should be performed to
in the United States, the United Kingdom, Canada, Hong Kongassess whether the association was due to confounding factors
Japan, and France. No geographic pattern was apparent. Studibat may or may not influence birth weight. Most of the studies
that reported no association between maternal zinc status amaerely reported the correlation and did not perform the follow-
pregnancy outcome were from the same countries. up stepwise multiple regression analysis. The studies done by
The lack of consistency across studies may be due in part tdeggers et al (26) and Kirksey et al (30) are exceptions.
2 problems associated with data interpretation: an incorrect A total of 12 randomized, controlled intervention trials of sup-
assessment of the predictor variable, maternal zinc status, andpfemental zinc and pregnancy outcome have been reported
failure to determine the independent effect of zinc on fetalTable 2). Of the 12 trials, 6 found no effect of the zinc inter-
growth after other factors that influence birth weight were con-vention on pregnancy outcome. Two studies reported that sup-
trolled for. Although plasma zinc concentration is commonlyplemental zinc significantlymproved fetal growth (40, 41).
used as an indicator of zinc status, interpretation of the measurBoth studies were done in poptits in whom maternal zinc
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TABLE 2
Randomized controlled trials of zinc supplementation and pregnancy oditcome
Number of subjects Zinc
Investigator Year Population Zinc Placebsupplementation Edfct of supplement
mg/d
Jameson (32) 1976 Swedish women 64 248 45 Reduced delivery complications
Hunt et al (33) 1984 Hispanic Californian women 107 106 20 Reduced incidence of PIH
Hunt et al (34) 1985 Hispanic Californian teens aged <17y 70 68 20 No effect
Ross et al (35) 1985  South African women, <20 wk gestation 32 33 4.6-12.9 No effect
Kynast and Saling (36) 1986 German women 170 345 20 No effect
Mahomed et al (37) 1989 UK women, <20 wk gestation 246 248 20 No effect
Cherry et al (38) 1989 US teens, primarily black 268 288 30 Reduced preterm delivery in
normal-weight women
Simmer et al (39) 1991 UK women at risk for [IUGR 30 26 225 Reduced IUGR in 29 compliers
Garg et al (40) 1993 Poor, urban Indian women 106 62 45 Incresed birth weight and
gestational age; reduced number
of preterm and SGA infants
Goldenberg et al (41) 1995 Medically indigent, 294 286 25 Increased birth weight and
primarily black US women head circumference; effect only
in women with a BMI
(in kg/m?) <26
Jonsson et al (42) 1996 Danish women, <20 wk gestation 585 621 44 No effect
Osendarp et al (43) 2000 Poor, urban Bangladeshi women 269 290 30 No effect

1US, United States; UK, United Kingdom; PIH, pregnancy-induced hypertension; IUGR, intrauterine growth retardation; SGA, sretatitorajage.

depletion was likely. In the study conducted in India (40), theperiods of supplementation; the infants of those women supple-
birth weights of infants born to women in the placebo group avermented from the first trimester had an average gestational age of
aged only 2.6 kg. Infants born to zinc-supplemented mother89.4 wk, whereas the infants of those supplemented from only
were 0.3-0.8 kg heavier, depending on the length of time suppléhe third trimester had a gestational age of 38.8 wk. The average
mental zinc was provided. If the zinc supplement was initiated igestational age among the placebo group was 38.3 wk. The
the first trimester, the effect on birth weight was greater than if ireported increase in birth weight in this study is probably con-
was initiated in the third trimester. Goldenberg et al (41) studiedounded by the increase in gestational age. Goldenberg et al
the effect of supplemental zinc on birth weight in a group of med{41) reported a tendency toward an increase in gestational age
ically indigent African American women. Only women with (P < 0.08) among women with BMIs <26.
plasma zinc concentrations below the median for their population Two groups reported that supplemental zinc reduced the inci-
at 20 wk gestation were included in the study. Thus, women alence of maternal complications (32, 33). In a study of Swedish
risk of poor zinc nutriture were targeted for the interventionwomen, no statistical analysis of the data was performed, so the
study. In the group as a whole, supplemental zinc increased birgignificance of the finding cannot be determined (32). Hunt et al
weight by 126 g and increased infant head circumference by 0.4 cr{83, 34) found that 20 mg supplemental Zn reduced the inci-
The significant effect of supplemental zinc was limited todence of pregnancy-induced hypertension among adult Hispanic
nonobese women [ie, those with a body mass index (in %g/m women but not among adolescent Hispanic women.
of <26]. The lack of an effect of supplemental zinc on birth Many of these randomized, controlled trials of zinc supple-
weight in obese women may be because obese women tend rtentation and pregnancy outcome lacked a sample size suffi-
have large babies. The influence of high maternal weight on birthient to detect differences. Several studies reported higher birth
weight may obscure any beneficial effect of zinc supplementatiomeights in the supplemented groups, but did not have sufficient
in that population. power to achieve statistical significance (36, 39). The largest
Simmer et al (39) studied mothers at risk of delivering infantsstudy completed enrolled 2000 volunteers, but only 1208 of
with intrauterine growth retardation. Risk was defined as havihese subjects took the zinc supplements as prescribed (42). Pos-
ing had a small-for-gestational-age infant previously, beingsibly, results from some of the other studies are flawed because
maternally underweight, or being a smoker. Unfortunately, onlyof poor compliance. The major challenge in conducting zinc sup-
29 of the 56 women recruited were compliant. Thirteen of theglementation trials is the lack of a reliable index of zinc status to
29 women took supplemental zinc; the remaining women tookdentify populations at risk and, therefore to assess responsive-
placebos. No women taking zinc had infants with intrauterineness to zinc therapy. The study by Goldenberg et al (41) proba-
growth retardation, whereas 4 members, or 25%, of the placebloly detected a significant effect because they targeted women at
group delivered small infants. risk by selecting only those who had plasma zinc concentrations
Three of the studies reported a significant reduction inbelow the median for study.
preterm deliveries in the zinc-supplemented groups (38, 40, 41); The outcomes of these 12 studies on zinc supplementation and
the effect was only observed among normal-weight women ipregnancy outcome indicate the need for several important fea-
the group studied by Cherry et al (38). Among Indian womertures in a randomized clinical tridl) a sample size sufficient to
(40), gestational age of the infant increased more with longedetect the effect of zinc supplementation after all other variables
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influencing fetal growth are controlled foR) procedures to tion of lactating women was-80% higher than that of nonlact-
ensure compliance with the interventi@);inclusion of women ing-postpartum or never-pregnant women. These data suggest
at risk of zinc deficiency, such as those with low plasma zindhat intestinal zinc absorption is a site of regulation of zinc
concentrations at entry because this increases the probability afetabolism during pregnancy and lactation, and that the change
a detectable effect; ar) consideration of maternal body weight during lactation is greater than that during pregnancy probably
in the data evaluation. Several studies showed that overweighiecause of the increased need.
women (41) and underweight women (38, 41) are less responsive Other potential mechanisms for adjustment of zinc metabo-
to zinc intervention than are normal-weight women. lism include reduced endogenous gastrointestinal zinc excretion,
renal conservation, and release of maternal tissue zinc. Fung (48)
found no changes in endogenous fecal zinc losses in her longitu-
PHYSIOLOGIC ADJUSTMENTS IN ZINC METABOLISM dinal study; however, because the women were not consuming
DURING PREGNANCY constant diets, this possibility cannot be ruled out. Jackson et al
On the basis of the total weight of the pregnancy tissue$50) measured endogenous fecal zinc excretion in a group of
gained during gestation and the zinc concentration of those tislum-dwelling lactating women in the Amazon. They found that
sues, it is estimated that the additional need for zinc in a humathe increased need for zinc during lactation was met in part by a
pregnancy is=1540 pmol, or =100 mg (44). This represents decrease in endogenous fecal zinc losses.
~5-7% of the whole-body zinc concentration in a nonpregnant The concentration of urinary zinc increases during gestation,
woman. Most of the zinc gained is deposited in the fetus (57%Yeaching a value nearly twice that preconception (48). Urinary
and in the uterine muscle (24%). zinc concentrations decline during lactation but are still higher
This additional need for zinc during pregnancy can be met byhan prepregnant concentrations. Others have observed marked
an increase in zinc intake or by adjustments in zinc homeostasigicreases in urinary zinc excretion during pregnancy, possibly
Surveys show that pregnant women consume an average bécause of an increase in the glomerular filtration rate (46, 51).
10 mg Zn/d (31). In 27 reported studies, dietary zinc intakes oRenal conservation does not appear to be a mechanism for
nonvegetarians ranged from 5.7 to 22 mg/d; the intakes of vegeetaining zinc during pregnancy and lactation.
tarians ranged from 5 to 12.6 mg/d with a mean=@& mg/d. The demand for zinc to support fetal growth may also be
There is no evidence that pregnant women increase their intakeet by the release of maternal tissue zinc, as is observed in
of zinc. The methods available for assessing zinc intakes may xperimental animals fed low-zinc diets that induce anorexia
too imprecise to detect small changes in intake, however. Becau¢g). There are no reports that pregnant women experience
there is no evidence of a marked increase in dietary zinc intakesorexia near term leading to muscle catabolism. Appraeina
during gestation, homeostatic adjustments in zinc utilization mus8d0% of whole-body zinc is found in bone. Measurements of
be the primary mechanism for meeting the additional zindone mineral content before conception and immediately after
demands for reproduction. The homeostatic adjustments are likeljelivery failed to find any changes in bone mineral (52). It
to be greater in women consuming diets low in zinc. appears, therefore, that adjustments in zinc absorption are the
Studies in experimental animals suggest that changes iprimary means by which additional zinc needs are met during
intestinal zinc absorption may be the primary homeostatic adjuspregnancy. A model depicting the quantitative adjustments in
ment in zinc metabolism to meet the needs for pregnancy. Daviesnc metabolism to meet the daily needs in late pregnancy is
and Williams (45) found that zinc absorption from ligated seg-shown inFigure 1.
ments of the duodenum in rats increased 2-fold by late pregnanc’
and continued to increase during lactation. However, the resul
of studies of zinc absorption in pregnant women are not a
straightforward. Swanson and King (46) found that apparent zin
absorption calculated from metabolic balance studies was hight
in pregnant women than in nonpregnant women fed the same di¢
resulting in a net gain of 1.0 mg Zn/d in the pregnant group. Th
difference was not significant, however. In a follow-up to that
study, zinc absorption was measured by using a stable isotope
pregnant and nonpregnant women consuming plant- or anima

based diets (47). Both pregnant and nonpregnant women absork 10.7 mg/d ‘plasma Zk
~25% of the zinc from each of the diets; there was no differenc ’
due to gestation. The cross-sectional design of the study cor

bined with the small sample size may have prevented detection T30% ?
any differences. Fung (48) completed a longitudinal study of zin
absorption and metabolism in women during pregnancy and lac
tation. Thirteen women were followed from before conception tc
early lactation (8—-12 wk postpartum). Fractional zinc absorptior
from a standardized breakfast meal increased by 30% durin
gestation, "0”? a mear_EI:GEM) 14.6% 1230_/0 before concepno_n . =0.7 mg of the absorbed zinc is transferred to the fetus. Urinary zinc
t_o 19.4% 2.6% in the ,th'rd trlmgster. This |ncreasg_was NOL SIgNI- gy cretion increases by0.3 mg/d. Anorexia occurs if the dietary supply
ficant. However, during lactation when the additional need forgt zinc is limited in experimental animals, leading to an increased
zinc is greater, zinc absorption increased by 75%, to£23.8%  turnover of zinc from rapidly exchanging tissue (ie, liver) or a release of
(P < 0.05). Moser-Veillon et al (49) also found that zinc absorp-zinc from tissue more slowly turning over (ie, muscle).

Rapidly
exchanging
tissue Zn

Slowly
exchanging
tissue Zn

10.3 mg/d
rine

Diet——» Gut ——»Feces

FIGURE 1. Model of zinc metabolism in late pregnancy. Zinc
absorption increases on averag@0% in late pregnancy, or byl mg/d;
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TABLE 3 weight, but it was part of a profile of micronutrient intakes that
Conditions that may induce a secondary zinc deficiency during pregnancyelated to neonatal habituation behavior, a measure of early
Factors that may limit the net absorption of zinc information processing. Additionally, performance on the Bay-

High intake of dietary inhibitors of zinc absorption, such as phytate, €y motor test at 6 mo of age was negatively related to maternal

fiber, and calcium intakes of plant zinc, phytate, and fiber, suggesting that the
High doses of supplemental iron amount of available zinc consumed during pregnancy influences
Gastrointestinal diseases that limit zinc absorption, such as intestinal infant cognitive development during the first 6 mo of life (56).

bypass, Crohn disease, bacterial overload, and viral or A recent study in Malawi showed that high intakes of phytate,

bacterial infections along with frequent pregnancies and malarial infections, reduced

Factors that may interfere with placental transport of zinc
Cigarette smoking
Alcohol abuse

the zinc status of pregnant women (57). The median phytate-zinc
ratio in this population was 17. Plasma zinc concentrations at
Acute maternal infections 24 vyk ge_station ﬁn women with a phytate-_zinc rati_o below the
Strenuous exercise median did not differ from those women with a ratio above the
Therapy with certain drugs median; the median plasma zinc value wasuhl/L. 37% of
women had values below the cutoff value specific for stage of
gestation. Women with phytate-zinc molar ratios above the
median were significantly older, had more pregnancies, and had
SECONDARY ZINC DEFICIENCY DURING PREGNANCY significantly lower hair zinc concentrations than did their coun-
A netincrease in zinc absorption seems critical in meeting théerparts, 1.6 compared with 1mol/g (P < 0.027). Hair zinc
fetal demands for zinc. Dietary factors that inhibit zinc absorp+eflects chronic zinc status over the period of hair growth and is
tion, or any gastrointestinal disease that interferes with the more stable indicator than is plasma zinc. Plasma zinc is an
capacity to absorb zinc, would put the mother and fetus at riskacute index of zinc status that is difficult to interpret during preg-
Zinc is transferred to the fetal-placental unit via the plasmanancy because during this time period there is a decline in
Thus, any factor that alters that transport function could also pytlasma zinc concentration that begins in the first trimester and
the pregnancy at risk. Conditions that could interfere withcontinues throughout gestation (57). These data show that
adjustments in zinc absorption or plasma transport and, therehronic intake of diets with high molar ratios of phytate to zinc
fore, cause a secondary zinc deficiency are listethbie 3. limits zinc absorption and reduces maternal zinc status. It is
interesting that there was no relation between dietary phytate-
zinc ratios and plasma zinc concentrations in these women. Pos-
The nutritional adequacy of dietary zinc depends on both theibly, other compensatory adjustments in zinc metabolism
amount in the diet and its bioavailability. Of the factors known tooccurred to maintain plasma zinc concentrations in the presence
affect zinc bioavailability, phytate is one of the greatestof poor zinc absorption. Additionally, the relation between
inhibitory factors. The degree to which phytate inhibits zincplasma zinc concentration and phytate intake may be more diffi-
absorption has been defined by the ratio of phytate to zinc in theult to detect because of the many factors besides zinc status that
diet (53). There is some disagreement about the magnitude of thfluence plasma zinc, including disease states, diurnal variation,
ratio of phytate to zinc above which zinc status may be comprofasting, length of time before separating the plasma from cells,
mised (54); some have used 15 as the cutoff and others have uset sample refrigeration conditions.
20. The World Health Organization (53) recommends an algo- High calcium intakes in the presence of high phytate may fur-
rithm for estimating zinc bioavailablity that is based on zincther reduce the availability of zinc (54). In a group of Guatemalan
intake and an availability factor. The availability factor, ie, thewomen, zinc intake was comparable with that of healthy North
percentage available dietary zinc, is estimated to range froMmerican populations consuming omnivorous diets. However,
10% to 50% depending on the phytate-zinc molar ratio in théhe Guatemalan diet is largely plant-based and contains high
diet. Zinc availability is projected to be 10% if the phytate-zincamounts of phytate, calcium, and fiber. Tortillas contain a rela-
ratio is >30, 15% if the ratio is 15-30, 30% if the ratio is 5-15,tively high concentration of calcium derived from lime used to
and >50% if the ratio is <5. Diets with a phytate-zinc ratio >15 aresoak the maize before making the tortillas. The critical ratio of
high in unrefined, unfermented, and ungerminated cereal grairgalciumx phytate to zinc that inhibits zinc bioavailability has
especially when fortified with inorganic calcium salts and whennot been defined. It has been suggested that values >22/MJ, to
intake of animal protein is negligible. Such diets are consumeedccount for differences in the amount of food emed, may
by many poor women living in developing countries. induce marginal zinc deficiency. The ratios of peban
Intake of a high-phytate diet during pregnancy may interfere&suatemalan women during the third trimester of pregnancy
with maternal zinc absorption and lead to a secondary zinc defaveraged 40/MJ. It is likely that the zinc nutriture of these
ciency. Kirksey et al (30) studied the relation between maternakomen is compromised. Further studies of maternal zinc status,
zinc nutriture and pregnancy outcome in a group of women livphysiologic adjustments in zinc metabolism, and pregnancy out-
ing in an Egyptian village. The zinc intakes of these women wereome in populations consuming diets with low zinc availability
not particularly low,=9.7 mg/d. However, the dietary phytate- are necessary to define thresholds for supporting good pregnancy
zinc ratio was 14.8 and the estimated availability of dietary zinmutcomes.
was 21%, with the use of an algorithm published by Murphy
et al (55). Thus, only 2.0 mg dietary Zn was available for absorp
tion. If fetal demands are-0.7 mg/d during the last quarter of Practically all pregnant women around the world receiving
pregnancy, only 1.3 mg of dietary Zn is left to replace maternaprenatal care are given supplemental iron. In the United States,
losses. The amount of bioavailable zinc was not related to birtmost pregnant women take prenatal vitamin-mineral supplements.

Dietary phytate

Iron supplementation
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Although the Institute of Medicine (58) and the American Col-which exposure to cigarette smoke reduces uterine growth is not
lege of Obstetrics and Gynecology recommend 30 mg Fe/d fdtnown, but intrauterine hypoxia and reduced uteroplacental blood
all pregnant women, commercial prenatal vitamin-mineral supflow are 2 widely quoted mechanisms (74). A secondary zinc defi-
plements listed in the 199Physician’s Desk Referend®9) ciency may also contribute to the reduction in fetal growth.
contain an average of 54 mg Fe; the amount of iron in the sup- Several studies have shown that zinc is trapped in the placentas
plements ranges from 36 to 65 mg. of smokers leading to a reduced transfer of zinc to the fetus and

Additionally, many physicians in the United States prescribeémpaired growth (75-79) . Additionally, the zinc status of infants
therapeutic doses100 mg Fe/d as a prophylactic measure toborn to smokers is lower than that of infants born to nonsmokers.
prevent iron deficiency. The frequency of that practice is not docThe infants of smokers had significantly lower concentrations of
umented. Furthermore, the World Health Organization recomplasma zinc, alkaline phosphatase, and cord vein erythrocyte zinc.
mends 60—-120 mg Zn/d for women in developing countries (60)Possibly, cadmium from tobacco smoke induces the synthesis of
Supplemental folic acid is also recommended, but supplementahetallothionein, a cadmium binding protein that also binds zinc,
zinc is not. Thus, women in developing countries typicallycausing zinc to be sequestered in the placenta and less available to
receive=100 mg supplemental Fe throughout their pregnancieshe fetus. Cadmium may also induce higher concentrations of met-
without any additional zinc. As mentioned above, the dietary zin@llothionein in maternal tissues, such as the liver, and reduce the
intakes of these women are typically low and the zinc is poorlavailability of zinc to the fetus. These theories are supported by
available. The typical iron-zinc ratio in their diets is estimated todata from Kuhnert et al (80), who showed that birth weight was
be 24:1,=120 mg Fe:5 mg Zn. This imbalanced intake of iron negatively related to placental cadmium and placental zinc.
and zinc may put their zinc status at risk during pregnancy. The synthesis ofa,-macroglobulin is induced by tobacco

Interactions between iron and zinc occur during gastrointestismoke, and the plasma concentrationsaginacroglobulin are
nal absorption. The deleterious effect of supplemental iron ofigher in smokers (81). Although the exact biological function of
zinc absorption and a depression in plasma zinc concentratiors-macroglobulin is unclear, one of its functions is to bind a wide
were shown in studies of experimental animals and humangariety of compounds, including proteolytic enzymes, lym-
(61-70). The mechanisms for this iron-zinc interaction probablyphokines, lectins, and ions such as zinc and nickel. In a study of
involved a combination of intraluminal and intracellular effects289 women who had serum samples drawn at 18 and 30 wk ges-
(66). Iron and zinc may compete in the absorption process byation (81), a highx,-macroglobulin concentration as early as
1) displacing one another on the molecule necessary for thelkt8 wk gestation was associated with a significant increase in fetal
uptake from the lumen into the intestinal c@),competing for  growth retardation. The effect was greater in women who smoked.
pathways through the mucosal cell into the blood stream, oim smokers, each 1.0-g/L increase in seryamacroglobulin was
3) interacting with one another and a third substance to form aassociated with a 227-g decrease in birth weight after gestational
insoluble complex, impairing the absorption of both minerals. age at delivery, maternal race, infant sex, maternal body mass

Studies evaluating the effect of iron fortification in infant for- index, and history of a previous low-birth-weight infant were con-
mulas (71) or weaning foods (72) fail to show an effect on zindrolled for. a,-Macroglobulin is 1 of 2 major zinc binding proteins
absorption. Possibly, the difference between the effects of footh the plasma; the second is albumig-Macroglobulin has a
fortified with iron compared with supplemental iron are becauséiigher binding constant for zinc, making zinc bound to that pro-
of differences in the dose and form of iron given. The amount ofein less available than that of albumin-bound zinc. Plasma zinc
iron provided by supplements is greater than that in one servingpncentrations did not differ among the smokers and nonsmokers
of fortified cereal or formula and is in a highly soluble form, ie, in the above study. However, the tissue availability of zinc in the
ferrous sulfate, enabling the iron to readily bind with ligands insmokers may have been reduced because a higher proportion of
the intestine. the serum zinc was bound dg-macroglobulin.

Using ®Zn, Lonnerdal et al (73) attempted to delineate the Although tobacco smoke may alter zinc metabolism and
mechanism by which iron interferes with zinc status in pregnanteduce its availability to the fetus, sufficient dietary zinc intakes
rhesus monkeys. Supplemental iron (4 mg Fe8@*'.d?) may overcome these effects. However, most studies show that the
decreased the intestinal uptake of zinc, but whole-body zinguality of the diet and the quantity of nutrients consumed are
turnover also decreased by 25%, compensating in part for thewer in smokers than in nonsmokers (82-86). For example, the
decrease in absorption. Tissue zinc concentrations were cominc intake of a group of pregnant women in London who smoked
served and plasma zinc concentrations did not change. Studieswas 20% lower than that of nonsmokers, and their diets only sup-
pregnant women in which stable isotopes and kinetic models gflied 51% of the amount recommended for pregnancy (85). Given
zinc metabolism are used to determine the effects of varyinthe potential effects of tobacco smoke on zinc metabolism, it is
concentrations of supplemental iron on intestinal zinc absorptiofikely that pregnant women who smoke can have a secondary zinc
and maternal zinc status are needed. deficiency, particularly if their zinc intake is poor.

Smoking Alcohol abuse

After all factors influencing birth weight were controlled for,  Alcohol is a potent teratogen. The exact mechanism by which
infants born to mothers who smoked consistently weighed less thaicohol intake adversely affects fetal growth and morphogenesis
did infants who were born to nonsmoking mothers (74). Thds not known. Because zinc deficiency is also a potent teratogen
adverse effects of smoking on fetal growth are proportional to thand because urinary zinc losses increase with alcohol use, it has
frequency of smoking. Besides reducing fetal growth, exposure tbeen hypothesized that zinc deficiency is a coteratogen with
cigarette smoke in utero increases the risk of preterm delivery, per@cohol (74).
natal mortality, and, possibly, spontaneous abortion (74). Cigarette Studies in rats show that zinc deficiency in addition to alcohol
smoke contains >2000 different compounds. The mechanism hintake had more severe effects on fetal development than did
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either alcohol or low zinc intakes alone (85). Fetal weights wereions at delivery. The degree of fetal growth retardation is related
lower in the groups fed the zinc-deficient diet with either 15% orto the degree of zinc depletion. In humans, an association
20% of energy from alcohol. Also, the combination of alcoholbetween maternal zinc status and birth weight has been reported.
with a zinc-deficient diet increased the amount of resorption antt is likely, however, that poor maternal zinc status is due to the
external malformations more than with did a zinc-deficient orpresence of a condition or factor that alters zinc utilization rather
ethanol-containing diet alone. The results suggest that zinc defthan to the intake of a zinc-poor diet. Conditions that could
ciency potentiates the teratogenic effects of alcohol. Alcohoteduce maternal zinc status include subsistence on a cereal-based
reduces the placental transport of zinc (88), and a reduction idiet that is high in phytate, ingestion of high amounts of supple-
intestinal absorption may also occur (89). mental iron, smoking, alcohol abuse, and an acute stress response
There are few studies of the effect of alcohol on maternal zinto infection or trauma. All of these conditions could lower plasma
status. One study compared the zinc status of 25 alcoholic armihc concentrations and reduce the amount of zinc available to the
25 nonalcoholic, pregnant women (90). Maternal and umbilicafetus. Women with these conditions could be given a supplement

cord blood zinc concentrations were significantly lower in theproviding =25 mg Zn during pregnancy to decrease the risk of
alcoholic than in the nonalcoholic women: 0.51 compared withcomplications associated with zinc deficiency.

0.72 mg/L and 0.66 compared with 0.81 mg/L, respectively. The
incidence of birth defects was correlated with maternal plasma !
zinc concentrations but not with cord blood concentrations.

acknowledge the assistance of Evelyn Chan in the preparation of this

manuscript and am grateful to Christine Swanson, Sharon Greeley, Ellen

Zinc supplementation has been Suggested as a way to prevé:r’fPQ' Leslie Woodhouse, and the other postdoctoral fellows and doctoral stu-

or lessen adverse alcohol-related effects. However, a study i
rats failed to show that supplemental zinc increased the placen-

ents who assisted with the studies discussed in this review.

tal transport of zinc in the presence of a high-ethanol diet (91)RE':ERE’\ICES

A marked increase in plasma zinc concentrations may be necesi.
sary to overcome the hyperzincuria associated with alcohol as
well as impaired placental transport.

Acute maternal stress 3.

Keen et al (92) proposed that an acute phase reaction due to a,
number of diverse drugs and environmental challenges induces a
secondary zinc deficiency in pregnant animals by stimulating the5.
synthesis of metallothionein. Metallothionein is a small, cysteine-
rich, intracellular protein that binds zinc and copper with high
affinity. Although the divalent cations are classic inducers of met- 6.
allothionein, many organic compounds, endogenous hormones
(adrenocorticosteroids), and cytokines can also stimulate its syn-;.
thesis. An enhanced synthesis of metallothionein is a component of

Turk DE, Sunde ML, Hoekstra WG. Zinc deficiency experiments
with poultry. Poult Sci 1959;38:12569 (abstr).

2. Keinholz EW, Turk DE, Sunde ML, Hoekstra WG. Effects of zinc

deficiency in the diets of hens. J Nutr 1961;75:211-21.

Hurley LS, Swenerton H. Congenital malformations resulting from
zinc deficiency in rats. Proc Soc Exp Biol Med 1966;123:692-7.
Hambidge KM, Neldner KH, Walravens PA. Zinc, acrodermatitis
enteropathica, and congenital malformations. Lancet 1975;1:577-8.
Brenton DP, Jackson MJ, Young A. Two pregnancies in a patient
with acrodermatitis enteropathica treated with zinc sulphate. Lancet
1981;2:500-2.

Fosmire GJ, Greeley S, Sandstead HH. Maternal and fetal response
to various suboptimal levels of zinc intake during gestation in the
rat. J Nutr 1977;107:1543-50.

Masters DG, Keen CL, Lonnerdal B, Hurley LS. Release of zinc from
maternal tissues during zinc deficiency or simultaneous zinc and cal-

the acute phase response. As a consequence of its synthesis, zinc is cium deficiency in the pregnant rat. J Nutr 1986;116:2148-54.

sequestered in the liver and plasma zinc concentrations decline8.
This reduction in plasma zinc concentrations reduces the availabil-
ity of zinc to the fetus and could represent a developmental risk. 9.
Many developmental toxins given to experimental animals in
mid gestation elevated maternal liver metallothionein and zinc
concentrations and decreased maternal plasma zinc concentra-
tions and embryonic zinc uptake (92). Examples of developmen-

tal toxins with this effect include 6-mercaptopurine, valproic 11.

acid, urethanegq-hederin, ethanol, and cytokines. For example,
administration of tumor necrosis facterto a group of pregnant
rats on day 8 of gestation increased maternal #zer uptake by

8% and reduced the plasma and embryonic content by 38% ard

57%, respectively. These studies suggest that any condition th
increases the release of cytokines for a chronic period of time

could reduce the availability of zinc to the fetus and cause devel;s

opmental defects. Chronic, strenuous physical activity through-
out gestation is associated with a reduction in birth weight.

Strenuous exercise also leads to an increase in cytokine releadé.

Possibly, the reduction in birth weight is due, in part, to hepatic
sequestering of zinc and a fall in plasma zinc concentrations.

18.

SUMMARY

Studies in experimental animals show that maternal zinc defi4g,

ciency impairs fetal growth and increases the risk of complica-

12.

Fairweather-Tait SJ, Wright AJA, Cooke J, Franklin J. Studies of zinc
metabolism in pregnant and lactating rats. Br J Nutr 1985;54:401-13.
Keen CL, Hurley LS. Zinc and reproduction: effects of deficiency
on foetal and postnatal development. In: Mills CF, ed. Zinc in
human biology. London: Springer-Verlag, 1989:183-220.

10. Golub MS, Gershwin ME, Hurley LS, Baly DL, Hendrickx AG.

Studies of marginal zinc deprivation in rhesus monkeys: Il. Preg-
nancy outcome. Am J Clin Nutr 1984;39:879-87.

Lowe NM, Woodhouse LR, Wee J, King JC. Zinc kinetics during
pregnancy in rats fed marginal zinc intakes. J Nutr 1999;129:1020-5.
Jameson S. Effects of zinc deficiency in human reproduction. Acta
Med Scand 1976;197 (suppl)593:3-89.

Tamura T, Goldenberg RL. Zinc nutriture and pregnancy outcome.
Nutr Res 1996;16:139-81.

TA Crosby WM, Metcoff J, Costiloe JP. Fetal malnutrition: an appraisal

of correlated factors. Am J Obstet Gynecol 1977;128:22—-31.
Atinmo T, Mbofung C, Osinusi BO. Relationship of zinc and cop-
per concentrations in maternal and cord blood and birth weight. Int
J Gynaecol Obstet 1980;18:452—4.

Meadows NJ, Smith MF, Keeling PWN, et al. Zinc and small
babies. Lancet 1981;2:1135-7.

17. Meadows N, Ruse W, Keeling PWN, Scopes JW, Thompson RPH.

Peripheral blood leucocyte zinc depletion in babies with intrauter-
ine growth retardation. Arch Dis Child 1983;58:807-9.

Patrick J, Dervish C, Gillieson M. Zinc and small babies. Lancet
1982;1:169-70 (letter).

Ghosh A, Fong LYY, Wan CW, Liang ST, Woo JSK, Wong V. Zinc
deficiency is not a cause for abortion, congenital abnormality and



1342S

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

KING

small-for-gestational age infant in Chinese women. Br J Obstet43.

Gynaecol 1985;92:886-91.
Simmer K, Thompson RPH. Maternal zinc and intrauterine growth
retardation. Clin Sci 1985;68:395-9.

Mameesh MS, Hathout H, Safar MAAI, Mahfouz A, Al-Hassan JM. 44,

Maternal plasma proteins, magnesium, zinc and copper concentra-

tion at term associated with birth size in Kuwait. Acta Vitaminol 45,

Enzymol 1985;7:183-8.
Wells JL, James DK, Luxton R, Pennock CA. Maternal leucocyte

zinc deficiency at start of third trimester as a predictor of fetal 46.

growth retardation. Br Med J 1987;1:1054-6.

Singh PP, Khushlani K, Veerwal PC, Gupta RC. Maternal hypoz-
incemia and low birth-weight infants. Clin Chem 1987;33:1950.
Higashi A, Tajiri A, Matsukura M, Matsuda |. A prospective survey
of serial maternal serum zinc levels and pregnancy outcome. J Pedi-
atr Gastroenterol Nutr 1988;7:430-3.

Mbofung CMF, Subbarau VV. Trace element (zinc, copper, iron and
magnesium) concentrations in human placenta and their relation-
ship to birth weight of babies. Nutr Res 1990;10:359-6.

Neggers YH, Cutter GR, Acton RT, et al. A positive association

between maternal serum zinc concentration and birth weight. Am Jq.

Clin Nutr 1990;51:678-84.

Yasodhara P, Ramaraju LA, Raman L. Trace minerals in pregnancy.
1. Copper and zinc. Nutr Res 1991;11:15-21.

Jeswani RM, Vani SN. A study of serum zinc levels in cord blood of
neonates and their mothers. Indian J Pediatr 1991,58:683-7.
Speich M, Bousquet B, Auget J-L, Gelot S, Laborde O. Association
between magnesium, calcium, phosphorus, copper, and zinc ingy
umbilical cord plasma and erythrocytes, and the gestational age and
growth variables of full-term newborns. Clin Chem 1992;38:141-3.
Kirksey A, Wachs TD, Yunis F, et al. Relation of maternal zinc nutri- 53
ture to pregnancy outcome and infant development in an Egyptian
village. Am J Clin Nutr 1994;60:782-92.
Swanson CA, King JC. Reduced serum zinc concentration during
pregnancy. Obstet Gynecol 1983;62:313-8.

Jameson S. Zinc status in pregnancy: the effect of zinc therapy on
perinatal mortality, prematurity, and placental ablation. Ann N Y 55
Acad Sci 1993;678:178-92.

Hunt IF, Murphy NJ, Cleaver AE, et al. Zinc supplementation dur-
ing pregnancy: effects of selected blood constituents and o
progress and outcome of pregnancy in low-income women of Mex-
ican descent. Am J Clin Nutr 1984;40:508-21.

Hunt IF, Murphy NJ, Cleaver AE, et al. Zinc supplementation dur-
ing pregnancy in low-income teenagers of Mexican descent: effects
on selected blood constituents and on progress and outcome of pregs
nancy. Am J Clin Nutr 1985;42:815-28.

Ross SM, Nel E, Naeye RL. Differing effects of low and high bulk
maternal dietary supplements during pregnancy. Early Hum Dev
1985;10:295-302. 5
Kynast G, Saling E. Effect of oral zinc application during preg-
nancy. Gynecol Obstet Invest 1986;21:117-23.
Mahomed K, James DK, Golding J, McCabe R. Zinc supplementa-
tion during pregnancy: a double blind randomised controlled trial.
BMJ 1989;299:826-30. 6
Cherry FF, Sandstead HH, Rojas P, Johnson LK, Batson KH, Wan
XB. Adolescent pregnancy: associations among body weight, zinc
nutriture, and pregnancy outcome. Am J Clin Nutr 1989;50:945-54.

Simmer K, Lort-Phillips L, James C, Thompson RPH. A double- 63.

blind trial of zinc supplementation in pregnancy. Eur J Clin Nutr
1991;45:139-44.

Garg HK, Singhal KC, Arshad Z. A study of the effect of oral zinc 64.

supplementation during pregnancy on pregnancy outcome. Indian J
Physiol Pharmacol 1993;37:276-84.

Goldenberg RL, Tamura T, Neggers Y, et al. The effect of zinc sup-
plementation on pregnancy outcome. JAMA 1995;274:463-8.

Jonsson B, Hauge B, Larsen MF, Hald F. Zinc supplementation dur65.

ing pregnancy: a double blind randomised controlled trial. Acta
Obstet Gynecol Scand 1996;75:725-9.

47.

48.

49.

2.

Osendarp SJM, Baqui AH, Wahed MA, Arifeen SE, van Raaij JMA,
Fuchs GJ. A randomized, placebo-controlled trial of the effect of zinc
supplementation during preghancy outcome in Bangladeshi urban
poor. Am J Clin Nutr 2000;71:114-9.

Swanson CA, King JC. Zinc and pregnancy outcome. Am J Clin
Nutr 1987;46:763—71.

Davies NT, Williams RB. The effect of pregnancy and lactation on
the absorption of zinc and lysine by the rat duodenum in situ. Br J
Nutr 1977;38:417-23.

Swanson CA, King JC. Zinc utilization in pregnant and nonpregnant
women fed controlled diets providing the zinc RDA. J Nutr
1982;112:697-707.

Swanson CA, Turnlund JR, King JC. Effect of dietary zinc sources
and pregnancy on zinc utilization in adult women fed controlled
diets. J Nutr 1983;113:2557-67.

Fung EB. Zinc metabolism in women during pregnancy and lacta-
tion: a longitudinal study. PhD Dissertation. University of Califor-
nia, Berkley, 1995.

Moser-Veillon PB, Patterson KY, Veillon C. Zinc absorption is
enhanced during lactation. FASEB J 1995;9:A729.

Jackson MJ, Giugliano R, Giugliano LG, Oliveira EF, Shrimpton R.
Stable isotope metabolic studies of zinc nutrition in slum-dwelling
lactating women in the Amazon valley. Br J Nutr 1988;59:193-203.

51. Klein CJ, Moser-Veillon PB, Douglass LW, Ruben KA, Trocki O. A

longitudinal study of urinary calcium, magnesium, and zinc excre-
tion in lactating and nonlactating postpartum women. Am J Clin
Nutr 1995;61:779-86.

. Ritchie LD, Fung EB, Halloran BP, et al. A longitudinal study of

calcium homeostasis during human pregnancy and lactation and
after resumption of menses. Am J Clin Nutr 1998;67:693—-701.

. World Health Organization. Trace elements in human nutrition and

health. Geneva: World Health Organization, 1996.

54. Fitzgerald SL, Gibson RS, Quan de Serrano J, et al. Trace element

intakes and dietary phytate/Zn and Gaphytate/Zn millimolar
ratios of periurban Guatemalan women during the third trimester of
pregnancy. Am J Clin Nutr 1993;57:195-201.

. Murphy SP, Beaton GH, Calloway DH. Estimated mineral intakes of

toddlers: predicted prevalence of inadequacy in village populations
in Egypt, Kenya, and Mexico. Am J Clin Nutr 1992;56:565—72.

"56. Bayley N. Bayley scales of infant development manual. New York:

Psychological Corporations, 1969.

57. Gibson RS, Huddle J-M. Suboptimal zinc status in pregnant Malawian

women: its association with low intakes of poorly available zinc, frequent
reproductive cycling, and malaria. Am J Clin Nutr 1998/62—9.

. Institute of Medicine, Food and Nutrition Board, Committee on

Nutritional Status during Pregnancy and Lactation. Nutrition during
pregnancy. Part I. Weight gain. Part Il. Nutrient supplements. Wash-
ington, DC: National Academy Press, 1990.

9. PDR Electronic Library. Physician’s desk reference. Montvale, NJ:

Medical Economics, 1997.

60. Viteri FE. Iron supplementation for the control of iron deficiency in

populations at risk. Nutr Rev 1997;55:195-209.

1. Solomons NW. Competitive interaction of iron and zinc in the diet:

consequences for human nutrition. J Nutr 1986;116:927-35.
Sandstrom B, Davidsson L, Cederblad A, Lonnerdal B. Oral iron,
dietary ligands, and zinc absorption. J Nutr 1985;115:411—-4.
Dawson EB, Albers J, McGanity WJ. Serum zinc changes due to
iron supplementation in teen-age pregnancy. Am J Clin Nutr
1989;50:848-2.

Aggett PJ, Crofton RW, Khin C, Gvozdanovic S, Gvozdanovic D.
The mutual inhibitory effects of their bioavailability of inorganic
zinc and iron. In: Prasad AS, Cavdar AO, Brewer GJ, Aggett PJ, eds.
Zinc deficiency in human subjects. New York: Alan R Liss, Inc,
1983:117-24.

Solomons NW, Jacob RA. Studies on the bioavailability of zinc in
humans: effects of heme and nonheme iron on the absorption of
zinc. Am J Clin Nutr 1981;34:475-82.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

ZINC AND PREGNANCY OUTCOME

Solomons NW, Pineda O, Viteri F, Sandstead HH. Studies on the&9.

bioavailability of zinc in humans: mechanism of the intestinal inter-
action of nonheme iron and zinc. J Nutr 1983;113:337-49.
Crofton RW, Gvozdanovic D, Gvozdanovic S, et al. Inorganic zinc

and intestinal absorption of ferrous iron. Am J Clin Nutr 1989; 80.

50:141-4.

Solomons NW. Competitive interaction of iron and zinc in the diet:
consequences for human nutrition. J Nutr 1986;116:927-35.
Solomons NW, Jacob RA, Pineda O, Viteri F. Studies on the
bioavailability of zinc in man. Il. Absorption of zinc from organic
and inorganic sources. J Lab Clin Med 1979;94:335-43.
Solomons NW, Ruz M. Zinc and iron interaction: concepts and per-
spectives in the developing world. Nutr Res 1997;17:177-85.
Polberger S, Fletcher MP, Graham TW, Vruwink K, Gershwin ME,

Lonnerdal B. Effect of infant formula zinc and iron level on zinc 83.

absorption, zinc status, and immune function in infant rhesus mon-
keys. J Pediatr Gastroenterol Nutr 1996;22:134-43.

Davidsson L, Aimgren A, Sandstrom B, Hurrell RF. Zinc absorption 84.

in adult humans: the effect of iron fortification. Br J Nutr
1995;74:417-25.

Lonnerdal B, Keen CL , Hendrickx AG, Golub MS, Gershwin ME.
Influence of dietary zinc and iron on zinc retention in pregnant rhe-

sus monkeys and their infants. Obstet Gynecol 1990;75:369-74. 86.

Institute of Medicine, Food and Nutrition Board, Committee on
Nutritional Status during Pregnancy and Lactation. Substance use

and abuse during pregnancy. In: Nutrition during pregnancy. Wash-87.

ington, DC: National Academy Press, 1990:390-411.
Kuhnert BR. Drug exposure to the fetus—the effect of smoking. In:

Kilbey MM, Asghar K, eds. Methodological issues in controlled 88.

studies on effects of prenatal exposure to drug abuse. Rockville,
MD: National Institute on Drug Abuse, 1991:1-17. (Research
Monograph 114).

Kuhnert PM, Kuhnert BR, Erhard P, Brashear WT, Groh-Wargo SL,

Webster S. The effect of smoking on placental and fetal zinc status90.

Am J Obstet Gynecol 1987;157:1241-6.
Lazebnik N, Kuhnert BR, Kuhnert PM, Thompson KL. Zinc status,

pregnancy complications, and labor abnormalities. Am J Obstet91.

Gynecol 1988;158:161-6.
Kuhnert BR, Kuhnert PM, Lazebnik N, Erhard P. The effect of

maternal smoking on the relationship between maternal and feta2.

zinc status and infant birth weight. J Am Coll Nutr 1988;7:
309-16.

81.

82.

85.

89.

1343S

Kuhnert BR, Kuhnert PM, Groh-Wargo SL, Webster S, Erhard P,
Lazebnik N. Smoking alters the relationship between maternal zinc
intake and biochemical indices of fetal zinc status. Am J Clin Nutr
1992;55:981-4.

Kuhnert BR, Kuhnert PM, Debanne S, Williams TG. The relation-
ship between cadmium, zinc, and birth weight in pregnant women
who smoke. Am J Obstet Gynecol 1987;157:1247-51.

Goldenberg RL, Tamura T, Cliver SP, Cutter GR, Hoffman HJ,
Davis RO. Maternal serum alphmacroglobulin and fetal growth
retardation. Obstet Gynecol 1991;78:594-8.

Rogers |, Emmett P, Baker D, Golding J, ALSPAC Study Team.
Financial difficulties, smoking habits, composition of the diet and
birthweight in a population of pregnant women in the South West of
England. Eur J Clin Nutr 1998;52:251-60.

McKenzie-Parnell JM, Wilson PD, Parnell WR, Spears GF, Robin-
son MF. Nutrient intake of Dunedin women during pregnancy. N Z
Med J 1993;106:273-6.

Morabia A, Wynder EL. Dietary habits of smokers, people who
never smoked, and exsmokers. Am J Clin Nutr 1990;52:933-7.
Haste FM, Brooke OG, Anderson HR, Bland JM. The effect of
nutritional intake on outcome of pregnancy in smokers and non-
smokers. Br J Nutr 1991;65:347-54.

Haste FM, Brooke OG, Anderson HR, Bland JM, Peacock JL.
Social determinants of nutrient intake in smokers and non-smokers
during pregnancy. J Epidemiol Community Health 1990;44:205-9.
Keppen LD, Pysher T, Rennert OM. Zinc deficiency acts as a co-ter-
atogen with alcohol in fetal alcohol syndrome. Pediatr Res 1985;
19:944-7.

Ghishan FK, Patwardhan R, Greene HL. Fetal alcohol syndrome:
inhibition of placental zinc transport as a potential mechanism for
fetal growth retardation in the rat. J Lab Clin Med 1982;100:45-2.
Antonson DL, Vanderhoof JA. Effect of chronic ethanol ingestion on
zinc absorption in rat small intestine. Dig Dis Sci 1983;28:604-8.
Flynn A, Martier SS, Sokol RJ, Miller SI, Golden NL, Del Villano
BC. Zinc status of pregnant alcoholic women: a determinant of fetal
outcome. Lancet 1981;1:572-5.

Ghishan FK, Greene HL. Fetal alcohol syndrome: failure of zinc
supplementation to reverse the effect of ethanol on placental trans-
port of zinc. Pediatr Res 1983;17:529-31.

Keen CL, Taubeneck MW, Daston GP, Rogers JM, Gershwin ME.
Primary and secondary zinc deficiency as factors underlying abnor-
mal CNS development. Ann N'Y Acad Sci 1993;678:3-47.



