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Abstract

Background: Data have shown that healthy children and adolescents have an inadequate intake of zinc, an essential
nutrient for growth. It is unclear whether zinc supplementation can enhance bone health during this rapid period of growth
and development.

Objective: The primary aim of this study was to determine the effect of zinc supplementation on biochemical markers of
bone turnover and growth in girls entering the early stages of puberty. The secondary aim was to test moderation by race,
body mass index (BMI) classification, and plasma zinc status at baseline.

Methods: One hundred forty seven girls aged 9-11 y (46 % black) were randomly assigned to a daily oral zinc tablet (9 mg
elemental zinc; n = 75) or an identical placebo (n = 72) for 4 wk. Fasting plasma zinc, procollagen type 1 amino-terminal
propeptide (P1NP; a bone formation marker), carboxy-terminal telopeptide region of type 1 collagen (ICTP; a bone resorp-
tion marker), and insulin-like growth factor | (IGF-I) were assessed at baseline and post-test. Additional markers of bone
formation (osteocalcin) and resorption (urinary pyridinoline and deoxypyridinoline) were also measured.

Results: Four weeks of zinc supplementation increased plasma zinc concentrations compared with placebo [mean
change, 1.8 pmol/L (95% ClI: 1.0, 2.6) compared with 0.2 pmol/L (95% CI: —0.3, 0.7); P< 0.01]. Zinc supplementation also
increased serum P1NP concentrations compared with placebo [mean change, 23.8 pmol/L (95% ClI: —14.9, 62.5)
compared with —31.0 pmol/L (95% Cl: —66.4, 4.2); P = 0.04). There was no effect from zinc supplementation on
osteocalcin, ICTP, pyridinoline, deoxypyridinoline, or IGF-I. There was no moderation by race, BMI classification, or plasma
zinc status at baseline.

Conclusions: Our data suggest that 4 wk of zinc supplementation increases bone formation in premenarcheal girls.
Further studies are needed to determine whether supplemental zinc can improve childhood bone strength. This trial was
registered at clinicaltrials.gov as NCT01892098. J Nutr 2015;145:2699-704.
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Introduction

-

Normal growth and maturation in children and adolescents
depends on an Adequate Intake of many essential nutrients. Zinc
in particular is involved in numerous aspects of cellular me-
tabolism that ultimately influence growth and maturation (1),
which is why the RDA for zinc is highest during adolescence.
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Indeed, classic characteristics of zinc deficiency include growth
retardation and delayed sexual maturation. Zinc supplementa-
tion trials have shown improved height, weight, and other

growth indexes in children with nutrient deficiencies, including
in those with idiopathic short stature (2), sickle cell anemia (3),
and cystic fibrosis (4). Though zinc supplementation studies
in apparently healthy children as a strategy to optimize growth
outcomes are limited, they may be warranted. Data from
population-based surveys suggest that although most children
meet the current recommended daily intake of zinc, inadequate
intake based on US reference values has been observed in those
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entering the early stages of puberty (5, 6). Moreover, circulating
zinc concentrations decline in response to rapid growth and
hormonal changes that occur during this period (1), and because
there is currently no reliable reference standard, the extent to
which this may influence normal development is unclear.

It is possible that zinc supplementation may promote optimal
growth and development specifically by augmenting childhood
bone mineralization and strength. Zinc is the most abundant
trace mineral in the human skeleton, and may be most beneficial
in this period of rapid bone accretion to achieve optimal peak
bone mass. In vitro, zinc has been shown to stimulate osteoblasts
and inhibit osteoclasts ultimately to drive bone formation (7-9).
In vivo, poor zinc status, and not overt zinc deficiency, is
associated with suboptimal bone development, whereas a low
intake of dietary zinc (e.g., 2-4 pg/g diet) has been shown to
attenuate bone maturation toward the end of the pubertal growth
spurt in primates (10, 11). Whether similar findings may be
observed in healthy children is unknown. A recent cross-sectional
study in healthy premenarcheal girls found that dietary zinc intake
was positively associated with bone strength indexes (12), sug-
gesting that higher zinc intake may be a viable strategy to optimize
childhood bone health with potential long-term benefits.

To our knowledge, only one study has examined the effects of
zinc supplementation on biochemical markers of bone turnover
in healthy female children (13). In this investigation, researchers
did not observe a significant effect on bone formation as assessed
by serum osteocalcin, or bone resorption as assessed by urinary
deoxypyridinoline (13). Although these findings suggest that
zinc supplementation is not effective in improving bone health in
otherwise healthy children, investigators did not assess the bone
formation marker procollagen type 1 amino-terminal propep-
tide (P1NP)®, which has been recognized as the primary reference
standard to assess among biochemical markers of bone forma-
tion (14). Assessment of this biochemical marker could provide
additional information and advance our understanding of zinc’s
effect on bone formation.

The primary aim of this study was to determine the effect of
4 wk of zinc supplementation on biochemical markers of bone
turnover and growth in otherwise healthy girls entering the early
stages of puberty. Primary outcomes were changes in serum
PINP (bone formation marker) and carboxy-terminal telopep-
tide region of type 1 collagen (ICTP), a bone resorption marker,
and plasma insulin-like growth factor I (IGF-I) at 4 wk. Second-
ary outcomes were serum osteocalcin (a bone formation marker)
and urinary pyridinoline (a bone resorption marker) and deoxy-
pyridinoline (a bone resorption marker). To test for supplement
compliance and to exclude potential adverse effects on copper
status, changes in plasma zinc and ceruloplasmin activity in se-
rum, respectively, were assessed. We also determined whether
race, body weight, and plasma zinc status at baseline modify the
bone turnover response to zinc supplementation.

Methods

Study participants and design

Healthy white and black girls (7 = 147) participated in this 4 wk
randomized, double-blind, placebo-controlled, parallel-group zinc sup-
plementation trial. The 4 wk study period was selected because research
has shown changes in biochemical markers of bone turnover as early as
1-2 wk after dietary intervention (15-17). Moreover, children exhibit a

8 Abbreviations used: ICTP, carboxy-terminal telopeptide of type 1 collagen;
IGF-I, insulin-like growth factor I; P1NP, procollagen type 1 amino-terminal
propeptide.
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higher rate of bone remodeling during growth than the adults largely
examined in these studies. Participants were recruited beginning in the
summer of 2009 from the Athens-Clarke County area in northeast
Georgia through newspaper advertisements, radio announcements, and
community flyers. Trained study personnel administered a telephone
screen to the parent/guardian of prospective participants to determine
eligibility. During the screen, parents/guardians were informed that the
purpose of the study was to investigate the effects of zinc on bone health,
and they were made aware of adverse events that may occur with the
treatment dose. Children were included if they were girls of non-
Hispanic white or non-Hispanic black/African American race and aged
9-11y. These criteria were used to eliminate further variability by race
and potential differences by sex and pubertal maturation. Children were
excluded if they were taking medications or had any medical condition
that could affect growth, pubertal maturation, nutritional status, or
metabolism, and if they had experienced menses. All testing procedures
were conducted at the Bone and Body Composition Laboratory at The
University of Georgia and were completed by spring 2010. The Institu-
tional Review Board for Human Subjects at The University of Georgia
approved all study procedures, and informed assent and consent were
obtained from each participant and her parent/guardian, respectively.

Supplemental zinc and placebo tablets

Participant identification numbers were used to randomly assign children
by following simple randomization procedures to either zinc (# = 75) or
control (7 = 72) groups. A laboratory technician labeled tablet bottles
with the appropriate corresponding treatment code. All investigators,
research personnel, and participants remained blinded to these codes
until statistical analyses were complete.

Enrolled participants received a 4 wk supply of zinc tablets (9 mg/d
elemental zinc) as zinc sulfate or identical placebo tablets (i.e., in color,
size, and odor) at the baseline visit, provided by Vesta Pharmaceuticals.
Participants were instructed to take 1 study tablet/d and to return
empty tablet bottles along with any unused products at 4 wk. Compli-
ance was checked by pill count and by measurements of plasma zinc
concentrations. Compliance was calculated with the following formula:
compliance (percentage) = (number of tablets actually taken/number of
tablets that should have been taken) X 100. Safety was assessed at each
visit by monitoring adverse events and measurement of ceruloplasmin
activity.

Anthropometry and pubertal stage

Height and weight were measured to calculate BMI-for-age percentiles used
for body weight classification as normal weight (<85th percentile), over-
weight (85th-94.99th percentile), or obese (=95th percentile) (18). Pubertal
maturation stage was determined with the use of a gender-specific question-
naire described by Tanner (19). There is agreement for breast development
between self- and physician-evaluation of sexual maturity (20).

Biochemical analyses
Blood and urine samples were collected in the morning after an overnight
fast at the baseline and 4 wk visits. Samples were used to determine
concentrations of zinc and IGF-1, ceruloplasmin activity, bone formation
markers (PINP and osteocalcin), and bone resorption markers (ICTP,
pyridinoline, and deoxypyridinoline). Plasma zinc, measured to confirm
study adherence, was determined by atomic absorption spectrophotom-
etry with a Perkin Elmer Analyst 400, and verified based on standards
from the US National Institute of Standards and Technology. Normal
values for plasma zinc were defined as between 10.7 and 16.8 pmol/L
(21). Ceruloplasmin activity was assessed to determine the effect of zinc
supplementation on copper status (22). Ceruloplasmin activity concen-
trations <62 IU/L were indicative of an adverse effect on copper status.
Plasma IGF-I was assayed in duplicate with the use of an ELISA. The
intra- and interassay CVs were 7.5-8.3% and 3.5-4.3%, respectively
(23). Serum P1NP, osteocalcin, and ICTP were assayed in duplicate with
the use of RIA. The intra- and interassay CVs were 2.8% and 5.6% for
PINP, 10% and 5% for osteocalcin, and 3.4% and 5.9% for ICTP, re-
spectively. Urinary pyridinoline and deoxypyridinoline were measured
with the use of HPLC, and corrected for dilution by creatinine concen-
tration, as previously described (15, 24).



Dietary intake

Dietary intake data were collected to help determine adherence to the
study protocol. Participants were encouraged to maintain their usual
dietary habits to ensure that changes in bone-related outcomes were
attributed to the study regimen. All participants received the same
instructions regarding diet to reduce the possibility of experimental bias
between groups. Dietary intake was determined with the use of 3 d diet
records completed at baseline and 4 wk, and records were analyzed with
the use of the Food Processor SQL, version 9.7.3 (ESHA Research).

Statistical analyses

Sample size calculation. Power calculations were computed based on
primary outcomes PINP, ICTP, and IGF-I. The computations were based
upon an F test for main effect of treatment (zinc supplement compared
with placebo). Required are assumptions concerning the difference in 4 wk
changes in the response (i.e., differences in the mean gain scores) across
treatment groups, and the variance of the gain score, from which effect
size is computed. Using data previously collected in our laboratory, we
pooled estimates in SD of change for PINP (SD = 110 pg/L), ICTP
(SD = 5 pg/L), and IGF-I(SD = 94 pg/L), and we estimated effect sizes
(i.e., Cohen’s d) for these outcomes (PINP, d = 0.55; ICTP, d = 0.50;
and IGF-I, d = 0.54). We determined that 56-64 subjects/group would
provide at least 80-82% power (a = 0.05) to detect a difference in mean
change of outcome variable between treatment groups. With a given sam-
ple size of 64 subjects/group (a-level set at 0.05), the proposed study had a
power of 0.80. Assuming a 15% sample size loss from either attrition
or insufficient quality of measurements, a starting sample size of 75
subjects/group (7 = 150) preserved the power of the study design.

Analyses. Group differences at baseline were determined by indepen-
dent samples ¢ tests. Differences in proportions at baseline were tested by
chi-square tests. Repeated-measures mixed models were used in an
intention-to-treat analysis of each outcome measure with the use of all
available data. Base models for each outcome measure included the fixed
effects of group (zinc and control) and measurement time (baseline and
4 wk) and their interaction. To test moderation by race, body weight
status, and plasma zinc status at baseline, main effects and 2- and
3-factor interactions of race X group X time, weight status X group X
time, and plasma zinc status X group X time were examined for each
outcome measure in separate models. Four-factor interactions were not
examined because of small sample sizes within the combination of the
variables. Participant nested within group was considered a random
effect. Because there were only 2 measurement times, an unstructured
covariance structure was assumed. If none of the 3-factor interactions
were statistically significant, the model was reduced to examine the
2-factor interaction of group X time. Final models contained at a
minimum the main effects and 2-factor interaction between group and
time and any statistically significant 3-factor interactions. A Bonferroni
adjustment to the overall a level was used to perform post hoc pairwise
differences in changes of each measure (post-test — pretest) within group
for models with only the 2-factor interaction with group and time, either
within race and group, within weight status and group, or within plasma
zinc status and group for models containing 3-factor interactions. All
statistical analyses were performed with the use of SPSS, version 21, and
statistical significance was set at P < 0.05.

Results

Participant flow is presented in Figure 1. We randomly assigned
147 white and black girls [age (mean = SD) 10.5 £ 0.7 y, 46%
black, 22% overweight, and 28% obese] to a daily oral zinc
tablet containing 9 mg of elemental zinc (zinc group; 7 = 75) or
an identical placebo tablet (control group; 7 = 72) for 4 wk. Fifty
percent of the total sample was classified as in the normal weight
range, and 22% and 28% were overweight and obese, respec-
tively. Mean plasma zinc concentration in the total sample was
12.0 = 3.2 pmol/L. Ninety seven percent of the sample (7 = 143)
was retained at post-test. Four participants (2 from the zinc

253 Participants assessed for
eligibility

103 Excluded
47 Did not meet inclusion criteria
59 Refused to participate

147 Randomly assigned

4 h 4

75 Randomly assigned to ZN group

|72 Randomly assigned to CON group

Y
2 Lost to follow-up
2 Refused posttest

2 Lost to follow-up
2 Refused posttest

A
72 Included in primary
intention-to-treat analysis

75 Included in primary
intention-to-treat analysis

FIGURE 1 Flow diagram of study participants. CON, control; ZN,
zinc.

group and from the control group) dropped out because of
refusal to post-test. None of the participants reported signs of
zinc toxicity (e.g., nausea).

The baseline characteristics for the zinc and control groups are
shown in Table 1, which considers RDAs for calcium, vitamin D,
and zinc among girls aged 9-13 y (25, 26). Age, racial distribution,
pubertal maturation stage, anthropometric measurements, die-
tary intake, and biochemical measurements were similar between
treatment arms. Compliance with the study protocol, as indicated
by pill counts, was also similar between the zinc and control
groups (82% compared with 81%, respectively; P = 0.71).

Values of biochemical markers of bone turnover and growth
by group at baseline and at 4 wk and changes over the testing
period are shown in Table 2. The change in plasma zinc
concentration was greater in the zinc group than in the control
group (15% compared with 1.7%, P < 0.01), indicating overall
compliance with the intervention. The change in ceruloplasmin
activity was not different between groups (P = 0.65), demon-
strating no negative effects on copper status. The change in
serum P1NP, the primary outcome marker of bone formation,
was greater in the zinc group than in the control group (23.8
compared with —31.0 pg/L, P = 0.04). The change in serum
osteocalcin, the secondary outcome marker of bone formation,
was not different between treatment arms (P = 0.40). The
changes in plasma IGF-I and the bone resorption markers serum
ICTP and urinary pyridinoline and deoxypyridinoline also were
not different between groups (all P > 0.05). In addition, there
were no significant interactions of group X time with race, body
weight status, or plasma zinc status (all P > 0.05).

Discussion

To our knowledge, this is the first randomized controlled
trial to show that zinc supplementation may enhance bone
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TABLE 1 Baseline characteristics of girls aged 9-11 y randomly
assigned to ZN or CON groups'

ZN group CON group
(n=175) (n=72) P2
Age, y 106 = 0.7 105 =07 0.62
Race, white/black® 40/35 40/32 087
Pubertal maturation stage (1-5) 23 *+05 23 *+05 0.66
Height, cm 148 + 6.8 149 + 6.6 0.68
Weight, kg 468 = 116 473 =109 0.79
BMI percentile 744 + 263 75.8 = 26.0 0.76
BMI percentile category® 0.72
Not overweight 53 47
Overweight 21 22
Obese 26 31
Dietary intake*
Energy, kcal/d 1849 = 718 1757 *= 661 0.37
Calcium, mg/d 699 + 381 661 + 356 0.54
Vitamin D, pg/d 29 +25 29+28 0.96
Zinc, mg/d 50+ 27 47 =23 0.48
Biochemical measurements
Plasma zinc, umol/L 120 £ 32 121 £33 0.86
Plasma zinc status® 043
Normal range (10.7-16.8 pmol/L) 52 49
Low range (<10.7 umol/L) 43 40
Ceruloplasmin activity, IU/L 921 = 251 873 =202 0.21
Plasma IGF-I, pg/L 415 = 233 400 = 258 0.72
Bone formation markers
Serum PINP, pg/L 704 + 188 709 = 243 0.90
Serum osteocalcin, ug/L 320+92 333 + 9.1 0.40
Bone resorption markers
Serum ICTP, ug/L 242 =66 247 =65 0.73
Urinary PYD/C, nmol/mmol 102 + 39.1 98.6 + 40.1 0.64
Urinary DPD/C, nmol/mmol 296 =97 296 = 11.0 0.99

" Values are means = SDs or %. CON, control; DPD/C, deoxypyridinoline/creatinine; ICTP,
carboxy-terminal telopeptide of type 1 collagen; IGF-l, insulin-ike growth factor I; P1NP,
procollagen type 1 amino-terminal propeptide; PYD/C, pyridinoline/creatinine; ZN, zinc.

2 Tests of significance between groups were based on independent-samples t test unless
otherwise indicated.

3 Tests of significance between groups were based on chi-square test.

4 RDAs for girls aged 9-13 y: calcium, 1300 mg/d; vitamin D, 15 pg/d; and zinc, 8 mg/d (25, 26).

development in healthy premenarcheal girls. We found that
9 mg/d of elemental zinc over 4 wk stimulated bone forma-
tion, as indicated by serum P1NP concentrations. Moreover,
the zinc group exhibited a 15% increase in circulating plasma

TABLE 2 Biochemical markers at baseline and 4 wk in girls aged

zinc and no decrease in ceruloplasmin activity, suggesting that
this amount of zinc supplementation did not affect copper
status.

The importance of adequate zinc for normal bone growth and
development has been established in the large number of zinc
supplementation trials conducted in children at risk of nutrient
deficiencies. Indeed, studies in children with short stature found
that ~10 mg/d of elemental zinc supplementation improved
growth (27), midupper arm circumference (28), and biochemical
markers of bone formation (2). Although our study was conducted
in apparently healthy premenarcheal girls, mean dietary zinc
intake was below the 7 mg/d estimated average requirement and
the 8 mg/d RDA (~5 mg/d). Given that 41% of participants
had plasma zinc concentrations <10.7 pmol/L, combined with
reported intake below the RDA, it is possible that participants
were marginally zinc deficient and susceptible to suboptimal bone
development. Under these conditions, our findings would reflect
those of a zinc repletion study. However, this seems unlikely,
given that participants in the present study had a mean height of
~149 cm, and CDC growth charts show that a value of 139 cm
corresponds with a height-for-age z score that is within the normal
range for 10-y-old children. Zinc concentrations in our partici-
pants were also higher than those observed in a study of children
of short stature with known zinc deficiency (12.0 compared with
2.2 pmol/L) (29). In the present study, we showed that zinc sup-
plementation with a dose similar to previous studies (27, 28)
in addition to current dietary intake is practical and could
be beneficial for bone formation in girls during growth when
circulating zinc concentrations reach their nadir (30). These
findings have important health implications, because zinc supple-
mentation may optimize peak bone mass in childhood and
adolescence, with long-term benefits in adulthood.

Few studies have examined the effects of zinc supplementa-
tion in apparently healthy children on biochemical markers of
bone turnover. Clark et al. (13) found that 15 mg/d of elemental
zinc in pubertal girls (mean age 12 y; # = 47) had no effect on
serum osteocalcin and urinary deoxypyridinoline over 6 wk. A
more recent study also found that 10 mg/d of elemental zinc in
children (aged 8-9 y; n = 40) had no effect on serum osteocalcin
(31). A possible limitation of these studies was that they did not
measure serum PINP. Although osteocalcin has long been
considered an ideal marker of bone formation, it can also be
released into circulation during bone resorption (32, 33). The
serum concentration may therefore reflect components of both
bone formation and resorption. PINP, however, has several
functional advantages over other biochemical markers of bone

9-11 y randomly assigned to ZN or CON groups'

ZN group (n=175)

CON group (n=72) P-interaction?

Baseline 4 wk Change Baseline 4 wk Change (time x group effect)
Plasma zinc, pmol/L 12.0(11.3,12.8)  13.8(12.8, 14.7) 1.8(1.0, 2.6) 12.1(11.3,12.9)  12.3(11.3,133) 0.2(-0.3,0.7) <0.01
Ceruloplasmin activity, IU/L ~ 92.1 (86.9, 97.4)  94.8 (88.6, 101) 27(-28,82) 87.3(819,92.7) 91.7 (853, 98.1) 44(-10,99 0.65
Plasma IGF-I, ug/L 415 (359, 471) 458 (389, 526)  42.8(—8.1, 93.4) 400 (343, 457) 422 (352, 493) 22.1(—11.8,55.8) 0.51
Serum PINP, pg/L 704 (648, 759) 728 (669, 786)  23.8(—14.9,62.5) 709 (652, 766) 678 (617, 739) —31.0 (—66.4, 4.2) 0.039
Serum osteocalcin, ug/L 320(299,34.1) 325(30.2,348  05(-08,1.7) 33.3(31.2,355) 345(32.2,369) 1.2(=0.1,24) 0.40
Serum ICTP, pg/L 2421(223,26.1) 245(224,267) 03(-13,20) 247(227,26.7) 24.8(225,27.0) 0.1(=1.7,18) 0.83
Urinary PYD/C, nmol/mmol 102 (92.6, 111) 102 (93.4, 110) 0.1(—6.7, 6.5) 98.6 (89.3, 108) 101 (92.7, 110) 2.7(-57,11.1) 0.62
Urinary DPD/C, nmol/mmol 296 (27.3,32.0) 304 (27.9,329) 08(-16, 3.0 29.6 (27.2,32.0) 30.5(27.8,33.0) 09(=15,33) 0.98

" Values are means (95% Cls). CON, control; DPD/C, deoxypyridinoline/creatinine; ICTP, carboxy-terminal telopeptide of type 1 collagen; IGF-I, insulin-like growth factor I; PINP,

procollagen type 1 amino-terminal propeptide; PYD/C, pyridinoline/creatinine; ZN, zinc.

2 Tests of significance for group differences in change from baseline to 4 wk were conducted by using intention-to-treat mixed-model repeated-measures ANOVA.
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formation because of its low interindividual variability and
relative stability in serum at room temperature (14, 34). PINP
was also recommended as the primary reference standard to
assess among biochemical markers of bone formation by the
Bone Marker Standards Working Group (14).

Similar to previous findings, we did not observe an effect from
zinc supplementation on serum osteocalcin. We did, however, find
that 9 mg/d of elemental zinc increased serum PINP. Although it
is unclear why we did not observe an effect on both biochemical
markers, it is possible that PINP and osteocalcin assays assess
distinct molecular processes of bone formation that respond
differently to 4 wk of zinc supplementation. Indeed, PINP reflects
newly synthesized type 1 collagen (35), whereas osteocalcin,
considered to be a late marker of osteoblast activity, reflects
matrix mineralization (36). Therefore, it is likely that a 4 wk trial
may have been adequate for serum PINP to capture zinc-
stimulated proliferation of preosteoblasts, but not for serum
osteocalcin to reflect zinc-stimulated matrix mineralization. Also
in accordance with previous findings, we did not observe an
effect from zinc supplementation on bone resorption. It is
therefore possible that the effects of zinc supplementation are
specific to the process of bone formation.

It has been postulated that zinc’s influence on increased bone
formation may be via IGF-L, a growth factor produced primarily
by the liver and, to a lesser extent, by nonhepatic tissues
including bone. Once IGF-1 is secreted by osteoblasts in response
to growth hormone and parathyroid hormone (37), it recruits
preosteoblasts to the bone-remodeling surface and stimulates the
synthesis of bone collagen and matrix (38). Indeed, the relation
between zinc intake and IGF-I has been observed in children
with short stature (27, 29) and failure-to-thrive infants (39).
However, there was no effect from zinc supplementation on
plasma IGF-I concentrations in the present study, which is
consistent with earlier findings in healthy children (13, 31).
Given the purported mechanism, it is unclear why zinc supple-
mentation increased circulating PINP concentrations, but not
IGF-I concentrations. It is possible that circulating IGF-I con-
centrations reflect hepatic IGF-I production and not the local
bone contribution. In addition, our sample of healthy premenar-
cheal girls with normal plasma IGF-I concentrations (40) may
not have had a marked response to zinc supplementation com-
pared with those with lower IGF-I concentrations (27,29). More
research is warranted to explore additional mechanisms driving
the zinc—bone association in healthy children.

A major strength of this study was that it was a randomized,
double-blind, placebo-controlled trial. In addition, we included
P1INP as a biochemical marker of bone formation in addition to
osteocalcin, and we tested relations in a racially diverse sample
of healthy children. We acknowledge some potential limitations.
It is possible that 4 wk was inadequate to detect differences
between groups in the other biochemical markers, although this
is unlikely, given findings from other studies conducted over
shorter testing periods (41-43). Our study was also limited to
girls, and findings may not be generalizable because of differ-
ences in bone turnover by sex (44).

In conclusion, zinc supplementation was shown to stimulate
bone formation in healthy premenarcheal girls over 4 wk. A
longer-term clinical trial is warranted to determine whether zinc
supplementation is a viable strategy to augment childhood bone
structure and strength.
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