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ABSTRACT

Bone remodeling is normally evaluated using bone turnover markers/indices as indicators of bone resorption and
formation. However, during pregnancy and post-partum, there have been inconsistent results between and with-
in biomarkers for bone formation and resorption. These differences may relate to pregnancy-related changes in
metabolism and/or hemodilution altering measured marker levels. An alternative approach to evaluating bone
remodeling is to use the metal lead (Pb) concentrations and Pb isotopic compositions in blood. These measure-
ments can also provide information on the amount of Pb that is mobilized from the maternal skeleton. Despite
some similarities with accepted bone turnover markers, the Pb data demonstrate increased bone resorption
throughout pregnancy that further continues post-partum independent of length of breast-feeding, dietary in-
take and resumption of menses. Furthermore the isotopic measurements are not affected by hemodilution.
These data confirm calcium balance studies that indicate increased bone resorption throughout pregnancy and
lactation. They also indicate potentially major public health implications of the transfer of maternal Pb burden
to the fetus and new born.

Epigenetics

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The entire adult skeleton, comprised of about two-thirds mineral
and one-third osteoid, is replaced about every 10 years with approxi-
mately 10% of the skeleton being involved in bone remodeling at any
one time. The remodeling process begins when an area of bone is re-
sorbed by osteoclasts, forming a discrete pit. Osteoblasts then deposit
organic matrix, or osteoid, into the pit, and the osteoid then becomes
mineralized or calcifies. The entire process occurs over about 3 months
at any single site [1]. Bone resorption and formation are usually coupled
with an increase in bone resorption followed by increased bone forma-
tion within approximately 6-8 weeks. This bone remodeling is com-
monly evaluated by biochemical markers and, because bone
resorption and bone formation are tightly coupled, a marker from either
group usually reflects bone turnover rate [1], [2,3], [4].
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Pregnancy and lactation are characterized by major changes in ma-
ternal calcium homeostasis and bone metabolism in order to satisfy
the needs of the fetus and the newborn infant for calcium during skele-
tal growth and mineralization [2,5]. The potential calcium sources are:
increased intestinal absorption, decreased renal excretion, and in-
creased resorption from the maternal skeleton. Calcium balance studies
suggest that increased dietary intake and intestinal absorption are not
sufficient to provide the calcium required by the fetus and the maternal
skeleton is used as a source of calcium for the fetus [6] and particularly
for the newborn infant during breast feeding. During pregnancy there is
increased bone resorption despite high estradiol levels that could be ex-
pected to suppress bone resorption and even promote bone formation
[7].

Biochemical markers used for analysis of bone formation and resorp-
tion have given divergent results and lead to alternative suggestions for
markers (Table 1). The changes in Table 3 for post-partum are relative to
values in trimester 3. Thus some studies observed increased bone re-
sorption from early pregnancy [8,9] but others only during late preg-
nancy [10,11]. Likewise, bone formation markers in early pregnancy
have been reported to be unchanged [11] or decreased [9] [12,13,10].
During lactation most studies have reported an increase in bone turn-
over [9-14]. As 1,25-dihydroxyvitamin D levels decrease following de-
livery resulting in normalization of the intestinal calcium absorption
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Table 1

Summary of studies employing biochemical markers to evaluate bone remodeling.

Bone Formation Markers (measured in serum)
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Marker

No. of

subjects

Trimester
1

Trimester
2

Trimester
3

Postpartum

Reference

Changes over pregnancy & postpartum (PP)

and comment

Osteocalcin (0C)

10

X

(No change)

Gallacher (1994)

Longitudinal study; abstract only available.
Increase PP.

40

Ardawi (1997)

Compared with non pregnant controls.

Increase trimester 3 & PP.

16

Naylor (2000)

Compared with baseline. OC considered

to be unreliable marker.

22

Yoon (2000)

Compared with nonpregnant controls.

No change trimester 1 &3; decrease trimester 2.

962

Sowers (2001)

No background or controls. Decreased

trimester 1 to 2, then unchanged.

14

Umera (2002)

No controls. Low values. Decrease

trimester 2, no change till PP.

20

More (2003)

Compared with baseline. All indices
increased during pregnancy but didn’t

reach baseline even after 12 months PP.

Some results different to other studies.

15

Ulrich (2003)

Compared with baseline & non pregnant
controls. Decrease baseline to trimester

2; baseline again trimester 3.

95

Ainy (2006)

Compared with non pregnant controls.
Higher trimester 1 compared with
trimesters 2 & 3. Significant difference

between trimesters 2 & 3.

Dorota (2012)

Cross-sectional study. Comparison with
nonpregnant subjects. Highest values

trimester 1, decreases in trimesters 2 & 3.

41

92

Méller (2013)

Compared with baseline & non pregnant

controls. Decreases trimester 1 & 2.
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Bone Formation Markers (measured in serum)
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A

Marker No. of Trimester Trimester Trimester Postpartum Reference Changes over pregnancy & postpartum (PP)
subjects 1 2 3 and comment
Alkaline phosphatase
Bone 10 ? ? Gallacher (1994) | No data for trimester 1 & PP.
Alkaline N2 N
phosphatase
14 X X 4\ 4\ Uemera (2002) Increased with gestational age.
20 . A A N More (2003)
10 Black (2000) Compared with baseline. No significant
X X 4\ \l/ changes in formation markers before week 38.
16 N AN A N Naylor (2000)
17 X X Naylor (2003) Compared with background.
15 \L X Ulrich (2003) Maximum trimester 3, decreased PPbut
still above baseline.
27 X X X Kaji (2007) No controls; compared with bed rest subjects.
92 \l/ \l/ X 4\ Moller (2013) Decreased to baseline trimester 3.
40 ¥ N N N Ardawi (1997)
Total 95 Ainy (2006) Significantly | ower values trimester 1
Alkaline X X ﬁ B compared with trimester 3.
phosphatase
10 X X Black (2000)
15 X X A Ulrich (2003)
Type I collagen propeptides
Procollagen 16 Naylor (2000)
typelC \L /I\ \l/
. X
propeptide
20 - N N X More (2003)
10 X X N N Black (2000)
17 4\ - Anim-Nyame
/I\ /I\ (2002)
266 - X /]\ - Puistola (1993) Only measured markers PICP & PINP. Only abstract
available.
P rocollagen 16 \b X /]\ X Naylor (2000)
type I[N
propeptide
- X - Puistola (1993) Increased 2 fold during Tr3; only measured TR2 & 3

Osteocalcin (OC) - a vitamin-K dependent protein that binds to hydroxyapatite in calcified bone; a marker of late stages of bone formation.

Alkaline phosphatase is measured as total ALP or bone specific ALP (boneALP).

PICP is procollagen type I carboxy-terminal (C) propeptide, derived from type I collagen during its post-translational modification into the tripeptide helical form of

type I collagen.

PINP is procollagen type I N propeptide, also derived from type I collagen during its post-translational modification into the tripeptide helical form of type I collagen.

N denotes number of subjects; X denotes no change; - denotes not measured




Bone Resorption Markers
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Marker No. of Trimester Trimester Trimester Postpartum Reference Changes over pregnancy & postpartum (PP)
subjects 1 2 3 and comment
Pyridinoline (PYD) /Deoxypyridinoline(DPD)
10 ? ? ? ? Gallacher (1994) | PYD.
10 /]\ /I\ /]\ \b Black (2000) 3 types of PYD; (data for Free PYD).
10 /[\ 4\ /]\ \l/ Black (2000) Total PYD data.
16 \L /]\ /]\ /]\ Naylor (2000) 3 types of PYD & PYD(data for Total PYD).
22 - /]\ /]\ 4\ Yoon (2000) DPD.
20 - X ¢ w More (2006) DPD.
230+ Yamaga (1997) PYD (Cross sectional study; comparison with
X /]\ X 4\ non pregnant subjects).
230+ X X /]\ /]\ Yamaga (1997) DPD.
Type I collagen telopeptides
C-terminal 230+ X X A X Yamaga (1997)
crosslinking
telopeptide
(CTX-I)
16 X /[\ \[/ Naylor (2000)
17 X X 4\ /F Naylor (2003) Note difference between the 2 Naylor studies.
27 X /I\ /[\ \l/ Kaji (2007) No baseline or non pregnant controls.
78+ X \l/ - Dorota (2012) Trimesters 1 & 3 same. Similar results
/l\ for OPG & RANKL (Cross-laps).
ICTP (CTX-MMP) | 14 Uemura (2002) No change until PP.
X X X /]\
15 A X AN A Ulrich (2003)
17 - Anim-Nyame
N N N (2002)
N-terminal 230+ Yamaga (1997)
crosslinking
telopeptide X 4\ /]\ X

(NTX)
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193 X - Tellez-Rojo (2004) | No comparison with baseline or non
/]\ /]\ pregnant controls.
92 /]\ /l\ /I\ \[/ Moller (2013) Peak NTX in trimester 3.
10 Black (2000) All resorption markers show similar patterns.
A A A v
17 /]\ /]\ /F \[/ Naylor (2003)
16 \/ A A N\ Naylor (2000)
15 X /]\ \l/ Ulrich (2003) Peak NTX in trimester 3.
A
27 X /]\ /]\ \l/ Kaji (2007)

ICTP Serum Cross-linked telopeptide type I collagen

CTX Serum C-terminal telopeptide type I collagen CTX and ICTP recognize different segmental domains of the C-terminal telopeptideregion of type I collagen and

respond differently to bone metabolic processes'®

NTX cross-linked N-telopeptide of type I collagen (measured in urine) -based on an antibody against the N-terminal of collagen, including the crosslinking region1
Pyridinium cross links -deoxypyridinoline (Dpy), pyridinoline (Pyr) stabilise the collagen triple helix in mature bone, cannot be metabolised and areexcreted in urine




Other Bone Mineral MetabolismParameters
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Parameter No. of Trimester Trimester Trimester Postpartum Reference Changes over pregnancy & postpartum (PP)
subjects 1 2 3 and comment
Insulin-like growth factor I(IGF-I)
92 \l/ \l/ /]\ \l/ Moller (2013) Peak in trimester 3.
16 Naylor (2000) Peak in trimester 1 compared with baseline.
% 0 \ v
10 X X ¢ \p Black (2000)
962 X X /]\ - Sowers (2001)
Parathyroid hormone (PTH)
14 X X X X Uemera (2002) | No signifi cant change.
20 - 4\ X X More (2003) No significantincrease during pregnancy.
92 Maller (2013 Decreased.
Intact \b Q/ /]\ ( )
16 \J/ X /]\ Naylor (2000) Decreased trimester 1 compared with baseline.
10 Black (2000) Trimester 1 & 2 bone remodeling uncoupled, bone
\l/ /]\ resorption greater. Bone formation not until
X X trimester 3.
10 X X X X Black (2000) No change.
PTHrP
95 X X X - Ainy (2006) No change.
40 X /I\ /]\ \l/ Ardawi (1997) Intact PTH
Intact PTH
10 X X X /]\ Gallacher (1994)
Osteoprotegrin (OPG)
14 X /I\ 4\ \l/ Uemera (2002) | Increased with gestational age.
78+ X /F \[/ - Dorota (2012) RANKL Tr1&3 same
393 X X /]\ - Hong (2005) Cross sectional.
17 Naylor (2003
A 0 A v ylor (2003)
p-estradiol (E2)
92 /]\ 4\ /I\ \b Moller (2013) Increased during pregnancy, maximum at delivery,
back to baseline PP.
17 /]\ /]\ Naylor (2003)
15 Ulrich (2003
A A A v ch (2003




46

Other Bone Mineral MetabolismParameters
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Parameter No. of Trimester Trimester Trimester Postpartum Reference Changes over pregnancy & postpartum (PP)
subjects 1 2 3 and comment
Vitamin D parameters
14 /I\ /]\ 4\ \l/ Uemera (2002) | 1,25(0H),D,; increasedwith pregnancy.
Calcitriol 92 /]\ 4\ /]\ \V Méller (2013) | 1,25(0H),D,, increased with pregnancy.
40 X /]\ /]\ \b Ardawi (1997) | 1,25(0H),D,
95 X X X - Ainy (2006) 25(0H)D,
40 X X X Ardawi (1997) | 25(OH)D.
Calcidiol v }
20 - X X X More (2003) 25(0H)D;No significantincrease in pregnancy.
40 X 4\ \l/ X Ardawi (1997)
Calcitonin
92 \& X X X Moller (2103)
Calcium
10 X X X X Gallacher (1994)
10 X \[/ X X Black (2000)
14 X X X X Uemera (2002)
20 X X X X More (2003)
15 \l/ X X /I\ Ulrich (2003)
92 X X X Moller (2013)
16 /]\ X X \V Naylor (2000)
Phosphorous
14 X X X Uemera (2002)
20 X X X /]\ More (2003)
92 4\ X X Moller (2013)
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[13], increased mobilization of skeletal calcium would appear to be the
only source for sufficient calcium for breast-milk secretion [14,15,16,
17]. One flaw that does exist is that many of the studies did not have
preconception measurements for comparison in each individual subject
studied.

Bone formation markers may be enzymes or other proteins, measur-
able in serum/plasma and associated with osteoblast function, or may
reflect the formation of type I collagen. During bone formation,
procollagen is cleaved at the N-and C-terminal ends and thus, for exam-
ple, procollagen type I N-terminal propeptide (PINP) reflects the rate of
new bone formation [1,18].

Osteocalcin, although one of the ‘pioneer’ biomarkers of bone forma-
tion has fallen out of favor in recent years due to the problems with
standardization and the need for prompt and special handling of the
specimen due to its instability [ 1,8,[18]. The most consistent results sug-
gest decreases in osteocalcin in the 2nd trimester compared with 1st tri-
mester in most [2,6] [19,20,4,21,22] but not all studies [10,8,11].

Alkaline phosphatase or bone specific alkaline phosphatase, as with
osteocalcin, exhibits considerable variability during pregnancy and also
post-partum with no consistency across studies (Table 1).

Procollagen type I carboxy-terminal propeptide, (PICP) is another
formation marker derived from type I collagen during its post-transla-
tional modification into the tripeptide helical form of type I collagen.
Most results for this marker indicate increases for the 3rd trimester
compared with the 2nd trimester. Procollagen type I N-terminal
propeptide (PINP) is another formation marker derived from type I col-
lagen during its post-translational modification into the tripeptide heli-
cal form of type I collagen. A two-fold increase between the 2nd and 3rd
trimesters was reported in two studies [8] [23] and no change at
2 weeks post-partum compared with the end of the third trimester.
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Fig. 1. T=Standardized values of the four Pb measurements by trimester for the Low Ca
cohort showing minimal skeletal Pb mobilization between the 1%t and 2" trimesters and
rapid increase after the 2" trimester. PP denotes post-partum.

Four markers commonly used to assess bone resorption:
pyridinoline, N-terminal crosslinking telopeptide (NTX), C-terminal
crosslinking telopeptide of type I collagen (CTX-I) and C-terminal
crosslinking telopeptide of type I collagen generated by matrix
metalloproteases (CTX-MMP or ICTP) are relatively specific for bone
[1] [18]. During bone resorption, post-translationally modified frag-
ments of type I collagen that cannot be reduced to their native amino
acids and ‘recycled’, enter the circulation, and are excreted in urine in
the case of NTX and CTX measurements. Similarly, pyridinium cross-
linking molecules stabilize the collagen triple helix in mature bone, can-
not be metabolized and are excreted in urine [1]. As with the bone for-
mation markers, there is considerable variability in outcomes for the
bone resorption markers during pregnancy (Table 1). Three of the four
CTX studies showed increases in the 3rd trimester compared with ear-
lier trimesters but variability post-partum. Two of three ICTP studies
found increases for the 3rd trimester and post-partum. NTX studies re-
ported increases in the 2nd and 3rd trimesters but decreases post-
partum (Table 1). All of the pyridinium crosslinks studies reported de-
creases [3,11] or increases [8,21,24] post-partum compared with the
3rd trimester. Further discussion of bone markers is given in the Supple-
mentary Notes.

1.1. Lead and lead isotope tracking of bone turnover

Given these conflicting findings, there is a need for another approach
that would not be affected by differences in metabolism or hemodilu-
tion. The use of Pb concentrations and Pb isotopic tracing is one such al-
ternative assessment. Being similar chemically to calcium, the main
repository for Pb in the human body is in the skeleton and for an
adult, 90% of the body burden of Pb resides in the skeleton [25]. Al-
though the skeleton has been considered to be a ‘safe’ repository for
Pb, it has been demonstrated from several studies (see following), that
Pb can be mobilized from the skeleton during pregnancy and lactation
as well as menopause, extended bed rest and weightlessness. The criti-
cal evidence for mobilization of skeletal Pb comes from studies
employing the stable Pb isotopic tracing method.

2. Material and methods
2.1. Lead and Pb isotopic composition

Lead in the environment is dominated by industrial sources that in
turn have been derived from relatively few mineral deposits, most of
which have distinctive isotopic patterns (signatures or fingerprints).
People growing up in a particular environment will take Pb into their
bodies with a signature characteristic of that environment. A proportion
of this Pb will be incorporated into their skeletons that are then effec-
tively labeled with this signature. If an individual moves to an environ-
ment with a different Pb signature, the original signature can be
detected in the individual's blood for many years because Pb is released
from the skeleton as part of normal bone remodeling. What is measured
in the blood (and urine) is a mixture of the signatures from the new and
old environment. Any process that affects bone turnover rate will affect
the proportions of the two signatures. In addition to changes arising
from different environments and the levels of Pb in blood (Blood Pb),
the Pb isotopic measurements incorporate an “in-built” control as
there are 4 isotopes of Pb which are typically measured and expressed
as 208pp206pp, 207ph296ph (or their inverse) and 2°°Pb/2%4Pb ratios.
High precision isotopic measurements as reported in this paper are
measured by thermal ionization mass spectrometry (TIMS) but can
now also be measured by multi-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS). Details of the analytical methods are
described previously [27,28].

The prevalence of geologically old Pb (~1700 million years old) in
the Australian environment has resulted in a unique isotopic fingerprint
or signature, generally not available on other continents. We have
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established from blood analyses of almost 300 subjects that the Pb iso-
topic signature in subjects from other countries is significantly different
from those of multi-generational Australian residents [27]. By monitor-
ing the Blood Pb isotopes of immigrant subjects as soon as possible after
arrival in Australia, it is possible to detect changes in isotopic composi-
tion and Blood Pb concentration related to mobilization of skeletal Pb
during pregnancy and lactation [26,27] and aging [28]. It is also possible
to quantify the extra amount of Pb released (flux) from the skeleton
during pregnancy and lactation [29]. We studied 31 female subjects
from mostly European countries whose Pb isotopic signature in their
skeleton and their blood was imprinted with Pb exposure from different
sources to that prevailing in the Australian subjects. Estimates of their
skeletal Pb isotopic signature can also be obtained from analyses of
tooth Pb. In earlier isotopic investigations we demonstrated that from
42 to 70% of the Pb in blood in female adults under equilibrium condi-
tions was derived from their skeleton [30]. Although lead in blood
may change because of inputs from the environment and diet, these in-
puts were monitored at the same time as blood and urine sampling by
collection of ambient air, long-term dust accumulation (3-monthly) in
the residence, soil and dietary intake by a 6-day duplicate diet and tap
water.

2.2. Study group

In a long-term investigation on the biokinetics of lead in human
pregnancy, changes in Blood Pb concentrations and Pb isotopic
(?°°Pb/2%4Pb) ratio were monitored on a monthly basis during pregnan-
cy and for 6 months post-partum in two immigrant cohorts and these
changes were compared with an Australian control group (n = 6)
who were sampled quarterly [27] [26]. One cohort of immigrant sub-
jects to Australia was provided with a daily 1000 mg calcium supple-
mentation (Calcium Supplement group; n = 10) and the other
immigrant cohort, whose daily calcium intake was about 500 mg
(Low Calcium group; n = 15), was not supplemented. In all except 3
cases, blood, urine and environmental sampling was possible
preconception.

2.3. Statistical analyses

The changes in the four types of measurement (2°°Pb/?94Pb,
205ph,298ph and 2°5Ph,/2°7Pb and Blood Pb (in pg/dL) over trimesters 1,
2 and 3 and post-partum were investigated using a mixed model
(SPSS v.22).

The measurements were standardized so that the values for each of
the four types of measurement had a mean of zero and standard devia-
tion of one for each subject. This meant that there was no overall differ-
ence between the means of the different measurements or the means
for the groups but that overall changes over time could be assessed,
along with the interaction contrasts for the two-way (measure by
trimester) and three-way (group by measure by trimester) interac-
tions. As the standardization resulted in zero intra-class correlation
with respect to the participants, no random factor was necessary in
the mixed analysis. Only the Low Calcium and Calcium Supplement
groups (see below) were included in the analyses with results for
the native-born Australian women shown for comparative purposes
(see Fig. 3).

Informed consent was obtained for these studies.

3. Results
3.1. Lead as an indicator of bone remodeling

Changes in Blood Pb concentration (PbB_pgdL) and patterns for the
3 sets of isotopic composition (Figs. 1 to 3) are similar. Small perturba-

tions to this uniformity, such as in Fig. 2, is usually in the 2°Pb/2%4Pb
ratio which is almost 2 orders of magnitude larger than the
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Fig. 2. Standardized values of the four Pb measurements by trimester for the Calcium
Supplemented cohort showing minimal skeletal Pb mobilization during pregnancy and
the increase during post-partum. PP denotes post-partum.
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Fig. 3. Standardized values of the four Pb measurements by trimester for the Australian
pregnant cohort. The increases in the isotopic values for the 2"¢ trimester are
interpreted as intergenerational skeletal Pb mobilization in two subjects whose parents
came from Europe. PP denotes post-partum.
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206ph,297ph and 2°6Pb/2%8Pb ratios and has less precision. The similar
isotopic patterns in the figures reinforce the reliability of the isotopic ap-
proach. A lack of change or decrease in slope indicates there is negligible
or limited skeletal mobilization of Pb whereas an increasing slope indi-
cates skeletal Pb mobilization.

The 3 groups showed significant increases in Blood Pb during post-
partum compared with during pregnancy, consistent with increased skel-
etal resorption. During pregnancy there is a small decrease in Blood Pb
from the 1st to 2nd trimester for the Low Ca group (Fig. 1) but a much
larger decrease for the Ca supplemented group (Fig. 2), consistent with
other studies that only measured Blood Pb concentrations [31-44] [45].
Of interest, there was no change in Blood Pb for the Ca supplemented
group from the 2nd to 3rd trimester compared with a small increase for
the Low Ca group. Similarly, increases in Blood Pb occurred between the
2nd and 3rd trimesters at about 6 to 8 months in all of the Calcium Sup-
plemented subjects. In contrast, subjects from the Low-Calcium cohort
showed an increase in Blood Pb from the minimum value that was ob-
served at 3-4 months. Hemodilution has been considered an issue in
measurements of Blood Pb concentrations and can be corrected using
measurements of haematocrit. In the Calcium Supplemented cohort, the
changes in PbB during pregnancy were obvious whether the PbB values
were corrected or uncorrected for haematocrit [46].0n the other hand,
the Pb isotopic ratios are unaffected by hemodilution.

As with Blood Pb, there was a significant difference between the re-
sults of Pb isotopic ratios at post-partum and each of the other three
times reflecting the increased skeletal mobilization of Pb during post-
partum. The mixed model analyses showed that the main effect of tri-
mester was significant (p < 0.001) and there were also significant inter-
action contrasts between trimester and isotopic ratios reflecting the
isotopic changes between the 1st and 2nd and 1st and 3rd trimesters.
For the Low Calcium cohort the average change in the isotopic ratios
from the 1st trimester to the 2nd trimester is small to insignificant
(Fig. 1) and is interpreted to indicate minimal skeletal remodeling. In
contrast, the significant increases in isotopic ratios from the 2nd to
3rd trimester and the 3rd trimester to post-partum are attributed to
skeletal remodeling. As pregnancy progressed, the contribution of skel-
etal Pb as indicated by the isotopic ratios and Blood Pb showed a linear
increase for subjects in the Low-Calcium cohort (Fig. 1). In contrast to
the Low Calcium cohort, the isotopic ratios for the Calcium Supplement-
ed cohort increase in the 1st to 2nd trimester, then level off or show
small increases and during post-partum show consistent increases asso-
ciated with skeletal mobilization.

In the immigrant cohorts, changes in Blood Pb and isotopic ratio from
late pregnancy through the 6 months post-partum did not appear to be
related to length of breast-feeding, calcium intakes or resumption of men-
ses [47,48,49]. When an equilibrium was re-established post-pregnancy,
the contribution of skeletal Pb to Blood Pb ranged from 60 to 80% with
the remainder deriving from other sources such as air, dust, and diet.

3.2. Bone type and Pb during pregnancy and lactation

Bone mineral density and biochemical markers of bone turnover and
especially resorption indicators during pregnancy and lactation are in-
fluenced by bone type with much slower exchange from cortical than
trabecular bone (see Supplementary notes).

3.3. Epigenetics and skeletal mobilization of lead during pregnancy and
post-partum

The term epigenetics refers to heritable changes in gene expression
that does not involve changes to the underlying DNA sequence (What is
Epigenetics 2015). DNA methylation, whereby a methyl (CHs) group
from S-adenosylmethionine is added to a cytosine nucleotide or lysine
or arginine residue, is one process that is thought to initiate and sustain
epigenetic change. An individual's global DNA methylation profile can
be affected by coming into contact with metal toxicants such as lead

(Pb) [50] and arsenic [51,52]. Wright and colleagues [50] reported an
“inverse correlation between patella bone Pb levels and global DNA
methylation of LINE1 repeat elements in umbilical cord blood (UCB),
suggesting that methylation might serve as a marker for past Pb expo-
sure.” Global expression patterns and their correlation with DNA methyl-
ation in a mouse model of prenatal exposure to Pb revealed significant
association between an increase in DNA methylation and transcriptional
repression of genes associated with immune response, metal binding,
metabolism and transcription/transduction coupling [53]. In recent stud-
ies Pb-exposure caused locus-specific changes in DNA methylation de-
tectable in dried blood spots [54] and in human embryonic stem cells [55].

Previously the impact of various environmental exposures on DNA
methylation had not been demonstrated in humans beyond one gener-
ation. However in their study of 35 mother-infant pairs, Sen et al. [56]
found that elevated Pb in the mothers' blood resulted in changes in
DNA methylation of her children and grandchildren, as assessed in
dried blood samples from the Michigan Neonatal Bank.

As shown above the evidence for skeletal Pb mobilization during
pregnancy and post-partum was definitive for both immigrant cohorts
in that skeletal Pb from other countries was detected in their blood
and urine. On the other hand, it was predicted that the data for long-
term Australian subjects should have shown little or no change in
their isotopic signature although the blood Pb would show increases
during the third or possibly second trimester as has been demonstrated
in several studiesas seen in as seen in Figs. 1 and 2. However, in three
subjects there were unexpected changes in isotopic ratios which were
indicative of European Pb (Fig. 1). Similar changes were detected in
24 h urine samples which better define body burden of Pb compared
with ‘spot’ urine samples. In tracing the history of the mothers of the
three subjects it was found that they came from Europe, one each
from Holland, Poland, and Russia consistent with multi-generational
passage of lead associated with pregnancy as found by Sen et al. [56].

These data are consistent with multi-generational passage of lead
and potential effects on DNA methylation with its known effects on bi-
ology and biological versus chronological age. Further evidence for
these processes could be obtained from the children of the cohorts.

4. Discussion

The variability in outcomes for the bone formation and resorption
markers (osteocalcin, BAP, PICP, PINP) for the 1st and 2nd trimester pre-
clude any definitive statement about bone remodeling during pregnan-
cy and past-partum using different markers. While most studies suggest
increased bone resorption during the 3rd trimester, some do not [4,6].
The overall conclusion from the biochemical markers is that during
pregnancy bone turnover is increased with the increase in bone resorp-
tion preceding that of formation [8].

The 2nd trimester results for Blood Pb show decreases suggesting
that there is little skeletal resorption. However, all Pb parameters
show significant and consistent increases in the 3rd trimester compared
with the 2nd trimester indicative of increased mobilization of Pb from
the skeleton. If there is bone formation taking place, as suggested by
the bone formation markers, then this is subservient to resorption.
There are increased amounts of Blood Pb and increases in the isotopic
ratios during post-partum compared with the 3rd trimester indicative
of increased mobilization of Pb from the skeleton during this period.
The timing of increase in Blood Pb is important for fetal exposure.
Even though there is an increase of similar magnitude in Blood Pb
from a minimum value during pregnancy in both the migrant cohorts,
the fetus in the group receiving calcium supplements would be exposed
to considerably lower Pb flux (mean 145 pg Pb) than those whose
mothers had a low calcium intake (mean 330 pg Pb) [29]. A reduction
in Pb flux was noted in cynomolgous monkeys [57] and in one human
subject in another study [58]. In this regard, increases in isotopic ratios
during the 2nd trimester were observed for three Australian-born
mothers (Fig. 3) whose own mothers were migrants from other
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countries, viz. Holland, Poland and Russia. These changes demonstrate
the sensitivity of the Pb isotopic tracing method and indicate multi-gen-
erational transfer (epigenetic transfer) during pregnancy and/or lacta-
tion with obvious public health significance.

The agreement between the isotopic ratios shows that it is not nec-
essary to measure all 3 ratios. Where there are large changes in isotopic
ratios, the measurements, for example of only the 2°°Pb/2°7Pb ratio,
could be assessed more rapidly using inductively coupled plasma
mass spectrometry.

These Pb studies are consistent in showing an increase in bone re-
sorption at least from the 2nd trimester onwards and during lactation.
The Pb approach offers a powerful tool in studies of bone remodeling
during aging and osteoporosis as shown by an earlier pilot study [28].
Interestingly, the increase during lactation appears to be relatively in-
sensitive to dietary calcium intake. The mobilization of maternal skele-
tal calcium has public health implications. The data from the Australian-
born mothers of migrant mothers provide evidence of transgenerational
transfer of the skeletal Pb burden with obvious public health implica-
tions. The significance of these findings in mothers with high skeletal
Pb burdens in relation to fetal and neonatal Pb exposure needs further
consideration and study.

Acknowledgments

The authors report no conflict of interest. The lead research was un-
dertaken with funding from NIEHS contract NO1-ES-05292 “Biokinetics
of Lead in Human Pregnancy”. Along with numerous colleagues and
participants who contributed to the lead investigations we especially
thank three wonderful people, since deceased, Dr. Kathryn Mahaffey,
who was our first US National Institute for Environmental Health Sci-
ences project officer for several years, Professor Tony McMichael who
led the first stage of the contract, and Mary Salter who was our phlebot-
omist for 13 years. Bill Jameson and Paul Mushak provided insightful
guidance and encouragement throughout the project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2016.05.005.

References

[1] P. Coates, Bone turnover markers, Aust. Fam. Physician 42 (5) (2013) 285-289.

[2] UK. Moller, S. Streym, L. Mosekilde, L. Heickendorff, A. Flyvbjerg, J. Frystyk, L.T.
Jensen, L. Rejnmark, Changes in calcitropic hormones, bone markers and insulin-
like growth factor I (IGF-I) during pregnancy and postpartum: a controlled cohort
study, Osteoporosis international: a journal established as result of cooperation be-
tween the European Foundation for Osteoporosis and the National Osteoporosis
Foundation of the USA 24 (4) (2013) 1307-1320.

AlJ. Black, ]. Topping, B. Durham, R.G. Farquharson, W.D. Fraser, A detailed assess-
ment of alterations in bone turnover, calcium homeostasis, and bone density in nor-
mal pregnancy, J. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 15 (3) (2000)
557-563.

[4] H. Uemura, T. Yasui, M. Kiyokawa, A. Kuwahara, H. Ikawa, T. Matsuzaki, M.
Maegawa, H. Furumoto, M. Irahara, Serum osteoprotegerin/osteoclastogenesis-in-
hibitory factor during pregnancy and lactation and the relationship with calcium-
regulating hormones and bone turnover markers, J. Endocrinol. 174 (2) (2002)
353-359.

J.-S. Hong, J. Santolaya-Forgas, R. Romero, J. Espinoza, L.F. Goncalves, Y.M. Kim, S.
Edwin, B.H. Yoon, J.K. Nien, S.M.M. Hassan, Maternal plasma osteoprotegerin con-
centration in normal pregnancy, Am. J. Obstet. Gynecol. 193 (2005) 1011-1015.
D.K. Dorota, K.G. Bogdan, G. Mieczyslaw, L.G. Bozena, O. Jan, The concentrations of
markers of bone turnover in normal pregnancy and preeclampsia, Hypertension in
pregnancy 31 (1) (2012) 166-176.

LJ. Peppone, S. Hebl, J.Q. Purnell, M.E. Reid, R.N. Rosier, K.M. Mustian, O.G. Palesh, AJ.
Huston, M.N. Ling, G.R. Morrow, The efficacy of calcitriol therapy in the manage-
ment of bone loss and fractures: a qualitative review, Osteoporosis international:
a journal established as result of cooperation between the European Foundation
for Osteoporosis and the National Osteoporosis Foundation of the USA 21 (2010)
1133-1149.

K.E. Naylor, P. Igbal, C. Fledelius, R.B. Fraser, R. Eastell, The effect of pregnancy on
bone density and bone turnover, J. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner.
Res. 15 (1) (2000) 129-137.

[3

5

[6

(7

[8

[9] A.M. Paoletti, M. Orru, L. Floris, S. Guerriero, S. Ajossa, S. Romagnino, G.B. Melis, Pat-
tern of bone markers during pregnancy and their changes after delivery, Horm. Res.
59 (1) (2003) 21-29.

[10] U.Ulrich, P.B. Miller, D.R. Eyre, C.H. Chesnut 3rd, H. Schlebusch, M.R. Soules, Bone re-
modeling and bone mineral density during pregnancy, Arch. Gynecol. Obstet. 268
(4) (2003) 309-316.

[11] C.More, H.P. Bhattoa, P. Bettembuk, A. Balogh, The effects of pregnancy and lactation
on hormonal status and biochemical markers of bone turnover, Eur. J. Obstet.
Gynecol. Reprod. Biol. 106 (2) (2003) 209-213.

[12] K.E. Naylor, A. Rogers, R.B. Fraser, V. Hall, R. Eastell, A. Blumsohn, Serum osteopro-
tegerin as a determinant of bone metabolism in a longitudinal study of human preg-
nancy and lactation, . Clin. Endocrinol. Metab. 88 (11) (2003) 5361-5365.

[13] N.A. Cross, LS. Hillman, S.H. Allen, G.F. Krause, N.E. Vieira, Calcium homeostasis and
bone metabolism during pregnancy, lactation, and postweaning: a longitudinal
study, Am. ]. Clin. Nutr. 61 (3) (1995) 514-523.

[14] LD. Ritchie, E.B. Fung, B.P. Halloran, J.R. Turnlund, M.D. Van Laon, CE. Cann, et al., A
longitudinal study of calcium homeostasis during human pregnancy and lactation
and after resumption of menses, Am. J. Clin. Nutr. 67 (1998) 693-701.

[15] H.J. Kalkwarf, Hormonal and dietary regulation of changes in bone density during
lactation and after weaning in women, J. Mammary Gland Biol. Neoplasia 4 (319-
329) (1999).

[16] G.N. Kent, R.I Price, D.H. Gutteridge, J.R. Allen, S.L. Blakeman, C.I. Bhagat, A.S. John,
M.P. Barnes, M. Smith, D.V. Evans, Acute effects of an oral calcium load in pregnancy
and lactation: findings on renal calcium conservation and biochemical indices of
bone turnover, Miner. Electrolyte Metab. 17 (1) (1991) 1-7.

[17] CL. Vargas Zapata, C.M. Donangelo, LR. Woodhouse, S.A. Abrams, E.M. Spencer, J.C.
King, Calcium homeostasis during pregnancy and lactation in Brazilian women with
low calcium intakes: a longitudinal study, Am. J. Clin. Nutr. 80 (2) (2004) 417-422.

[18] A. Rodin, A. Duncan, H.W. Quartero, et al., Serum concentrations of alkaline phos-
phatase isoenzymes and osteocalcin in normal pregnancy, J. Clin. Endocrinol.
Metab. 68 (1989) 1123-1127.

[19] B.K.Yoon,].W. Lee, D.S. Choi, CR. Roh, ].H. Lee, Changes in biochemical bone markers
during pregnancy and puerperium, J. Korean Med. Sci. 15 (2) (2000) 189-193.

[20] M. Sowers, T. Scholl, J. Grewal, X. Chen, M. Jannausch, IGF-I, osteocalcin, and bone
change in pregnant normotensive and pre-eclamptic women, J. Clin. Endocrinol.
Metab. 86 (12) (2001) 5898-5903.

[21] E. Ainy, A.A. Ghazi, F. Azizi, Changes in calcium, 25(OH) vitamin D3 and other
biochemical factors during pregnancy, ]. Endocrinol. Investig. 29 (4) (2006)
303-307.

[22] M. Ardawi, H. Nasrat, H.S. BA'Aqueel, Calcium-regulating hormones and parathyroid
hormone-related peptide in normal pregnancy and postpartum: a longitudinal
study, Eur. J. Endocrinol. 137 (1997) 402-409.

[23] U. Puistola, L. Risteli, A. Kauppila, M. Knip, RJ. McAnulty, Markers of type I and type
III collagen synthesis in serum as indicators of growth tissue during pregnancy, J.
Clin. Endocrinol. Metab. 77 (1) (1993).

[24] A. Yamaga, M. Taga, H. Minaguchi, K. Sato, Changes in bone mass as determined by
ultrasound and biochemical markers of bone turnover during pregnancy and puer-
perium: a longitudinal study, J. Clin. Endocrinol. Metab. 81 (1996) 752-756.

[25] P.S. Barry, A comparison of concentrations of lead in human tissues, Br. J. Ind. Med.
32 (2) (1975) 119-139.

[26] B.Gulson, K. Mizon, M. Korsch, A. Taylor, Revisiting mobilisation of skeletal lead dur-
ing pregnancy based on monthly sampling and cord/maternal blood lead relation-
ships confirm placental transfer of lead, Arch. Toxicol. (2015).

[27] B.L. Gulson, KJ. Mizon, M.J. Korsch, J.M. Palmer, J.B. Donnelly, Mobilization of lead
from human bone tissue during pregnancy and lactation-a summary of long-term
research, Sci. Total Environ. 303 (1-2) (2003) 79-104.

[28] B. Gulson, K. Mizon, H. Smith, ]. Eisman, J. Palmer, M. Korsch, ]. Donnelly, K. Waite,
Skeletal lead release during bone resorption: effect of bisphosphonate treatment
in a pilot study, Environ. Health Perspect. 110 (10) (2002) 1017-1023.

[29] B.L. Gulson, J.G. Pounds, P. Mushak, BJ. Thomas, B. Gray, M. Korsch, Estimation of
cumulative lead releases (lead flux) from the maternal skeleton during pregnancy
and lactation, J. Lab. Clin. Med. 134 (6) (1999) 631-640.

[30] B.L. Gulson, K.R. Mahaffey, K.J. Mizon, M.J. Korsch, M.A. Cameron, G. Vimpani, Contri-
bution of tissue lead to blood lead in adult female subjects based on stable lead iso-
tope methods, J. Lab. Clin. Med. 125 (6) (1995) 703-712.

[31] I Hertz-Picciotto, M. Schramm, M. Watt-Morse, K. Chantala, J. Anderson, ]. Osterloh,
Patterns and determinants of blood lead during pregnancy, Am. J. Epidemiol. 152
(9) (2000) 829-837.

[32] BJ. Lagerkvist, S. Ekesrydh, V. Englyst, G.F. Nordberg, H.A. Soderberg, D.E. Wiklund,
Increased blood lead and decreased calcium levels during pregnancy: a prospective
study of Swedish women living near a smelter, Am. ]. Public Health 86 (9) (1996)
1247-1252.

[33] SJ.Rothenberg, S. Karchmer, L. Schnaas, E. Perroni, F. Zea, ]. Fernandez Alba, Changes
in serial blood lead levels during pregnancy, Environ. Health Perspect. 102 (10)
(1994) 876-880.

[34] S.J. Rothenberg, M. Manalo, ]. Jiang, F. Khan, R. Cuellar, S. Reyes, M. Sanchez, B.
Reynoso, A. Aguilar, M. Diaz, S. Acosta, M. Jauregui, C. Johnson, Maternal blood
lead level during pregnancy in South Central Los Angeles, Arch. Environ. Health
54 (3) (1999) 151-157.

[35] L.M. Schell, S. Czerwinski, A.D. Stark, P.J. Parsons, M. Gomez, R. Samelson, Variation
in blood lead and hematocrit levels during pregnancy in a socioeconomically disad-
vantaged population, Arch. Environ. Health 55 (2) (2000) 134-140.

[36] L.M. Schell, M. Denham, A.D. Stark, M. Gomez, ]. Ravenscroft, P.J. Parsons, A.
Aydermir, R. Samelson, Maternal blood lead concentration, diet during pregnancy,
and anthropometry predict neonatal blood lead in a socioeconomically disadvan-
taged population, Environ. Health Perspect. 111 (2) (2003) 195-200.


doi:10.1016/j.bone.2016.05.005
doi:10.1016/j.bone.2016.05.005
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0005
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0010
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0015
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0015
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0015
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0015
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0020
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0020
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0020
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0020
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0020
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0025
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0025
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0025
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0030
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0030
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0030
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0035
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0040
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0040
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0040
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0045
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0045
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0045
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0050
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0050
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0050
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0055
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0055
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0055
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0060
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0060
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0060
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0065
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0065
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0065
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0070
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0070
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0070
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0075
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0075
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0075
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0080
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0080
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0080
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0080
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0085
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0085
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0085
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0090
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0090
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0090
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0095
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0095
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0100
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0100
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0100
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0105
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0105
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0105
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0110
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0110
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0110
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0115
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0115
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0115
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0120
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0120
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0120
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0125
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0125
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0130
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0130
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0130
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0135
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0135
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0135
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0140
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0140
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0140
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0145
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0145
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0145
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0150
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0150
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0150
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0155
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0155
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0155
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0160
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0160
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0160
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0160
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0165
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0165
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0165
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0170
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0170
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0170
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0170
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0175
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0175
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0175
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0180
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0180
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0180
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0180

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

B. Gulson et al. / Bone 89 (2016) 40-51 51

M. Sowers, M. Jannausch, T. Scholl, W. Li, F.W. Kemp, ].D. Bogden, Blood lead concen-
trations and pregnancy outcomes, Arch. Environ. Health 57 (5) (2002) 489-495.
W.L. West, E.M. Knight, C.H. Edwards, M. Manning, B. Spurlock, H. James, A.A.
Johnson, UJ. Oyemade, O.]. Cole, O.E. Westney, et al., Maternal low level lead and
pregnancy outcomes, J. Nutr. 124 (6 Suppl) (1994) 981S-986S.

M. Moura, ]. Goncalves Valente, Blood lead levels during pregnancy in women living
in Rio de Janeiro Brazil, Sci. Total Environ. 299 (1-3) (2002) 123-129.

P. Farias, V.H. Borja-Aburto, C. Rios, I. Hertz-Picciotto, M. Rojas-Lopez, R. Chavez-
Ayala, Blood lead levels in pregnant women of high and low socioeconomic status
in Mexico City, Environ. Health Perspect. 104 (10) (1996) 1070-1074.

KS. Liu, ].H. Hao, J. Shi, CF. Dai, X.R. Guo, Blood lead levels during pregnancy and its
influencing factors in Nanjing, China, Chin. Med. Sci. J. (Chung-kuo i hsueh k'o hsueh
tsa chih/Chinese Academy of Medical Sciences), 28 (2) (2013) 95-101.

A.S. Ettinger, H. Lamadrid-Figueroa, M.M. Tellez-Rojo, A. Mercado-Garcia, K.E.
Peterson, J. Schwartz, H. Hu, M. Hernandez-Avila, Effect of calcium supplementation
on blood lead levels in pregnancy: a randomized placebo-controlled trial, Environ.
Health Perspect. 117 (1) (2009) 26-31.

M.M. Tellez-Rojo, M. Hernandez-Avila, H. Lamadrid-Figueroa, D. Smith, L.
Hernandez-Cadena, A. Mercado, A. Aro, ]. Schwartz, H. Hu, Impact of bone lead
and bone resorption on plasma and whole blood lead levels during pregnancy,
Am. ]. Epidemiol. 160 (7) (2004) 668-678.

M. Hernandez-Avila, T. Gonzalez-Cossio, J.E. Hernandez-Avila, I. Romieu, K.E.
Peterson, A. Aro, E. Palazuelos, H. Hu, Dietary calcium supplements to lower blood
lead levels in lactating women: a randomized placebo-controlled trial, Epidemiolo-
gy 14 (2) (2003) 206-212.

M. Schumacher, M. Hernandez, J.L. Domingo, ].D. Fernandez-Ballart, ].M. Llobet, J.
Corbella, A longitudinal study of lead mobilization during pregnancy: concentra-
tions in maternal and umbilical cord blood, Trace Elements and Electrolytes 13
(4) (1996) 177-181.

B.L. Gulson, KJ. Mizon, ].M. Palmer, M.J. Korsch, AJ. Taylor, K.R. Mahaffey, Blood lead
changes during pregnancy and postpartum with calcium supplementation, Environ.
Health Perspect. 112 (15) (2004) 1499-1507.

B.L. Gulson, C.W. Jameson, K.R. Mahaffey, KJ. Mizon, M.J. Korsch, G. Vimpani, Preg-
nancy increases mobilization of lead from maternal skeleton, J. Lab. Clin. Med. 130
(1) (1997) 51-62.

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

B. Gulson, K. Mizon, N. Patison, M. Korsch, Changes in blood lead after cessation of
breastfeeding, Environmental Epidemiology and Toxicology 2 (2000) 235-240.

B.L. Gulson, K.R. Mahaffey, CW. Jameson, KJ. Mizon, M.J. Korsch, M.A. Cameron, J.A.
Eisman, Mobilization of lead from the skeleton during the postnatal period is larger
than during pregnancy, J. Lab. Clin. Med. 131 (4) (1998) 324-329.

R.0. Wright, ]J. Schwartz, R.J. Wright, V. Bollati, L. Tarantini, S.K. Park, H. Hu, D.
Sparrow, P. Vokonas, A. Baccarelli, Biomarkers of lead exposure and DNA methyla-
tion within retrotransposons, Environ. Health Perspect. 118 (6) (2010) 790-795.
R.X. McHale, CF. Skibola, A.H. Smith, M.T. Smith, L. Zhang, An emerging role for epi-
genetic dysregulation in arsenic toxicity and carcinogenesis, Environ. Health
Perspect. 119 (2011) 11-19.

S.van Breda, S. Claessen, K. Lo, M. van Herwijnen, K. Brauers, S. Lisanti, et al., Epige-
netic mechanisms underlying arsenic-associated lung carcinogenesis, Arch. Toxicol.
89 (2015) 1959-1969.

R. Dosunmu, H. Alashwal, N.H. Zawia, Genome-wide expression and methylation
profiling in the aged rodent brain due to early-life Pb exposure and its relevance
to aging, Mech. Ageing Dev. 133 (6) (2012) 435-443.

A. Sen, N. Heredia, M.C. Senut, M. Hess, S. Land, W. Qu, K. Hollacher, M.O. Dereski,
D.M. Ruden, Early life lead exposure causes gender-specific changes in the DNA
methylation profile of DNA extracted from dried blood spots, Epigenomics 7 (3)
(2015) 379-393.

M.C. Senut, A. Sen, P. Cingolani, A. Shaik, S.J. Land, D.M. Ruden, Lead exposure dis-
rupts global DNA methylation in human embryonic stem cells and alters their neu-
ronal differentiation, Toxicological sciences: an official journal of the Society of
Toxicology 139 (1) (2014) 142-161.

A. Sen, N. Heredia, M. Senut, S. Land, K. Hollocher, X. Lu, et al., Multigenerational epige-
netic inheritance in humans: DNA methylation changes associated with maternal ex-
posure to lead can be transmitted to the grandchildren, Sci. Report. 5 (2015) 14466.
C.A. Franklin, MJ. Inskip, C.L. Baccanale, CM. Edwards, W.I. Manton, E. Edwards, J.E.
O'Flaherty, Use of sequentially administered stable lead isotopes to investigate
changes in blood lead during pregnancy in a nonhuman primate (Macaca
fascicularis), Fundamental and applied toxicology: official journal of the Society of
Toxicology 39 (2) (1997) 109-119.

W.I. Manton, Total contribution of airborne lead to blood lead, Br. J. Ind. Med. 42 (3)
(1985) 168-172.


http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0185
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0185
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0190
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0190
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0190
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0195
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0195
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0200
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0200
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0200
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0205
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0205
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0205
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0210
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0210
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0210
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0210
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0215
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0215
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0215
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0215
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0220
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0220
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0220
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0220
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0225
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0225
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0225
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0225
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0230
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0230
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0230
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0235
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0235
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0235
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0240
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0240
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0245
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0245
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0245
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0250
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0250
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0250
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0255
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0255
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0255
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0260
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0260
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0260
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0265
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0265
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0265
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0270
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0270
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0270
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0270
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0275
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0275
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0275
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0275
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0280
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0280
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0280
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0285
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0285
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0285
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0285
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0285
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0290
http://refhub.elsevier.com/S8756-3282(16)30140-5/rf0290

	Bone remodeling during pregnancy and post-�partum assessed by metal lead levels and isotopic concentrations
	1. Introduction
	1.1. Lead and lead isotope tracking of bone turnover

	2. Material and methods
	2.1. Lead and Pb isotopic composition
	2.2. Study group
	2.3. Statistical analyses

	3. Results
	3.1. Lead as an indicator of bone remodeling
	3.2. Bone type and Pb during pregnancy and lactation
	3.3. Epigenetics and skeletal mobilization of lead during pregnancy and post-partum

	4. Discussion
	Acknowledgments
	Appendix A. Supplementary data
	References


