528 Patella Lead Influences * Theppeang et al

CME Article #2

Associations of Patella Lead With
Polymorphisms in the Vitamin D Receptor,

o0-Aminolevulinic Acid Dehydratase and
Endothelial Nitric Oxide Synthase Genes

Keson Theppeang, MHS, Brian S. Schwartz, MD,
Byung-Kook Lee, MD, Mark E. Lustberg, PhD,
Ellen K. Silbergeld, PhD, Karl T. Kelsey, PhD,
Patrick J. Parsons, PhD, Andrew C. Todd, PhD

Learning Objectives

» Summarize the demographic factors that influenced the patella lead con-
centration in this study of lead-exposed workers.

» Examine the association between genotypes for three genes and patellalead
concentration after adjusting for potential confounding factors, as well as
the relationship between patella and blood lead levels.

» Explain how genotype and age interact in determining patella lead concentration
Abstract

A cross-sectional analysis was performed to evaluate associations of polymor-
phisms in the vitamin D receptor (VDR), -aminolevulinic acid dehydratase (ALAD),
and endothelial nitric oxide synthase (eNOS) genes with patella lead concentrationsin
652 lead workers in the Republic of Korea. There was a wide range of patella lead
(from below detection limit to 946 wg Pb/g bone mineral), with a mean (standard
deviation) of 75.2 (101.0). There were no associations of ALAD or eNOS genotypes
with patella lead, but workers with the VDR B allele had significantly (P value <0.05)
higher patellalead (on average, 25% or approximately 6.6 p.g Pb/g bone mineral) than
lead workers with the VDR bb genotype. There was evidence that the relation between
age and patella lead was modified by both the VDR and eNOS genotypes. (J Occup
Environ Med. 2004;46:528-537)
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ead accumulates in bone tissue by
substituting for calcium in hydroxy-
apatite crystal, Ca,o(PO,)s(OH),,
during all stages of bone remodeling
and bone growth. Although ab-
sorbed lead deposits in the skeleton
represent approximately 90% to 95%
of an adult’s total lead burden,? the
distribution and toxicokinetics of
lead in the skeleton are influenced by
bone type (ie, the rel ative amounts of
cortical and trabecular bone), age,
gender, and genetic polymor-
phisms.*° Data suggest that trabec-
ular bone lead concentrations are
higher with current exposure but
have a shorter clearance half-time
after the cessation of exposure. (It
should be noted, however, that for
the 2°°Cd-based X RF technique, tra-
becular lead concentrations can be
higher than cortical lead concentra-
tions because the bone mineral con-
tent of trabecular boneislower.) The
estimated residence time of lead has
been reported to be 27 yearsin tibia
(consisting mainly of cortical bone)
and a significantly shorter time in
trabecular bone, ranging from sev-
eral months to years in the various
models.***?

It has now been well demonstrated
that genetic factors modify the toxi-
cokinetics of lead. The 3-aminolevu-
linic acid dehydratase (ALAD) gene
has been of primary interest. ALAD
is encoded by a single gene located
on chromosome 9p34 that has 2 al-
leles, ALAD 1 and ALAD 2, respon-
sible for 3 isozymes, ALAD™
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ALAD'™ and ALAD?*?, al of
which display similar activities but
different charges.>® The prevalence
of the ALAD 2 allele is approxi-
mately 10% in Asians and 20% in
whites.*® Current data suggest that
the ALAD 2 alleleis associated with
higher blood lead, lower dimercapto-
succinic acid (DMSA)-chelatable
lead, less efficient uptake of lead into
cortical bone, and apparent increased
mobilization of lead from trabecul ar
bone compared with the ALAD*™
genotype.>8 ALAD has ahigh affin-
ity for metal and is considered the
most sensitive enzyme to lead in the
heme pathway.® The ALAD 2 gene
product has higher affinity for lead
than does the ALAD**-encoded
isozyme,*®® but current data suggest
that there is no association between
the ALAD genotype and bone lead
concentrations in cross-sectional
studies.>* "8

The vitamin D receptor (VDR)
gene regulates the production of cal-
cium-binding proteins and accounts
for up to 75% of the total genetic
effect on bone density.® A prior
study suggested that the VDR gene
influenced the toxicokinetics of tibia
lead concentrations.® Most studies of
the VDR gene (which is located on
chromosome 12cen-12) have fo-
cused on the Bsml polymorphism;
restriction enzyme digest resultsin 3
genotypes, which are designated by
bb when the restriction site is
present, BB when the restriction site
is absent, and Bb when both alleles
are present.®>%° The BB genotype
has a prevalence of 17.2%, 4.9%,
and 2.3% in studies of whites, blacks
and Asians, respectively.® A study of
predominantly female subjects found
that females with the BB genotype
have bone mineral densities 2% to
10% lower than subjects with the bb
genotype.® Previous investigators
have aso found that subjects with
the BB genotype have higher bone
lead concentration than subjects with
the bb genotype.*®

The endothelial nitric oxide syn-
thase (eNOS) gene is aso of interest
with respect to lead; it has a common

polymorphism and studies have re-
ported associations among eNOS ge-
notype, hypertension, lead exposure,
and intracellular calcium concentra-
tions.**® Endothelial NOS is re-
sponsible for the conversion of L-
arginine into nitric oxide in the
endothelium, resulting in the relax-
ation of vascular smooth muscle.*®**
The activity of eNOS is partly regu-
lated by a change in intracellular
calcium.*>*® The eNOS gene is lo-
cated on chromosome 7 and has 26
exons.®®> A polymorphism of the
eNOS genein exon 7 involves a G to
T conversion at nucleotide position
298 (GIu298ASP).**** The 3 geno-
types, denoted GG, GT, and TT,
result in 3 phenotypes (Glu-Glu,
Glu-Asp, and Asp-Asp, respec-
tively). The Asp dlele is associated
with a reduction in the amount or
activity of eNOS.*** Current datain
animals suggest that exposure to lead
causes hypertension by depressing
nitric oxide activity.*”*® No prior
studies have evaluated associations
of the eNOS genotype with bone
lead concentrations.

We report associations between
patella lead concentrations and
ALAD, VDR, and eNOS genotypes
in a cross-sectional analysis of data
from a longitudinal study. To our
knowledge, this is the first study to
examine the influence of the VDR
and eNOS genotypes on patella lead
concentration and is the largest study
to evaluate the influence of the
ALAD genotype on patella lead in
currently exposed lead workers.

Materials and Methods

Study Overview and Design

We performed a cross-sectional
anaysis of the data from the third
visit of a 3-year longitudinal study of
the health effects of occupational
inorganic lead exposure in Korea,
focused on the influence of the VDR,
ALAD, and eNOS genetic polymor-
phisms on patella lead concentration
(which was measured at the third
study visit only). A total of 652 lead
workers who were enrolled (between
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October 24, 1997, and August 19,
1999) returned for the third study
visit (between December 19, 1999,
and June 24, 2002) and underwent a
patella lead measurement. The study
was reviewed and approved by Insti-
tutional Review Boards at The Johns
Hopkins University, Baltimore,
Maryland, and the Soonchunhyang
University School of Medicine, Cho-
nan, Korea®'® Participation in the
study was voluntary, and all partici-
pants provided written informed con-
sent. Subjects were paid approxi-
mately $30 for their participation.

Study Population

A description of the study popula-
tion has been previously pub-
lished.>*® In brief, lead workers
were recruited from 24 different
lead-using facilities, with participa
tion in most facilities exceeding
80%. Former lead workers from 3
facilities who had received medical
surveillance services by Soonchun-
hyang University for several years
were also recruited to participate in
the study.

Data Collection

Data collection methods have also
been previously reported.>*° In
brief, data were collected either at
the Ingtitute of Industrial Medicine at
Soonchunhyang University in Cho-
nan or on the premises of the lead-
using facilities. The following data
were collected or measured on al
study subjects: a standardized inter-
view for demographics, medical his-
tory, and occupational history; a neu-
robehavioral test battery consisting
primarily of examiner-administered
tests; blood pressure; periphera vi-
bration threshold and pinch and grip
strength; a 10-mL blood specimen by
venipuncture (that was stored at
-70°C as whole blood, plasma and
red blood cells); a “spot” urine sam-
ple; and a 4-hour urine sample after
oral administration of DMSA. Tibia
lead was measured at the first and
second study visits and patella lead
at the third study visit.
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Laboratory Methods

Laboratory methods for hemoglo-
bin, hematocrit, zinc protoporphyrin,
urinary creatinine, blood lead, and
tibia lead have aready been report-
ed.>*° In brief, blood lead concentra-
tions were measured with a Zeeman
background-corrected atomic ab-
sorption spectrophotometer at Soon-
chunhyang University Institute of In-
dustrial Medicine, a certified
reference laboratory for lead in Ko-
rea®® Tibia and patella lead were
assessed, in units of micrograms of
lead per gram of bone mineral, with a
30-minute measurement at the left
midtibia shaft and |eft-center patella,
respectively, using '°°Cd-based K-
shell x-ray fluorescence (XRF).*°
XRF can provide negative point es-
timates of bone lead concentrations;
however, al point estimates were
retained in the statistical analyses,
including negetive values, because
this method minimizes bias and does
not require censoring of data.

Four-hour urinary lead excretion
after oral administration of 10 mg/kg
DM SA was used to measure DM SA-
chelatable lead.*® Urine lead concen-
trations were measured in the labo-
ratories of the Wadsworth Center at
the New York State Department of
Health, Albany, New York. Urinary
lead concentrations were determined
by electrothermal atomization
atomic absorption spectrometry us-
ing previously published meth-
ods.>*°

VDR, ALAD, and eNOS
Genotyping

Genomic DNA was extracted from
whole blood by using the QIAamp
Blood Kit (QIAGEN, Hilden, Ger-
many). Genotyping methods for
ALAD and VDR have been previ-
ously reported.® For VDR genotyp-
ing, the Bsml polymorphic site in
intron 8 was amplified by polymer-
ase chain reaction (PCR) using the
primers originating in exon 7 (primer
1: 5'-CAACCAAGACTACAAG-
TACC-GCGTCAGTGA-3') and in-
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tron 8 (primer 2: 5'-AACCAGCGG-
GAAGAGGTCAAGGG-3').

For ALAD genotyping, the initial
amplification, using 3’ and 5’ oligo-
nucleotide primers (5'-AGACAGA-
CATTAGCTCAGTA-3") and (5'-
GGCAAAGAACACGTCC-ATTC-
3'), generates a 916-basepair
fragment. A second round of ampli-
fication using a pair of nested prim-
ers (provided by Dr. J. Wetmur)
sequences (5'-CAGAGCTGTTC-
CAACAGTGGA-3') and (5'-CCA
GCACAATGTGGGAGTGA-3'),
respectively, generates an 887-
basepair fragment. The amplified
fragment was cleaved at the diagnos-
tic Mspl site, only present in the
ALAD 2 dlele, and 3 isozymes are
observed, designated ALAD ™,
ALAD?, and ALAD*>.

For eNOS genotyping, the
Glu298Asp polymorphism was de-
termined by a modification of the
assay of Hibi et a.** The primer
sequences, 5'-TCCCTGAGGAGG
GCATGAGGCT-3" and 5-TGAG
GGTCACACAGGTTCCT-3', re-
sulted in a 457-basepair PCR ampli-
fication product. Subsequent diges-
tion with Banll cleaved this into 2
fragments (137 bp and 320 bp) in
G-variant individuals who have the
Banll enzyme digest restriction site.
Fragments were resolved on a 1.5%
agarose gel (with 0.2% synergel) and
stained with ethidium bromide, thus
identifying GG homozygotes, GT
heterozygotes, and TT homozygotes.

Quality control procedures con-
sisted of repeating the analyses of
every tenth sample and including
both positive and negative controls
in each batch of samples.

Statistical Analysis

The 2 primary goals of the analy-
sis were 1) to examine patella lead
concentration by VDR, ALAD, and
eNOS genotypes, controlling for co-
variates, and 2) to determine whether
the genotypes modified the relations
of age, gender, and other factors with
patella lead concentration.

Statistical analyses were per-
formed using the software programs

of STATA Corporation version 7
(College Station, TX). Linear regres-
sion was used to control for con-
founding variables; the covariates
examined in linear regression models
included age, gender, weight, height,
job duration, working status (current
or former worker), and tobacco and
acohol consumption (never, previ-
ous, and current use for each). Co-
variates were retained in the fina
regression modelsif they were either
asignificant predictor of patellalead
concentrations or if they were a con-
founder of the relations between pre-
dictor variables and patellalead con-
centration. Covariates were also
retained in the final regression mod-
elsto allow usto compare the patella
lead models with models of tibia
lead, blood lead, and DM SA-chelat-
able lead that have been previously
published from earlier study visitsin
the same subjects.>*°

Because of departures from nor-
mality, patella lead was natural log-
arithm (In)-transformed before re-
gressing on covariates. The adequacy
of In transformation was confirmed
by examination of the distributions
of the residuals after determination
of the final regression models. To
estimate the mean adjusted differ-
ence between genotypes in the un-
transformed scale, the beta coeffi-
cients were exponentiated. To
evaluate nonlinear relations, qua-
dratic terms for age and job duration
were evaluated. Effect modification
was evaluated by genotype by in-
cluding cross-product terms between
the genetic variable and age, gender,
and other relevant predictor vari-
ables.

Student’ s t tests were used to eval-
uate differences in mean In patella
lead concentrations by genotype and
differences in mean In patella lead
concentrations from the third study
visit and In tibia lead concentrations
from the second study visit.

Pearson’s correlation coefficients
were used to assess the associations
of covariates with In patella lead
concentrations from the third study
visit and In tibia lead concentrations



JOEM - Volume 46, Number 6, June 2004

from the second study visit for lead
workers who had both bone lead
concentrations measured.

Results

Description of Demographics

The ages of the 652 lead workers
ranged from 20 to 68 years, with a
mean (standard deviation) of 43.3
(9.8) years (Table 1). Job durations
ranged from 1 month to 36 years,
with a mean of 10.0 (6.5) years.
Current workers were younger than
former workers but had worked
longer (Table 1). The magjority of
both current and former workers
were male (77%; Table 2), but the
proportion of females among former
workers was significantly higher
than among current workers. More
than half the current and former
workers currently consumed alco-
holic beverages (Table 2), but the
proportion of females among former
workers was significantly higher
than among current workers. In con-
trast, current workers had a higher
prevalence of current tobacco use
than did former workers (55.4% and

38.2%, respectively; Table 2), possi-
bly a cohort effect (but there is only
4 years difference between the mean
age of the current and former work-
ers) or aresult of sampling error.

Prevalence and Associations of
Patella Lead and Genotypes

Among all lead workers, the prev-
dence of the ALAD™™, VDR bb,
and eNOS GG genotypes were
90.2%, 87.9%, and 84.0%, respec-
tively. There were small differences
in genotype prevalence comparing
current and former workers, but none
achieved statistical significance (P >
0.1).

Current workers had higher patella
lead concentrations than former
workers (80.1 wg/g vs. 63.8 wolg;
P < 0.001; Table 1). There was,
however, awide range of patellalead
concentrations in each group, with
the highest values observed in the
former workers. Although there was
a higher proportion of female work-
ers among the current workers, re-
gression analysis showed that the
interaction term between gender and
working status was not significant
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(P = 0.7) (as were the interaction
terms between gender and age, age,?
[VDR, ALAD, and eNOS] genotype,
and job duration).

There was no statistically signifi-
cant difference between the average
patella lead concentrations for cur-
rent workers with the ALAD 2 allele
and current workers with the
ALAD*™ genotype (71.3 vs. 81.1
ng/g, respectively; Table 3; P =
0.95). There was aso no significant
difference between average patella
lead for former workers with the
ALAD 2 dlele and former workers
with the ALAD*™ genotype (66.2
and 63.4 wglg, respectively; P =
0.32).

There was no significant differ-
ence between the average patella
lead for current workers with the
eNOS GT or TT genotypes and cur-
rent workers with the GG genotype
(86.1 and 78.9 wgl/g, respectively;
P = 0.88; Table 3), and there was
likewise no significant difference for
former workers with the GT or TT
genotypes and former workers with
the GG genotype (38.5 and 68.2
no/g, respectively; P = 0.18).

TABLE 1

Characteristics and Concentrations of Selected Lead Biomarkers Among Study Subjects Who Participated in the Third
Study Visit,¥ December 1999 to June 2002, Republic of Korea

Current Lead Workers

Former Lead Workers

All Lead Workers

(n = 452) (n = 200) (n = 652)
Mean SD Range Mean SD Range Mean SD Range

Age (years)* 42.2 8.7 22.3-65.0 46.0 114 20.0-67.7 43.3 9.8 20.0-67.7
Job duration (years)* 10.8 6.3 1.8-34.4 8.2 6.7 0.0-36.3 10.0 6.5 0.0-36.3
Blood lead (ng/dL)

Visit 1* 343 1238 6.7-76.1 26.4 173 4.3-78.5 319 1438 4.3-78.5

Visit 2t 356 128 7.2-83.5 240 175 3.3-82.8 325 15.0 3.3-83.5

Visit 3% 37.0 143 8.7-89.2 17.0 13.0 4.0-83.8 309 167 4.0-89.2
Tibia lead (ng/g bone mineral)

Visit 1* 371 382 —6.5-290.8 38.4 491 —7.4-337.6 375 418 —7.4-337.6

Visit 2t 33.0 389 —17.8-289.7 352 544 —11.0-334.0 356 434 —17.8-334.0
Patella lead (g/g bone mineral)

Visit 3t 80.1 943 —8.7-756.0 63.8 1143 —11.8-946.1 752 101.0 —11.8-946.1
DMSA-Pb (j.9)

Visit 1* 200.6 196.4 4.8-1794.9 150.2 230.3 4.8-2102.9 185.4 208.3 4.8-2102.9

Visit 3t 175.9 169.3 2.2-868.6 62.1 150.9 1.1-1284.3 140.2 1719 1.1-1284.3
Weight (kg)* 64.2 9.2 41.0-98.0 62.3 8.9 41.0-91.3 63.6 9.1 41.0-98.0
Height (cm)* 166.2 7.5 128.3-186.9 161.5 8.8 140.8-179.9 164.7 8.2 128.3-186.9

* Information from the first study visit (at baseline) only for lead workers who returned for the third study visit.

T Information from the second study visit only for lead workers who returned for the third study visit.

¥ Information from the third study visit only for lead workers who returned for the third study visit.

SD, standard deviation.
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TABLE 2

Characteristics and Genetic Polymorphisms Among Study Subjects Who Participated in the Third Study Visit,* December

1999 to June 2002, Republic of Korea

Current Lead Workers

Former Lead Workers

All Lead Workers

(n = 452) (n = 200) (n = 652)
No. (%) No. (%) No. (%)

Gender

Male 394 (87.2%) 109 (54.4%) 5083 (77.2%)

Female 58 (12.8%) 91 (45.5%) 149 (22.8%)
ALAD genotype

ALAD'" 407 (90.8%) 175 (88.8%) 582 (90.2%)

ALAD™? 41 (9.2%) 22 (11.2%) 63 (9.8%)
VDR genotype

VDR bb 402 (89.3%) 167 (84.8%) 569 (87.9%)

VDR Bb or BB 48 (10.7%) 30 (15.2%) 78 (12.1%)
eNOS genotype

GG 373 (83.6%) 167 (84.8%) 540 (84.0%)

GTorTT 73 (16.4%) 30 (15.2%) 103 (16.0%)
Tobacco

Never 117 (25.9%) 105 (52.8%) 222 (34.2%)

Current 250 (55.4%) 76 (38.2%) 326 (50.2%)

Previous 84 (18.6%) 18 (9.0%) 102 (15.7%)
Drink

Never 122 (27.0%) 76 (38.2%) 198 (30.5%)

Current 300 (66.5%) 108 (54.3%) 408 (62.8%)

Previous 29 (6.4%) 15 (7.5%) 44 (6.8%)

ALAD, 3-aminolevulinic acid dehydratase; VDR, vitamin D receptor; eNOS, endothelial nitric oxide synthase.

TABLE 3

Mean Patella Lead Concentrationst (ug/g) Among ALAD, eNOS, and VDR Genotype Groups by Working Status
Current Lead Workers (n = 452)

Former Lead Workers (n = 200)

All Lead Workers (n = 652)

P P P
No. Mean SD Range Valuet No. Mean SD Range Valuet No. Mean SD Range Valuet
ALAD genotype*
1-1 407 811 956 -8.7-756.0 0.95 175 63.4 117.8 —-11.8-946.1 0.32 582 757 103.0 —-11.8-946.1 0.65
1-2 45 713 823 10.0-533.8 25 66.2 88.2 0.9-393.7 70 69.5 83.9 0.9-533.8
eNOS genotype*
GG 373 789 918 -8.7-756.0 0.88 167 68.2 1224 —-8.5-946.1 0.18 540 75.6 1022 —8.7-946.1 0.39
GTorTT 73 86.1 108.0 —5.6-592.9 30 385 48,5 —11.8-946.1 103 722 96.8 —11.8-592.9
VDR genotype*
bb 402 796 919 -8.7-592.9 0.39 167 63.0 1146 —-11.8-946.1 0.26 569 74.7 99.2 -11.8-946.1 0.29
BB or Bb 48 86.8 114.7 3.6-756.0 30 672 117.2 —7.4-664.3 78 79.2 1153 —7.4-756.0

* Information from the first study visit (at baseline) only for lead workers who returned for the third study visit.

T Information from the third study visit only for lead workers who returned for the third study visit.

1 From t tests to compare the difference in mean In patella lead concentrations between: 1) ALAD'"' and ALAD'"2; 2) eNOS GG and eNOS
GT or TT; and 3) VDR bb and VDR BB or Bb.

ALAD, 3-aminolevulinic acid dehydratase; VDR, vitamin D receptor; eNOS, endothelial nitric oxide synthase; SD, standard deviation.

Both current and former workers
with the VDR BB or Bb genotypes
had higher patella lead concentra-
tions than those with the bb geno-
types, but again, in neither group of
workers did the difference achieve
statistical significance (P values
were 0.39 and 0.26 for current and
former workers, respectively; Table
3).

Comparisons of Correlations
With /n Bone Lead

For al workers, patella lead con-

centration was moderately correlated
with: blood lead concentrations for
visits 1, 2, and 3 (Pearson’sr = 0.55,
0.52, and 0.62, respectively);
DMSA-chelatable lead from visits 1
and 3 (Pearson’sr = 0.53 and 0.52,

respectively); job duration (Pear-
son’sr = 0.53); and tibia lead con-
centrations from the first and second
study visits (Pearson’sr = 0.58 and
0.65, respectively). These correla
tions were sdlightly lower among
former workers (Table 4). Tables 4
and 5 show the correlations for 1)
current, 2) retired, and 3) al lead
workers between each of 1) blood



JOEM - Volume 46, Number 6, June 2004

TABLE 4
Pearson’s Correlation Coefficient for Associations of Covariates With In Patella
Lead Concentrationst§

Current Lead Workers

Former Lead Workers All Lead Workers

Covariates (n = 452) (n = 200) (n = 652)
Blood Lead

Visit 1* 0.60 0.44 0.55

Visit 21 0.54 0.43 0.52

Visit 3t 0.65 0.63 0.62
In tibia

Visit 1* 0.60 0.59 0.58

Visit 21 0.70 0.54 0.65
In DMSA-lead

Visit 1* 0.56 0.43 0.53

Visit 3t 0.48 0.59 0.52
Age* 0.49 0.38 0.34
Job duration* 0.57 0.54 0.57

* Information from the first study visit (at baseline) only for lead workers who returned for
the third study visit.

T Information from the second study visit only for lead workers who returned for the third
study visit.

¥ Information from the third study visit only for lead workers who returned for the third
study visit.

§ Only lead workers who returned for the third study visit and who had information on both
tibia lead from the second study visit and patella lead from the third study visit.

DMSA, dimercaptosuccinic acid.

TABLE 5
Pearson’s Correlation Coefficient for Associations of Covariates With In Tibia
Lead Concentrations From the Second Study Visitt§

Current Lead Workers

Former Lead Workers All Lead Workers

Covariates (n = 452) (n = 200) (n = 652)
Blood Lead
Visit 1* 0.55 0.54 0.54
Visit 21 0.54 0.55 0.53
Visit 3t 0.59 0.63 0.54
In DMSA-lead
Visit 1* 0.54 0.55 0.53
Visit 3t 0.44 0.65 0.47
Age* 0.33 0.34 0.31
Job duration* 0.53 0.50 0.52

* Information from the first study visit (at baseline) only for lead workers who returned for
the third study visit.

T Information from the second study visit only for lead workers who returned for the third
study visit.

¥ Information from the third study visit only for lead workers who returned for the third
study visit.

§ Only lead workers who returned for the third study visit and who had information on both
tibia lead from the second study visit and patella lead from the third study visit.

DMSA, dimercaptosuccinic acid.

lead (at each of 3 visits), 2) (In)
DMSA-chelatable lead (at visits 1
and 3), 3) age, and 4) job duration

between the correlations for each of
the 2 bones measured.

and patella lead (Table 4) and tibia
lead (Table 5). Table 4 also shows
the correlation between patella lead
and tibia lead for both visit 1 and
visit 2 tibia lead. Tables 4 and 5
together show no striking differences

Predictors of Patella Lead
Concentrations in Adjusted
Analyses

After the associations between pa-
tella lead and each covariate were
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examined by simple linear regres-
sion, the statistically significant pre-
dictors of patella lead that remained
were age, gender, job duration,
smoking status, and working status
(current vs. former) (P values <
0.01; Table 6). On average, lead
workers who were older, male, had
longer working durations, were cur-
rent workers, or were current or
former users of tobacco had higher
patella lead concentrations.

In simple linear regression, associ-
ations of patella lead with weight,
height, drinking status, VDR,
ALAD, and eNOS genotypes did not
achieve statistical significance. How-
ever, after adjusting for age, gender,
job duration, working status, and a-
cohol and tobacco consumption, lead
workers with the VDR BB or Bb
genotypes had higher patella lead
concentrations (P value = 0.03; Ta
ble 6); lead workers with the VDR B
alele had patella lead concentrations
that were, on average, 25% (approx-
imately 6.6 g/g after exponentiating
the beta coefficient for patella lead
concentration) higher than workers
with the VDR bb genotypes. In con-
trast, after adjusting for the same
covariates, there was no statistically
significant difference in mean patella
lead concentration between lead
workers with the ALAD 2 dlele and
lead workers with the ALAD*™ ge-
notype. Similarly, there was no sta-
tistically significant difference in
mean patella lead concentrations by
eNOS genotype.

Prediction of Patella Lead by
Genetic and Age Interaction

The relation between age and pa-
tella lead was modified by the VDR
and the eNOS genotypes (Table 6,
models 2 and 3, respectively).

Figure 1 shows that lead workers
with the VDR B dlele had higher
patella lead concentrations than lead
workers with the VDR bb genotype
when they were younger than 45
years old. In contrast, when compar-
ing (all) workers older than 55,
workers with the VDR B allele had
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TABLE 6

Linear Regression Modeling Results Identifying Predictors of Patella Lead Concentration (In transformed) in 652 Korean

Lead Workerst

Independent Variables (units of B coefficient) B Coefficient B Standard Error P Value
Model 1 (adjusted r> = 37.9%)1§
Intercept 3.946 0.113 <0.01
Age (ng/g/y)* 0.036 0.005 <0.01
Female (n.g/g)* —0.402 0.136 <0.01
Job duration (ng/g/y)* 0.069 0.006 <0.01
Former lead worker (ng/g)* —0.359 0.082 <0.01
VDR (BB or Bb vs. bb) (ng/g)* 0.226 0.106 0.03
Model 2 (adjusted r? = 38.4%)1§||
Intercept 3.961 0.112 <0.01
Age (ng/gly)* 0.040 0.005 <0.01
Female (ng/g)* —0.424 0.136 <0.01
Job duration (n.g/g/y)* 0.067 0.006 <0.01
Former lead worker (.g/g)* —0.351 0.082 <0.01
VDR (BB or Bb vs. bb) (.g/g)* 0.264 0.107 0.01
Age X VDR (ng/g)* -0.023 0.010 0.03
Model 3 (adjusted r> = 39.0%)1
Intercept 3.965 0.112 <0.01
Age (g/g/y)* 0.032 0.005 <0.01
Female (n.g/g)* -0.374 0.136 0.01
Job duration (ng/g/y)* 0.069 0.006 <0.01
Former lead worker (ng/g)* —0.334 0.082 <0.01
NOS ([GT or TT] vs. GG) (.g/9)* -0.173 0.094 0.06
Age X NOS (n.g/9)* 0.020 0.009 0.04

* ng/g lead per gram bone mineral, In-transformed.

T Korean lead workers who returned for the third study visit only.
F Models controlled for age, gender, job duration, working status (current vs. former), categories of lifetime tobacco consumption,

categories of lifetime alcohol consumption.
§ Model controlled for VDR genotypes.

[ Model evaluated interaction between age and VDR genotypes.
9 Models evaluated interaction between age and eNOS genotype.
VDR, vitamin D receptor; eNOS, endothelial nitric oxide synthase.

lower patella lead than lead workers
with the VDR bb genotype. Both
worker age -groups had similar pa-
tellalead concentrations between the
ages of 45 and 50. On average, lead
workers with the VDR B allele had
lower increases in patella lead with
increasing age than lead workers
with the VDR bb genotype (1.7%
and 4.1% average increasesin patella
lead with each increasing year of age
for the VDR B allele and the VDR
bb genotype, respectively; P =
0.03).

Figure 2 shows that lead workers
with the eNOS GT or TT genotypes
had, on average, lower patella lead
concentrations than lead workers
with the eNOS GG genotype. How-
ever, patella lead concentrations
were similar in both groups when
age exceeded 50. On average, lead
workers with the eNOS GT or TT

genotype had greater increases in
patella lead with increasing age than
lead workers with the eNOS GG
genotype (average increases of 5.3%
per year and 3.3% per year, respec-
tively; P = 0.04).

Discussion

Our study examined patella lead
concentrations by VDR, ALAD, and
eNOS genotypes, controlling for co-
variates, and determined whether the
genotypes modified the relations of
age, gender, and other factors with
patella lead concentrations. In unad-
justed analyses, we found that there
were 4 main predictors of patella
lead: age, gender, job duration, and
working status (all P values <
0.001). In contrast, weight, height,
VDR, ALAD, and eNOS genotypes
were not associated with patella lead
concentration. In adjusted analysis,

the VDR B allele was the only geno-
type associated with higher patella
lead (compared with the VDR bb
genotype; P value = 0.03). In addi-
tion, the association between patella
lead and age was modified by VDR
(the rate of increase of patella lead
was lower for lead workers with the
VDR B adlele) and eNOS (the rate of
increase of patellalead was lower for
lead workers with the eNOS GG
genotype) (P values of 0.03 and 0.04,
respectively).

This study found that patella lead
concentration increases with age and
job duration, findings consistent with
a broad literature. Furthermore, cur-
rent workers had higher patella lead
concentrations than former workers,
a finding again consistent with pre-
vious data that patella lead can de-
crease after occupational lead expo-
sure ceases.?? This study aso found
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Fig. 1. Relation of patellalead (In transformed) with subject age in VDR genotype groups (BB
and Bb compared with bb groups) after controlling for gender, job duration, working status,
smoking, and acohol consumption for 652 current and former lead workers in South Korea,

1999-2002.

° In paatella lead concentrations for VDR bb genotype + In patella lead concentrations for

VDR B dlele
alele.

that patella lead was higher in male
workersthan in female workers. This
particular finding is also consistent
with previous data that show that
lead concentration in patella (a pre-
dominantly trabecular bone) is age-
and gender-dependent.>232*

In an adjusted model (model 1,
Table 6), lead workers with the VDR
B alele had significantly higher pa
tella lead concentrations (P value <
0.05) than lead workers with the
VDR bb genotype by, on average,
25% (approximately 6.6 wg/g bone
mineral). Previous data have sug-
gested that the VDR B dleleis aso
associated with tibia lead concentra-
tions higher than those found in sub-
jects with the VDR bb geno-
type.>®1° The association between
patella lead and VDR genotype
therefore seems to be similar to the

Fitted Values for VDR bb genotype ———— Fitted Values for VDR B

association between tibia lead and
VDR genotype.

In another adjusted model with an
interaction term (model 2, Table 6),
VDR genotype modified the relation
between patella lead and age in 2
ways:. first, lead workers with the
VDR B allele had higher patellalead
concentrations before the age of 45
and lower patella lead after age 50
(Fig. 1) compared with lead workers
with the VDR bb genotype. Second,
patella lead in lead workers with the
VDR B allele increased less with
increasing age than it did for lead
workers without the VDR B alele
(1.7% per year and 4.1% per year,
respectively; P value < 0.05). A
prior study reported that the VDR B
alele was associated with a higher
rate of increasein tibialead than was
observed with the VDR bb geno-
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type,'© a result that is in contrast to
that of the present study but which
applies to a predominantly cortical
bone. It seems possible, therefore,
that the way in which the VDR
genotype modifies the association
between bone lead concentration and
age depends on the cortical or trabec-
ular nature of the bone under consid-
eration.

The effect on health outcomes of
our finding of a 25% difference in
the patella lead concentration (age-
related) increase for VDR is un-
known but potentialy substantial
given the growing body of literature
on the adverse effects of low blood
lead concentrations and the bone's
role as a source of endogenous lead
exposure, especialy after the cessa-
tion of occupational exposure (eg,
Gerhardsson et al.** found that blood
lead was significantly associated
with calcaneus lead, a trabecular
bone, like the patella, in retired
smelter workers).

No association was observed be-
tween either the ALAD or the eNOS
polymorphisms and patella lead con-
centration. However, in adjusted
analysis (model 3, Table 6), we
found that eNOS genotype modifies
the relation between age and patella
lead: before the age of 50, lead work-
ers with the eNOS GT or TT geno-
types had lower patella lead than
those with the eNOS GG genotype,
but after the age of 50, both groups
had similar patella lead concentra-
tions (Fig. 2). Furthermore, lead
workers with the eNOS GT or TT
genotypes tended to have patellalead
concentrations that increased at a
greater rate with increasing age than
the rate of increase in lead workers
with the eNOS GG genotype (5.3%
per year and 3.3% per year, respec-
tively; P value < 0.05).

Conclusions

In conclusion, age, gender, job
duration, and working status were
found to be predictors of patellalead
concentration. After controlling for
these predictors, VDR genotype was
associated with patella lead concen-
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Fig. 2. Relation of patellalead (In transformed) with subject age in eNOS genotype groups (TT
and GT compared with GG groups) after controlling for gender, job duration, working status,
smoking, and acohol consumption for 652 current and former lead workers in South Korea,

1999-2002.

° In paatella lead concentrations for eNOS GG genotype + In patella lead concentrations for

eNOS GT or TT genotype
for eNOS GT or TT genotype.

tration, and in addition, VDR and
eNOS genotypes modified the asso-
ciation between patellalead and age.
It is possible that VDR and eNOS
genotypes modify bone mineral den-
sity or the kinetics of lead in bone
(ie, the accumulation in or release of
lead from bone). These data suggest
that the VDR B allele could be asso-
ciated with higher patella lead con-
centrations in younger people, com-
pared with the VDR bb genotype, but
lower patella lead concentrations in
the elderly. In addition, the eNOS
GT or TT genotypes could be asso-
ciated with lower patella lead con-
centrations in younger people, com-
pared with the eNOS GG genotype,
but higher patella lead concentra
tions in older people. These data
imply that an individual’s suscepti-
bility to lead toxicity could be a

Fitted Values for eNOS GG genotype ———— Fitted Vaues

function of age, VDR, and eNOS
genotypes.
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