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a  b  s  t  r  a  c  t

The  relationships  between  blood  lead  levels  and serum  follicle  stimulating  hormone  and  luteinizing  hor-
mone were  assessed  in a nationally  representative  sample  of women,  35–60  years  old,  from  the  National
Health  and  Nutrition  Examination  Survey  1999–2002.  The  blood  lead  levels  of  the  women  ranged  from
0.2  to 17.0  �g/dL.  The  estimated  geometric  mean  was  1.4  �g/dL,  and  the estimated  arithmetic  mean  was
1.6 �g/dL.  As  the  blood  lead  level  increased,  the  concentration  of  serum  follicle  stimulating  hormone
eywords:
HANES
lood lead
ollicle stimulating hormone
uteinizing hormone
SH

increased  in  post-menopausal  women,  women  who  had  both  ovaries  removed,  and  pre-menopausal
women.  The  concentration  of  luteinizing  hormone  increased  as blood  lead  level  increased  in  post-
menopausal  women  and  women  who  had both  ovaries  removed.  The  lowest  concentrations  of  blood
lead  at which  a relationship  was  detected  were  0.9  �g/dL for  follicle  stimulating  hormone  and  3.2  �g/dL
for  luteinizing  hormone.  Lead  may  act  directly  or indirectly  at ovarian  and  non-ovarian  sites  to increase
the concentrations  of  follicle  stimulating  hormone  and  luteinizing  hormone.
H

. Introduction

In animal studies, lead affects reproductive hormone concentra-
ions and the ovaries, and disrupts menstrual cycles. In monkeys,
ral administration of lead acetate decreased levels of luteinizing
ormone (LH), follicle stimulating hormone (FSH), and estradiol [1],
nd progesterone [2,3]. Lead accumulated in the ovaries of mice
iven intraperitoneal injections of lead nitrate [4].  Oral adminis-
ration of lead acetate reduced the number of follicles in mouse
varies [5] and the number of corpora lutea in rat ovaries [6].  Intra-
enous injection of lead chloride inhibited the development of the
ollicles of rhesus monkeys [7].  Administration of lead acetate in
rinking water [8] and intravenous injection of lead chloride [7]
isrupted the menstrual cycles of rhesus monkeys.

In humans, the amount of lead in blood is associated with infer-
ility in women [9,10].  In a clinical setting, Paksy et al. [11] found
hat lead accumulated in ovarian follicular fluid and decreased the
mount of progesterone produced by granulosa cells. Using data

rom the third National Health and Nutrition Examination survey
NHANES III), conducted from 1988 to 1994, Krieg [12] found that
erum FSH and LH concentrations increased as the blood lead level
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increased in women 35–60 years old. Increases were seen in pre-
and post-menopausal women, and women without ovaries.

In the present study, data from the National Health and Nutrition
Examination Survey 1999–2002 (NHANES 1999–2002) are used to
assess the relationships between blood lead levels and the concen-
trations of FSH and LH in women, 35–60 years old. The methods
of NHANES 1999–2002 are similar to those of NHANES III and the
NHANES 1999–2002 data afford the opportunity of replicating the
NHANES III results.

2. Materials and methods

The data and documentation for NHANES 1999–2002 can be found at the
NHANES website (http://www.cdc.gov/nchs/nhanes.htm). The data files for alco-
hol  use (alq.xpt, alq b.xpt), demographics (demo.xpt, demo b.xpt), blood lead and
serum cotinine (lab06.xpt, l06 b.xpt), serum bone alkaline phosphatase and uri-
nary N-telopeptides (lab11.xpt, l11 b.xpt), urinary creatinine (lab16.xpt, l16 b.xpt),
serum FSH and LH (lab18.xpt, l40 b.xpt), and the reproductive health question-
naire (rhq.xpt, rhq b.xpt) were downloaded on August 11–12, 2009 and September
10, 2009. Corresponding documentation files for the data files can be found at the
NHANES website as can laboratory methods manuals for the assays.
2.1. Subjects

The subjects were 1783 women who were 35–60 years old. They were examined
at  a mobile examination center between 1999 and 2002.

dx.doi.org/10.1016/j.reprotox.2011.05.012
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
mailto:erk3@cdc.gov
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http://www.cdc.gov/nchs/nhanes.htm
dx.doi.org/10.1016/j.reprotox.2011.05.012
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.2.  Sampling

Beginning in 1999, NHANES has been conducted as a continuous annual survey
nd the survey data is released on public use data files every two years. NHANES
ses a complex probability sample. Primary sampling units are usually single coun-
ies. Small counties are sometimes combined to meet a minimum population size.
lusters of households are then selected. Each person in a selected household is
creened for demographic characteristics, and one or more persons per household
re selected for the sample.

.3. Blood lead

Venous blood samples were taken at mobile examination centers. Blood lead
as  measured by atomic absorption spectroscopy in persons 1 year and older. The

ower detection limit for the blood lead measurements was  0.6 �g/dL.

.4. Serum FSH and LH

Women  35–60 years old were eligible for FSH and LH measurements. A single
lood sample was  taken for each woman. In pre-menopausal women, it was taken
ithout regard to the day of their cycle. For NHANES 1999–2000, serum FSH and

H were measured using a microparticle enzyme immunoassay. The sensitivity for
SH was  0.2 IU/L and the sensitivity for LH was 0.5 IU/L. For NHANES 2001–2002,
erum FSH and LH were measured using a paramagnetic particle, chemiluminescent
wo-step enzyme immunoassay. The sensitivity for FSH and LH was  0.2 IU/L. Non-
etectable values were assigned a value of 0.2 or 0.5 IU/L divided by the square root
f  2.

Hornung and Reed [13] recommend replacing values below the limit of detection
ith the limit of detection divided by the square root of 2 in order to produce more

ccurate statistical estimates.

.5. Covariates

.5.1. Bone alkaline phosphatase
Bone alkaline phosphatase was measured in persons 8 years and older. In

HANES 1999–2000 a solid-phase, monoclonal antibody immunoenzymetric assay
as  used to measure skeletal alkaline phosphatase in serum. The lowest reportable

alue was  0.7 �g/L. For NHANES 2001–2002, in 2001, the same immunoenzymetric
ssay was used. The lowest reportable value was 0.7 �g/L. In 2002, a one-step immu-
oenzymatic assay was  used to measure skeletal alkaline phosphatase in serum. The

owest reportable value was  0.1 �g/L.
The 1999–2001 values were adjusted to 2002 values using a regression equation

rovided in the documentation for bone alkaline phosphatase. The adjustment was
ecessary because of the change in laboratory methods. The distributions of the sam-
le person results were compared between the 2001 method and the 2002 method,
nd the two methods had statistically significantly different means. A cross-over
tudy between the two methods was performed to develop a regression equation
o  convert 2001 values to 2002 equivalent values. The regression equation was:

BDBAP = exp[−0.5326 + 1.1139x − 0.7963max[0, x − 4.5151]

+ 0.9660max[0, x − 4.9030]],

here x = log(LBXBAP), LBXBAP is the value in �g/L for 1999–2001 method, and
BDBAP is the value in �g/L for the 2002 method.

.5.2. N-telopeptides
N-telopeptides were measured in persons 8 years and older. In NHANES

999–2000, a competitive inhibition enzyme-linked solid-phase immunosorbent
ssay was used to measure the cross-linked N-telopeptides of type I bone collagen
n  urine. The lowest reportable value was 20 nM bone collagen equivalents (BCE).
or NHANES 2001–2002, in 2001, the same assay was  used. The lowest reportable
alue was  20 nM BCE. In 2002, a competitive immunoassay was used to measure
-telopeptides in urine. The lowest reportable value was also 20 nM BCE. Non-
etectable values were assigned a value of 20 nM BCE divided by the square root
f  2.

The 2002 values were adjusted to 1999–2001 values using regression equations.
he  adjustment was necessary because of the change in laboratory methods. The
istributions of sample person results were compared between the 2001 method
nd  the 2002 method. The N-telopeptide concentrations were higher in 2001. A
ross-over study between the two  methods was performed to develop regression
quations to convert 2002 values to 1999–2001 equivalent values.

Urinary N-telopeptide concentrations were adjusted for creatinine. Urinary cre-
tinine was measured in persons 6 years and older using a Jaffé rate reaction. The
imit of detection was 1 mg/dL.
.5.3. Cotinine
Serum cotinine was measured in persons 3 years and older by isotope

ilution-high performance liquid chromatography/atmospheric pressure chemical
onization tandem mass spectrometry. No limit of detection was reported.
 Toxicology 32 (2011) 277– 285

2.5.4. Mobile Examination Center Computer Assisted Personal Interview
Information about alcohol use and reproductive health came from items in the

Mobile Examination Center (MEC) Computer Assisted Personal Interview (CAPI)
questionnaire that was administered to persons, 20 (alcohol use) or 12 (reproduc-
tive  health) years or older, that were examined at a MEC. The questions that were
used are listed in Table 1. Positive responses were coded as ‘1’. ‘Refused’ and ‘Don’t
know’ were coded as missing. All other values were coded as ‘0’.

A variable called ‘status’ was created with six levels: post-menopausal, pregnant
(pre-menopausal only), currently having a period, both ovaries removed, currently
taking birth control pills (pre-menopausal only), and pre-menopausal women. Post-
menopausal women  were defined as women  who had not had a period in the last 12
months. Women  were categorized as currently having their period if they reported
that they were currently having their period or that their period started within the
previous 7 days. The levels of status were mutually exclusive. The ‘post-menopausal’
and ‘pre-menopausal’ categories contained women who were not included in one
of  the other categories.

Alcohol use was calculated from two  questionnaire items, ALQ120Q and
ALQ120U. Alcohol use was coded ‘1’ if a woman reported having 12 or more alco-
holic beverages in the past twelve months, and ‘0’ if she reported having less than
12.

The variable medical conditions or treatments was coded as ‘1’ if the response to
item RHQ040 was  ‘medical conditions or treatments’ and it was coded ‘0’ otherwise.

Hormone pill use was calculated from three items, RHQ558, RHQ566, and
RHQ574. Hormone pill use was coded as ‘1’ if a woman answered ‘yes’ to any of
the items and ‘0’ if she answered ‘no’ to all three. Hormone patch use was calculated
in the same way from two items, RHQ584 and RHQ600.

2.5.5. Demographic variables
Two  demographic variables were used. The first was age at screening

(RIDAGEYR). A classification variable called ‘age group’ was created from this vari-
able with levels 35–39, 40–44, 45–49, 50–54, and 55–60 years old. The second was
pregnancy status at the time of the MEC  exam (RIDEXPRG). This variable was used
in  conjunction with the reproductive health questions discussed above.

2.6. Statistical analysis

The computer program SAS® (Release 9.2, SAS Institute, Inc., Cary, North Car-
olina) was used to analyze the survey data. Survey procedures were used that took
into account the complex survey design. Two design variables were used, masked
variance pseudo-PSU (SDMVPSU) and masked variance pseudo-stratum (SDMVS-
TRA). The full sample 4 year MEC-exam weight (WTMEC4YR) was used.

Descriptive statistics were calculated, and regression analyses were performed
to  test for and estimate the relationships between the measurements of FSH and LH,
and  the log10 of the blood lead levels adjusted for covariates. The covariates were sta-
tus, age group, log10 serum bone alkaline phosphatase, log10 urine N-telopeptides,
log10 serum cotinine, alcohol use, currently breastfeeding, hysterectomy, one ovary
removed, Depo-Provera use, medical conditions or treatments, hormone pill use, and
hormone patch use. Status and age group were included as classification variables.
All  other variables were included as continuous variables. The two-way interactions
between status and blood lead, and status and the other covariates were included
in  the models in order to calculate separate estimates for each level of status.

In  order to determine the lowest concentrations of blood lead at which a rela-
tionship could be detected, two variables for blood lead were created. If the lead
value was less than or equal to a cutoff value, the first lead variable was assigned
the  value and the second lead variable was  set to zero. If the lead value was greater
than the cutoff value, the first lead variable was set to zero and the second lead vari-
able was  assigned the value. The cutoff value varied from the next to lowest value
of blood lead to the highest value and was incremented in steps of 0.1. The slopes
of  the two lead variables were calculated at each step. The lowest blood lead value
at which a relationship could be detected was defined as the cutoff value for which
the slope of the first lead variable was statistically significant (p < 0.05) at the cutoff
value and all subsequent greater values. Covariates were included in the models,
and separate estimates were made for each level of status. This method has been
used and described previously [12,14].

S-PLUS® (7.0 for Windows Professional Developer, Insightful Corporation, Seat-
tle,  WA)  was used to make the graphs. Simple linear least squares regression was
used to fit the data in the graphs.

3. Results

The serum FSH values ranged from 0.01 to 196.10 IU/L. The
estimated arithmetic mean was  28.70 IU/L. The serum LH values
ranged from 0.10 to 132.96 IU/L. The estimated arithmetic mean

was 20.25 IU/L. The blood lead concentrations of the women whose
FSH and LH were measured ranged from 0.2 to 17.0 �g/dL. The esti-
mated geometric mean of the concentrations was 1.4 �g/dL and the
estimated arithmetic mean was  1.6 �g/dL.
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Table 1
Items used from the Mobile Examination Center Computer Assisted Personal Interview questionnaire.

Name Description

ALQ120Q In the past 12 months, how often did you drink any type of alcoholic beverage?
ALQ120U Unit of measure (week, month, year).
RHQ030 Have you had regular periods in the past 12 months?
RHQ040 What is the reason you are not having regular periods?
RHQ050 When did you have your last period?
RHD080 Number of days since last period started.
RHQ200 Are you now breastfeeding a child?
RHD280 Have you had a hysterectomy including a partial hysterectomy, that is, surgery to remove your uterus or womb?
RHQ300 Have you had at least one of your ovaries removed (either when you had your uterus removed or at another time)?
RHQ310 Were both ovaries removed or only one?
RHD440 Are you taking birth control pills now?
RHQ520 Are you now using Depo-Provera or injectables to prevent pregnancy?
RHQ558 Are you taking pills containing estrogen only now?
RHQ566 Are you taking pills containing progestin only now?
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RHQ574 Are you taking pills containing both estroge
RHQ584 Are you using patches containing estrogen o
RHQ600 Are you using patches containing both estro

Estimated mean blood lead levels, and serum FSH and LH con-
entrations by level of status are shown in Table 2. Estimated means
f the covariates by status are shown in Table 3. The means of alco-
ol use, currently breastfeeding, hysterectomy, one ovary removed,
epo-Provera use, medical conditions or treatments, hormone pill
se, and hormone patch use are proportions. In both tables, the
inimum and maximum values are for the sample and are not
eighted population estimates.

Scatter plots of serum FSH and LH concentrations as a function
f blood lead level for each level of status are shown in Figs. 1 and 2.
here were increasing trends in the post-menopausal women,
omen with both ovaries removed, and pre-menopausal women.

Estimates of the slopes between blood lead level and serum FSH
nd LH concentrations adjusted for covariates are shown in Table 4.
erum FSH statistically significantly increased as blood lead level
ncreased in the post-menopausal women, women who had both
varies removed, and pre-menopausal women. The slope of the
ost-menopausal women was not statistically significantly greater
han the slope of the pre-menopausal women, p = 0.0519. The slope
f the women who had both ovaries removed was  not statistically
ignificantly greater than the slope of the pre-menopausal women,
 = 0.2184. Serum FSH was not statistically significantly related to
lood lead level in the pregnant women, women who were men-
truating, women who were taking birth control pills. Serum LH
tatistically significantly increased as blood lead level increased in

able 2
lood lead and serum FSH and LH concentrations by level of status.

Variable Status n M 

Blood lead (�g/dL) Post-menopausal 649 1.92 

Pregnant 56 0.93 

Menstruating 231 1.44 

Both  ovaries removed 180 1.72 

Birth  control pills 58 1.12 

Pre-menopausal 605 1.49 

Serum FSH (IU/L) Post-menopausal 647 45.569 

Pregnant 55 0.362 

Menstruating 230 12.294 

Both  ovaries removed 178 49.284 

Birth  control pills 57 5.656 

Pre-menopausal 601 15.677 

Serum LH (IU/L) Post-menopausal 646 29.150 

Pregnant 56 4.444 

Menstruating 231 8.473 

Both  ovaries removed 176 34.873 

Birth  control pills 58 3.418 

Pre-menopausal 600 14.197 

,  mean; SE, standard error; LCL, lower 95% confidence limit; UCL, upper 95% confidence
 progestin now?
ow?
nd progestin now?

the post-menopausal women  and women  who had both ovaries
removed. The slope for the pre-menopausal women was  in the
same direction as that for FSH, but it was  not statistically signif-
icant. Serum LH was  not statistically significantly related to blood
lead level in the pregnant women, women  who  were menstruating,
women who were taking birth control pills.

The lowest concentrations of blood lead at which a relationship
could be detected are shown in Table 5. For serum FSH, the low-
est concentration was  0.9 �g/dL in the group of pre-menopausal
women. For LH, the lowest concentration was  3.2 �g/dL in the
group of women  who  had both ovaries removed.

4. Discussion

In the NHANES III analysis, total bone mineral density was used
as a covariate. Total bone mineral density was not measured in
pregnant women. The relationships for pregnant women could not
be adjusted for bone mineral density. In the NHANES 1999–2002
analysis, measurements of bone alkaline phosphatase and N-
telopeptides were used instead of bone mineral density because
they were measured in pregnant women  and because they distin-

guish between bone formation and resorption. Bone alkaline phos-
phatase is an indicator of the activity of osteoblasts and bone for-
mation [15]. Osteoclasts mediate the production of N-telopeptides,
whose concentration is used as a measure of bone resorption [16].

SE LCL UCL Min Max

0.07 1.79 2.06 0.2 17.0
0.09 0.74 1.12 0.2 3.6
0.07 1.31 1.58 0.2 10.6
0.10 1.51 1.93 0.2 7.7
0.07 0.97 1.27 0.2 4.9
0.07 1.36 1.63 0.2 13.8

1.664 42.165 48.972 0.14 196.10
0.082 0.194 0.530 0.01 5.05
0.984 10.282 14.306 2.25 84.20
2.658 43.848 54.720 0.74 135.51
0.984 3.644 7.668 0.27 69.41
1.125 13.376 17.978 0.22 187.53

1.283 26.526 31.773 0.23 131.90
1.468 1.442 7.447 0.14 31.22
0.708 7.024 9.921 0.72 55.10
1.993 30.796 38.950 0.57 132.96
0.491 2.415 4.422 0.10 36.96
0.890 12.376 16.017 0.24 99.06

 limit; Min, minimum; Max, maximum.
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Table 3
Means of the covariates by level of status.

Variable Status n M SE LCL UCL Min  Max

Age (years) Post-menopausal 649 50.7 0.3 50.0 51.3 35 60
Pregnant 56 37.0 0.5 36.0 38.0 35 41
Menstruating 231 42.7 0.4 42.0 43.5 35 60
Both ovaries removed 180 49.3 0.7 47.9 50.7 35 60
Birth control pills 58 41.2 0.7 39.8 42.6 35 53
Pre-menopausal 605 43.1 0.3 42.6 43.7 35 60

Serum bone alkaline phosphatase
(�g/L)

Post-menopausal 649 14.16 0.38 13.39 14.94 3.4 93.1
Pregnant 56 8.19 0.71 6.74 9.64 3.4 25.5
Menstruating 231 11.16 0.37 10.39 11.92 4.0 36.7
Both ovaries removed 180 14.29 0.55 13.17 15.41 4.3 56.8
Birth control pills 58 9.26 0.50 8.25 10.28 3.6 21.8
Pre-menopausal 604 11.65 0.24 11.16 12.15 2.1 57.9

Urine  N-telopeptides (nM BCE/mM
creatinine)

Post-menopausal 633 41.048 1.759 37.450 44.645 6.89 409.50
Pregnant 55 45.990 5.177 35.401 56.578 13.77 206.50
Menstruating 227 39.008 7.054 24.581 53.435 8.33 935.62
Both  ovaries removed 178 37.276 1.797 33.600 40.951 3.96 150.10
Birth  control pills 58 26.102 1.623 22.783 29.421 14.51 93.98
Pre-menopausal 600 33.328 1.118 31.041 35.615 4.95 223.75

Serum cotinine (ng/mL) Post-menopausal 638 60.3821 4.7852 50.5953 70.1690 0.011 894.430
Pregnant 56 3.1439 2.8439 −2.6726 8.9603 0.011 169.300
Menstruating 228 40.8098 7.1631 26.1597 55.4599 0.011 569.900
Both  ovaries removed 178 73.6558 9.3126 54.6095 92.7021 0.011 475.000
Birth  control pills 58 7.6148 3.6375 0.1753 15.0543 0.011 211.000
Pre-menopausal 601 48.8036 5.0773 38.4194 59.1879 0.011 989.000

Alcohol
use

Post-menopausal 648 0.3218 0.0168 0.2875 0.3562 0 1
Pregnant 56 0.3322 0.1258 0.0749 0.5895 0 1
Menstruating 231 0.5441 0.0394 0.4636 0.6246 0 1
Both ovaries removed 180 0.2497 0.0398 0.1683 0.3312 0 1
Birth control pills 58 0.6032 0.0676 0.4650 0.7415 0 1
Pre-menopausal 605 0.4732 0.0313 0.4093 0.5372 0 1

Currently
breastfeeding

Post-menopausal 649 0.0000 0.0000 0.0000 0.0000 0 0
Pregnant 56 0.0116 0.0078 −0.0044 0.0276 0 1
Menstruating 231 0.0000 0.0000 0.0000 0.0000 0 0
Both ovaries removed 180 0.0000 0.0000 0.0000 0.0000 0 0
Birth control pills 58 0.0048 0.0050 −0.0054 0.0150 0 1
Pre-menopausal 605 0.0063 0.0035 −0.0007 0.0134 0 1

Hysterectomy Post-menopausal 649 0.3154 0.0229 0.2684 0.3623 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 231 0.0000 0.0000 0.0000 0.0000 0 0
Both ovaries removed 180 0.9896 0.0104 0.9684 1.0109 0 1
Birth control pills 58 0.0000 0.0000 0.0000 0.0000 0 0
Pre-menopausal 605 0.0108 0.0054 −0.0002 0.0219 0 1

One  ovary removed Post-menopausal 642 0.0921 0.0154 0.0607 0.1235 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 230 0.0328 0.0141 0.0040 0.0617 0 1
Both ovaries removed 180 0.0000 0.0000 0.0000 0.0000 0 0
Birth control pills 58 0.0570 0.0405 −0.0258 0.1399 0 1
Pre-menopausal 604 0.0348 0.0078 0.0189 0.0507 0 1

Depo-Provera use Post-menopausal 649 0.0013 0.0013 −0.0014 0.0039 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 231 0.0000 0.0000 0.0000 0.0000 0 0
Both ovaries removed 180 0.0000 0.0000 0.0000 0.0000 0 0
Birth control pills 58 0.0000 0.0000 0.0000 0.0000 0 0
Pre-menopausal 605 0.0120 0.0036 0.0046 0.0194 0 1

Medical conditions or
treatments

Post-menopausal 649 0.0967 0.0211 0.0535 0.1398 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 231 0.0349 0.0132 0.0080 0.0618 0 1
Both ovaries removed 180 0.3602 0.0544 0.2489 0.4715 0 1
Birth control pills 58 0.0332 0.0269 −0.0218 0.0881 0 1
Pre-menopausal 605 0.0391 0.0091 0.0206 0.0577 0 1

Hormone pill use Post-menopausal 649 0.2505 0.0221 0.2054 0.2956 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 231 0.0393 0.0158 0.0069 0.0716 0 1
Both ovaries removed 180 0.4771 0.0392 0.3969 0.5572 0 1
Birth control pills 58 0.0000 0.0000 0.0000 0.0000 0 0
Pre-menopausal 604 0.0742 0.0141 0.0454 0.1030 0 1
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Table 3 (Continued)

Variable Status n M SE LCL UCL Min Max

Hormone patch use Post-menopausal 649 0.0061 0.0039 −0.0019 0.0141 0 1
Pregnant 56 0.0000 0.0000 0.0000 0.0000 0 0
Menstruating 231 0.0068 0.0067 −0.0070 0.0205 0 1
Both  ovaries removed 180 0.0886 0.0302 0.0267 0.1504 0 1
Birth  control pills 58 0.0000 0.0000 0.0000 0.0000 0 0

.0080

M dence

N
c
s
p
N
P
t
a

Pre-menopausal 605 0

,  mean; SE, standard error; LCL, lower 95% confidence limit; UCL, upper 95% confi

The reproductive health questionnaires in NHANES III and
HANES 1999–2002 were not identical, resulting in some different
ovariates being used NHANES 1999–2002. In the NHANES III analy-
is, NORPLANT use, an implantable contraceptive that releases the
rogestin levonorgestrel [17], was included as a covariate. In the

HANES 1999–2002 analysis, this covariate was replaced by Depo-
rovera use, an injectable progestogen-only contraceptive [18]. In
he NHANES III analysis, radiation or chemotherapy was included as

 covariate. In the NHANES 1999–2002 analysis, this covariate was
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replaced by medical conditions or treatments. In the NHANES III
analysis, vaginal cream use was included as a covariate. In NHANES
1999–2002, this covariate was  not included because there were no
questions regarding vaginal cream use.

With regard to blood lead, serum FSH increased as the blood lead

level increased in the post-menopausal women, women who had
both ovaries removed, and the pre-menopausal women in both sur-
veys. Serum LH increased as the blood lead level increased in the
post-menopausal women and the women  who had both ovaries

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
1

2
3

4
5

Pregnant

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
20

40
60

80
10

0
12

0
14

0

Both ovaries removed

Log10  blood lead (μg/dL)

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
50

10
0

15
0

Pre-menopausal

ction of blood lead level by status.



282 E.F. Krieg Jr., H.A. Feng / Reproductive Toxicology 32 (2011) 277– 285

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
20

40
60

80
10

0
12

0

S
er

um
 L

H
 (

IU
/L

)

Post-menopausal

-1.0 -0.5 0.0 0.5 1. 0 1.5

0
5

10
15

20
25

30

Pregnant

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
10

20
30

40
50

S
er

um
 L

H
 (

IU
/L

)

Menstruating

-1.0 -0.5 0.0 0.5 1. 0 1.5
0

20
40

60
80

10
0

12
0

Both ovaries removed

-1.0 -0.5 0. 0 0.5 1. 0 1.5

0
10

20
30

S
er

um
 L

H
 (

IU
/L

)

Birth control pills

-1.0 -0.5 0.0 0.5 1. 0 1.5

0
20

40
60

80
10

0

Pre-menopausal

Log10  blood lead (μg/dL) Log10  blood lead (μg/dL)

Fig. 2. Serum LH concentration as a function of blood lead level by status.

Table 4
Slopes for serum FSH and LH, and log10 blood lead (�g/dL) by level of status.

Variable Status Slope SE LCL UCL t p

Serum FSH (IU/L) Post-menopausal 26.38 6.35 13.39 39.38 4.15 0.0003
Pregnant −0.08 0.50 −1.11 0.95 −0.15 0.8783
Menstruating 1.50 1.86 −2.29 5.30 0.81 0.4249
Both  ovaries removed 27.71 12.75 1.64 53.78 2.17 0.0380
Birth  control pills −0.33 3.03 −6.52 5.86 −0.11 0.9133
Pre-menopausal 11.97 4.25 3.27 20.66 2.81 0.0087

Serum LH (IU/L) Post-menopausal 11.63 3.54 4.40 18.86 3.29 0.0026
Pregnant 2.12 8.18 −14.62 18.86 0.26 0.7974
Menstruating 0.87 1.50 −2.20 3.94 0.58 0.5669
Both  ovaries removed 20.59 9.02 2.14 39.04 2.28 0.0300
Birth  control pills 2.19 1.73 −1.35 5.72 1.27 0.2156
Pre-menopausal 7.44 3.76 −0.26 15.14 1.98 0.0576

SE, standard error; LCL, lower 95% confidence limit; UCL, upper 95% confidence limit. The slopes were adjusted for age, log10 serum bone alkaline phosphatase, log10 urine
N-telopeptides, log10 serum cotinine, alcohol use, currently breastfeeding, hysterectomy, one ovary removed, Depo-Provera use, medical conditions or treatments, hormone
pill  use, and hormone patch use. For FSH, n = 1713; for LH, n = 1712; denominator DF = 29.
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Table 5
Lowest blood lead concentration at which a relationship was  detected by level of status.

Variable Status Blood lead (�g/dL) Slope SE LCL UCL t p

Serum FSH (IU/L) Post-menopausal 1.9 26.58 12.52 0.97 52.19 2.12 0.0424
Both ovaries removed 5.8 28.05 13.30 0.84 55.25 2.11 0.0438
Pre-menopausal 0.9 12.59 5.77 0.78 24.40 2.18 0.0375

Serum LH (IU/L) Post-menopausal 3.4 9.30 4.26 0.58 18.02 2.18 0.0375
Both ovaries removed 3.2 14.70 7.13 0.12 29.29 2.06 0.0483

SE, standard error; LCL, lower 95% confidence limit; UCL, upper 95% confidence limit. The slopes were adjusted for age, log10 serum bone alkaline phosphatase, log10 urine
N-telopeptides, log10 serum cotinine, alcohol use, currently breastfeeding, hysterectomy, one ovary removed, Depo-Provera use, medical conditions or treatments, hormone
p F = 29

r
p
s
s
r
t
a
A
e
w
c
s

a
y
m
(
a
t
N

l
l
a
s
c
o
c
L
i

s
w
c
l
f

l
[
(
s
f

t
s

[
t
t
d
[
t
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emoved in both surveys. In women currently menstruating and
regnant women, there were no statistically significant relation-
hips between blood lead level and serum FSH or LH in either
urvey. In NHANES III, there was a statistically significant inverse
elationship between serum FSH and blood lead level in the women
aking birth control pills. In NHANES 1999–2002, the slope was
lso negative, but the relationship was not statistically significant.

 larger sample of women  taking birth control pills may  be nec-
ssary to get a consistent statistically significant relationship. In
omen taking birth control pills, there were no statistically signifi-

ant relationships between blood lead level and serum LH in either
urvey.

In the NHANES 1999–2002 analysis, the estimated geometric
nd arithmetic means of the blood lead concentrations of the 35–60
ear old women were 1.4 �g/dL and 1.6 �g/dL, respectively. These
eans were less than the geometric (2.2 �g/dL) and arithmetic

2.8 �g/dL) means from NHANES III. In the NHANES 1999–2002
nalysis, the lowest concentrations of blood lead at which a rela-
ionship could be detected ranged from 0.9 to 5.8 �g/dL. In the
HANES III analysis, they ranged from 1.7 to 4.2 �g/dL.

The same increases in FSH and LH as a function of blood lead
evel occurred in both surveys. In addition to acting on the ovaries,
ead could increase FSH and LH concentrations by acting on the
drenal gland [19], hypothalamus [20], or pituitary [21]. These tis-
ues produce FSH and LH or regulate their concentrations. Lead
ould act directly on these tissues by interacting with calcium [22]
r cell proteins [23]. Lead could also act indirectly by increasing con-
entrations of �-aminolevulinic acid [24,25] or homocysteine [26].
ead may  act simultaneously at multiple sites to produce increases
n the concentrations of FSH and LH.

Lead is found in cells in the adrenal gland [27]. Lead has been
hown to affect an enzyme in the adrenal gland of rats [28], as
ell as increase aldosterone production [29] and the plasma the

oncentration of plasma corticosterone [30] in rats. No studies of
ead and the adrenal hormones that may  regulate FSH and LH were
ound.

Lead is found in the hypothalamus of rats [31,32]. In male rats,
ead affects the secretion of luteinizing hormone releasing hormone
33] and the concentration of gonadotropin-releasing hormone
GnRH) messenger ribonucleic acid [34] in the hypothalamus. No
tudies of lead and GnRH in the hypothalamus of females were
ound.

Lead is found in the in the pituitary of rats [31,35]. Lead affects
he fluidity of the pituitary membrane of female rats [36]. No other
tudies of the effects of lead on the pituitary were found.

Lead can inhibit the flow of calcium through calcium channels
37], it can mimic  calcium in stimulating the release of neuro-
ransmitters [38,39], and it can affect the amount of calcium in

he mitochondria in synaptosomes [40]. Exocytosis from neuroen-
ocrine cells [41] and from secretory cells in the anterior pituitary
42] is dependent on calcium. Lead may  interact with calcium in
hese cells to increase the concentrations of FSH and LH in the blood.
.

An increase in intracellular calcium is necessary for the develop-
ment of an oocyte [43]. Lead may interact with calcium in the ovary
and affect hormonal feedback to the hypothalamus and pituitary.

Lead can bind to calmodulin and activate it [44], it can inhibit
adenylate cyclase activity [45], and it can activate protein kinase C
[46]. These proteins are part of the signaling network that controls
the pulsatile release of GnRH from hypothalamic cells [47] and the
signaling network that is activated when GnRH binds to receptors
in pituitary cells [48]. Lead may interact with one or more of these
proteins to increase the concentrations of FSH and LH in the blood.

�-Aminolevulinic acid synthetase is found in rat ovaries [49] and
�-aminolevulinic acid induces oxidative stress in Chinese hamster
ovaries [50]. Aminolevulinic acid may  act on the ovary and affect
hormonal feedback to the hypothalamus and pituitary. In addition,
�-aminolevulinic acid has inhibitory effects at acetylcholine [51]
and �-aminobutyric acid (GABA) [52–54] synapses. Neurons that
release GnRH have acetylcholine [55] and GABA [56,57] receptors.
Aminolevulinic acid may  act at acetylcholine or GABA synapses to
increase the concentrations of FSH and LH in the blood.

Homocysteine has been found in the follicular fluid of women
[58]. Women  with polycystic ovary syndrome have higher homo-
cysteine levels than women  who  do not [59]. Homocysteine may
act on the ovary and affect hormonal feedback to the hypothalamus
and pituitary. In addition, homocysteine acts as an N-methyl-
d-aspartate agonist [60–63] and a GABA antagonist [64–69].
N-methyl-d-aspartate induces the release of luteinizing hormone
[70] and GABA regulates hypothalamic neurons that release GnRH
[71]. Homocysteine may  act at N-methyl-d-aspartate or GABA
receptors to increase the concentrations of FSH and LH in the blood.
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59] Yarali H, Yildirir A, Aybar F, Kabakç i G, Bükülmez O, Akgül E, et al. Diastolic
dysfunction and increased serum homocysteine concentrations may contribute
to  increased cardiovascular risk in patients with polycystic ovary syndrome.
Fertil Steril 2001;76:511–6.

60] Folbergrová J. NMDA and not non-NMDA receptor antagonists are protec-
tive  against seizures induced by homocysteine in neonatal rats. Exp Neurol
1994;130:344–50.

61] Jara-Prado A, Ortega-Vazquez A, Ruano LM,  Rios C, Santamaria A.
Homocysteine-induced brain lipid peroxidation: effects of NMDA receptor
blockade, antioxidant treatment, and nitric oxide synthase inhibition. Neuro-
toxicol Res 2003;5:237–43.

62] Kim WK,  Pae YS. Involvement of N-methyl-d-aspartate receptor and free radical
in  homocysteine-mediated toxicity on rat cerebellar granule cells in culture.
Neurosci Lett 1996;216:117–20.

63] Lipton SA, Kim WK,  Choi YB, Kumar S, D’Emilia DM,  Rayudu PV, et al. Neurotox-
icity associated with dual actions of homocysteine at the N-methyl-d-aspartate
receptor. Proc Natl Acad Sci USA 1997;94:5923–8.

64] Griffiths R, Williams DC, O’Neill C, Dewhurst IC, Ekuwem CE, Sinclair CD. Syner-
gistic inhibition of [3H]muscimol binding to calf-brain synaptic membranes in
the presence of l-homocysteine and pyridoxal 5′-phosphate. A possible mech-
anism for homocysteine-induced seizures. Eur J Biochem 1983;137:467–78.

65] Shastry S, Moning L, Tyagi N, Steed M,  Tyagi SC. GABA receptors and nitric oxide
ameliorate constrictive collagen remodeling in hyperhomocysteinemia. J Cell
Physiol 2005;205:422–7.

66] Shastry S, Tyagi N, Moshal KS, Lominadze D, Hayden MR,  Tyagi SC. GABA
receptors ameliorate Hcy-mediated integrin shedding and constrictive col-
lagen remodeling in microvascular endothelial cells. Cell Biochem Biophys

2006;45:157–65.

67] Tsvetnitsky V, Campbell IC, Gibbons WA.  S-adenosyl-L-homocysteine and
5′-methylthioadenosine inhibit binding of [3H]flunitrazepam to rat brain mem-
branes. Eur J Pharmacol 1995;282:255–8.



uctive

[

[

[70] Brann DW.  Glutamate: a major excitatory transmitter in neuroendocrine reg-
E.F. Krieg Jr., H.A. Feng / Reprod

68]  Tyagi N, Lominadze D, Gillespie W,  Moshal KS, Sen U, Rosenberger DS, et al.

Differential expression of �-aminobutyric acid receptor A (GABAA) and effects
of  homocysteine. Clin Chem Lab Med 2007;45:1777–84.

69] Tyagi N, Moshal KS, Tyagi SC, Lominadze D. �-Aminbuturic acid A receptor
mitigates homocysteine-induced endothelial cell permeability. Endothelium
2007;14:315–23.

[

 Toxicology 32 (2011) 277– 285 285
ulation. Neuroendocrinology 1995;61:213–25.
71] Maffucci JA, Gore AC. Chapter 2: hypothalamic neural systems controlling the

female reproductive life cycle gonadotropin-releasing hormone, glutamate,
and  GABA. Int Rev Cell Mol  Biol 2009;274:69–127.


	The relationships between blood lead levels and serum follicle stimulating hormone and luteinizing hormone in the National...
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Sampling
	2.3 Blood lead
	2.4 Serum FSH and LH
	2.5 Covariates
	2.5.1 Bone alkaline phosphatase
	2.5.2 N-telopeptides
	2.5.3 Cotinine
	2.5.4 Mobile Examination Center Computer Assisted Personal Interview
	2.5.5 Demographic variables

	2.6 Statistical analysis

	3 Results
	4 Discussion
	Conflict of interest
	Disclaimers
	References


