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N . ABSTRACT -
/ S
" Exposure to lead in the workplace or home environment has been zmplzcated as.a cause of decreased fertility in
women. [n a previous study, as part of our effort to determine effects of lead in primates, female rhesus monkeys
were exposed 10 lead acetate in drinking water (n=10) or provided water with no added lead (n=7) for 33 mo.
‘Lead was administered at levels between2 and 8 mglkglday, with doses adjusted to keep blood lead values near a
target of 70 ugldl (observed mean + SEM = 68.9+ 6.54 pgidl). Bload lead concentrations in control animals were
< 10 pgldl. No significans differences were detected between control and experimental animals in body weight,
hematocrit, or general health. Female monkeys receivin ;lead exhibited longer and more variable menstrual
cycles and shorter menstruai flow. In the present. study, circulating amounts of progesierone (Py) were determined
to.evaluate luteal function during the final 7 mo of treatment with lead. Several characteristics were altered as a
result of lead treatment: circulating amounts of P4 were reduced as indicated by relative units of area under the
concentration-time curve, maximal amounts of P4 were reduced, and Py levels were > 1 ng/ml on fewer da)s
Thergwere no significant differences between groups in mean percent of anovulatory cycles. Therefore, although
chronic freatment with the levels of lead used in this study did not prevent ovulation, luteal function was sup-
pressed. These results extend previous observations of adverse effects of lead on ovarian activity and fertility in

monkeys)

TR

INTRODUCTION 1983). Reproductive anomalies range from sterility,
menstryal disturbances, premature rupture of the amnio-
tic membrane, premature delivery, and decreased birth
,, Y = on H eukE " weight to chromosomal aberrations, macrocephaly, mis-
Lead has long been recognized as a toxicant (Hamilton carriage, stillbirths, and early death of offspring (Forni
and Hardy, 1983), and much effort has been devoted to et al,, 1980: Nordstrom et al.. 1979: Eahim et al.. 1976:
reducing fhe use of lead in our daily lives. Neverthe-  pypous 1,9’72). S T anim e e aee

less, exposure 1o lead is still prevalent in the form of at- Resuits from controlled animal studies indicate that
mospheric lead from vehicular exhaust, lead solder in lead has an equally wide-ranging and profound effect

;’ater pipes, and lead used in various industries. Lead o several aspects of reproductive function as well as
45 damaging effects on fertility, pregnancy, and fetal o embryonic development. For example; studies have

development in women living near or working in facto- linked oral lead exposure to delayed vaginal opening in
res using lead (Rom, 1976; Hamilion and Hardy, jmmature female rats (Kimmel et al, 1980). Adult

female mice and rats exhibited irregularity of estrous

o,

~ Reproductive biologists are concerned with lead be-
- cause of its toxi¢ effects on the reproductive system.

_ ' ' ‘ cycies qnd anestrus when given lead by various routes
RAccepmd August 1, 1989, (oral: Hilderbrand et al., 1973; s.c. injection: Lach and
soived Febrary 24, 1988, Src‘bro, 1972; s.c. injection: Der et al., 1974). Cessation
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siy ofwfﬁc;;xg:mn v?ng-']g? mm? ggx_:)clo;Ofgy Clclxlm;, Univer- bers sccondary and tertiary follicles were observed in
erional Prinas b ot & pr:‘l‘m‘l’my @or:";‘f‘ s w‘s""'ork ’“‘m' é rhesus monkeys injected with doses of lead that
‘Ppgﬁw in Biclogy of Reproduction 34 (Suppl. 1):186 (1986). oduced overt toxicity (Vermande-Van Eck and
requesss and present address: Patricia A. Franks, University of - Majoc g 1%0) Female rhesus monkeys exposed to sub-

LSL iCs. clinical levels of lead in their drinking water showed

Tc-“mmo, Erindale ("ampus, Department of Psychology, Mississauga, Ontario,
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significantly longer and more variable menstrual cycles
as ‘well as reduced frequency of menstrual cycles and
shorter duration of menses (Laughlin et al., 1987). Lead

, pmsomng m‘macaques, induced by admxmstcnng lead
: n

WO groups were similar in age, number of previous
. pregnancies, and parental experience. The experimental
animals had been treated with lead during 3 periods of
approximately © 14 mo each in 19761977,
1978~ 1979 and 1980 1981 (in conjuncnon with

aﬁalyzed for LPP
were stablg, only 3
equal intervals)
le frain controls
atocrit vol-
ples, was de-

thﬁ!lntehl phase If
: 30 ﬁequency of
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(Holly Hill Biologicals, Inc., Hillsboro, OR) was raised
in rabbits against a conjugate of progesterone-11-suc-
¢inyl bovine serum albumin and its specificity was
vcnﬁecl to be adequate for unchromatographed samples;
lasma way assayed; and 3) the range of the
250 P8 W1th an a.verage 50%

RESULTS

5 Effects of Lead Exposure
on General Health

All animals maintained stable body weights during
the smdy, and there was no significant difference be-
tween control (7.08 £ 0.36 kg) and treated (7.33 £ 0.77

kg) females. The mean blood lead level of experimental
Wimals ‘was 68.9 + 6.54 pg/100 ml; values for the
Control females were <10 1g/100 ml. Concentrations of
ZPP were significantly greater for treated animals
(1074 + 12.0 pg/dl blood) than for control animals
(147 + 14.4 pg/dl blood). Hematocrit values ranged
from 36% to 44% and did not differ significamly
between groups. There was no significant correlation
between 1éad intake and blood lead Jevel (r=0.57) or

- Relationship between Menstrual -Cycles
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between lead intake and ZPP concentration (r=0.56)
among the experimental monkeys. This was not surpris-
ing given that lead intake was adjusted to maintain
equivalent blood lead levels across all the treated mon-
keys, thus restricting the range of correlation,

and Plasma Progesterone Patterns Jor
Individual Subjects

Menstrual cycles were considered anovulatory when
menstruation was preceded by a maximum .amount of
P, lower than 1.0 ng/ml. There was no sxgmﬁcant
difference between control and experimental subjects in
the mean percent of anovulatory cycles (31% £ 8.7 vs.
40% * 12.3, respectively).

Time-line graphs are shown for females which exem-
plify the most regular, average, and least regular pai-
terns of Py profiles for control (Fig. 1) and experimental
roups Figure 1a shows the Py curve for the
control subject (Con 7 in Table 1) with the most regular
pattern, Con 5 ‘m Table 1 shows a similar curve,

s across all 7 mo of the study A control
) that had ovulatory cycies in spnng and

wnh the Iowest or least frequem P4
¥n in Figure lc (Con 1). The monkey
igure ic showed ovalatory cycles in the
one in summer, and it did not resume
by the end of the study in fall. Con 6 exhib-
al pattem havmg.‘only one P4 peak, of
n th Cort 3 had a pattern
tof Con 1, except for the dccutrence of an
addmonal mﬁulatoxy cycle in faiL

ar tp that of thTe\ most regular com:ol
ed in Figure 1a. Nevertheless, P, peaks
were lower ‘than for the most regular

. »com;rols.

Three additional experimental monkeys (Pb8, Pb9,
and PblO) showed ovulatory cycles in both spring and
fail butmot in summer (Fig. 2a). P, peaks for these 3
monkeys also were markedly lower than for the con-
wols in Figure 1, 2 and b. '

Five expenmemal monkeys (Pbl, Pb2, Pb3, Pb4, and
Pb7) Had curves similar 1o the curve for Pb7 (shown in
Fig. Qh’)f a monkey that had neither the most regular nor
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"FIG. 1. Progesterone profiles for control subjects for the 7 mo of the study.
Panel a: an example of most regular patiern; Panel b: an cxample of an average
pattern; Panel ¢: an example of least regular pattern. Solid blocks correspond 16
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FIG. 2. Progesterone profiles for cxperiinental subjects for th 7 mo of the

study. Panel a: an example of most regular pantern; Panel b: an example of sﬂt
average pattern; Panel c: an example of least regular pattem. Solid blocks core
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'[AB LE 1. Swnman: of dlatz on mdw:dual suby:cts. showu asmeans and standard errars of repealed measures per subjecx.
Body . Total# of
PbB 7PP menstruzl periods, P4 peak heighs, “g’y‘%‘ vand
Pb dose (ugfdlblood) (ug/di blood) By peaks (), & e, McandeaDay
- {mg/kg/day) 3)‘ (n = 1{5)‘ ‘ovulamry P4 peaks Overall: Spnng ) Summer Fall o
50" 593 " 06 4 0.49 127 012 009
15.49 (‘1). i (12.2) 313) (L3) 4.0
60 09 0.61 153 021 009
10 82 .(2). (12.]) 28.3y (5:3) &2.8)
1876 122 063 A
E (2)' - i (o.ﬂ) -
073 0.16 0.28
_(2). 2 (20.3) #.9) (1.6
= - 0.05 -
_(_m. - - ©.5 -
5 - 269 1.88 358 2.62
)6 (39.4) (37.3) - (654 (14.4)
4 032 0.97 0.00 0.00
(2). .4) 2.1 (o) 00
143 140 [t 88 2.00
(7) 6 (38.1) “1.3) ) 52.2)
1.60 172 1.44
(6) 6 (25 3) (44.4) (29.4)
107 3,06
(6). (27 4) 24.0) (40.8)
5 ; ? 0.81
(5-); 3 (23:1) (51.0) G0
E 3. 0.15
(3), (37.3) (88:6) 0.6
- 1.48 -
(3). - (25.2) -
; 3,50 3.73 444
.(5). . (658) (1263) G1.8
Co281 2,83 352
(5:2.3) (84.6)

(;13. (60.0)
4 -
(1_')~ 1 -
(8),

the least regular pattern of P, profiles of these 5. Note Finally, one experimental monkey (Pb5) exhibited

the small ovulatory peak in spring, followed by an ano-

Vulatory cycle, with no further ovtilatory cycles during .

the summer and fall months. This subject had no detect-
able Ievels Gf P4 during the summer and -fall. The other

S howed small increases;of Py in summer and
one of the increases exceeded 0.3 ng/ml.
(Pb3) had one ovulatory cycle in late
ther in early summer. A second morkey
one ovulatory peak and that occurred in

the curve shown in Figure 2c. This monkey had very
little P, secretion and only two periods of menstrual
bleeding during the entire 7 mo of the study, both
occurring in the summer months. It is pertinent that this
monkey received the highest lead dose of all (8 mg/kg/
day) and had the second highest mean ZPP level, yet
had the lowest mean blood lead level in the group. By
contrast, the apimal receiving the lowest lead dose of
all (Pb9 at 2 mg/kg/day) had a mean ZPP level in the
midrange and ‘the highest mean blood Iead level; she
had a P pattem virmally identical to that in Figure 2a,

‘with low peaks and with six ovulatory cycles over the 7

mo of the study. In addition, the experimental monkey
with the most regular cycles (not shown) also received

DUP040007213
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TABLE 2. Effects of lead on progesierone measures.

AA;I.C.ﬂ ——— Days -
under curve height above.
Group n _ feclative upitsy*  (mgfml)* 1 ng/md
Conrol 7 652 281 10,54
(03392 ( g
(0.24) ) (063;)
omrolsbyz-mléd H.est. p<005,
begmﬁcam!ydiffuem cpm]sbyz‘tmled:m p<0.01.
and SEM (in parentheses).

one of the lowest doses of lead (3 mg/kg/day) and had a
ZPP and blpod lead level in the midrange.

Plasma Frogesterone Levels

Four different characteristics of P, were analyzed to .
assess differences between control and experimental .

morikeys: 1) number of P; peaks (a peak was deter-
mined to be a rise in Py levels above 1 ng/ml as
determined from the P4 profile of each animal); 2)
height of P, peaks; 3) area under the curve; and 4)
number of days when P, was above 1 ng/ml. There
were no significant differences in actual numbers of Py
peaks between the two groups. However, in other char-
acteristics, clear differences between groups were not-
ed. Table 2 compares Pa levels of treated and control
animals. Animals exposed to lead had only 60% of the
Py values of control animals, which was manifested 1 ina
significantly smaller area under the curve (1=2.16,
p<0.05) and significantly shorter peak heights of P,
(1=2.63, p<0.01). Monkeys exposed to lead also had
significantly fewer days. per cycle when P, levels were

1 nghnl (1=3.10, p<‘0'01)

For all annnals in both groups, the frequency of
blood : sarnpling was 3/wk starting on Day 10 of the
cycle, but was reduced to 1/wk following Day 30 of the
cycle if no menstmation occurred in that interval (see
Materials and Methods). To ensure that the method of

sampling did not affect these analyses, the P4 data were -

analyzed furthier using only those calendar periods for

each subject ‘in which blood samples were taken 3

times/wk. This assured exactly the same sampling den-
sity for both the expenmental and control groups. The
P, curves dnriug only| these more frequent sampling
n analyzed by measuring each subject’s
P, peak hexgm;(ng(nﬂ) and mean P, area {digitizer units

per day); P, area was expressed per day to compensate
for variation in the durations of the 3-wk sampling
periods. The regression analyses for lead intake, blood
lead levels, and ZPP levels are shown by season in
Table 3. _

FJ:om the regression analyses (Table 3), it can be
hat the P, areas: ‘declined significantly with in-
ing lead intake, mcreaSmgs blood lead levels, and

1eight was tested by
. a. berween-subjects
ason as a ‘within-
subj écts failed to
ason, thereby
urmg that sea-

I e retion varied by
seas ' the two groups-

DISCUSSION

In this study, chronic exposure to lead clearly had 2
detrimental impact on the luteal phase of ovarian func

g
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for only thosc tine: p:rmds at whu:h blood was samp!ed 3 tnnnlwk.
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TABLE3 Lincar regressions on lead intake, on blood lead level, and on ZPP for the two progesterofie measures, maximum peak height, and total area, as quantified

it

tion. Significant differences were found between con-
trol and experimental subjects in three of the four
measures of P4 secretion used to evaluate luteal func-
tion: area under the curve, peak heights of Py, and mean
number of days per ovulatory cycle when Py 'was above
1 ng/ml. In all three of these measures, females exposed
to lead showed significantly reduced amouats of Py
secteted by the ovary. The fourth measure of progester-

* number of anovulatory cycles, did not yield differences
= betwéen control and lead-treated animals. Althongh
"= blood lead and ZPP levels were elevated dusing treat-
‘ment, the monkeys exhibited no overt signs of toxicity.
Hematocnt values and body weights of the treated
animals dxd not differ from control animals, Thus, these
effects of lead on luteal function occurred in the ab-
. sence of overt effects on the general health of the
1 s expenmﬂntal fernales.
= Although there were seasonal changes in P, activity,
as is typzca] of monkeys housed in laboratory environ-
ments (Hut:' et al., 1985; Daily and Neill, 1981), the
patterns! of cbxauge were similar for both control and
treated monkeys. That is, although peak height and area
of Py Changu d across the seasons, the magnitude of the
¢hange was not different for the two groups of mon-
keys, In the previous study, probability of cycles of
normal 1ength also declined duting summer and fall
compa ed 10 spmhg, but not dxfferenually for experi-
mental and conts
Furthy \i‘,i ) 5. substantial cycle activity during the
mﬁnms of*'mcraase(i cycle length, even for the treated
Monke s.
Thebe effects on ovarian cycle extend findings from
the Pfe vious study with the same animals in which
ﬁ'bated monkeys were found to have fewer cycles,
‘°ﬂger ‘and more variable intercycle intervals, and fewer
s df vagmal bleeding per cycle than control mon-

(=

st

-;,! .

g fg

one activity, total number of P; peaks, as well as

ol monkeys (Laughlm et al., 1987). .

" Maximun peak height
mﬂm o gD
(n_BsubJects scetest) .imerccpt Slope r ) Inlerccpt ) Slopc e
Lead intake (migfkg/day) 467 446 ~67* 251 ~0.27 632
PbB (ig/dl) 455 ~021 -56° 227 ~001 —-43
272 (gl biopd) 521 030 Tt 240 o0 -sic

keys (Laughlin et al., 1987). Three of these four alter-
ations became apparent only after lead exposure had
been continued for many years, while the fourth, dura-
tion of vaginal bleeding, was dismpted by lead during
the initial year of intake. All four effects of lead on
menstrual cycles remained apparent for at least 1 yr
after lead intake was discontinued following a total of
approximately 6 yr of lead administration. The longer
and more variable intercycle intervals observed in the
previous study soggest that lead has effects on the
follicular stage of the cycle, since the postovulatory
period is relafively constant regardless of total cycle
length (Reid et al., 1972). Results of the present study,
obtained during the last 7 mo of lead intake, extend
these effects of lead to include luteal function. Al-
though menstruation and progesterone activity do not
cease in response to prolonged chronic exposure to
lead, both are clearly attenuated, which could result in
reduced fertility.

‘Whether the alteration in luteal function demon-
strated in the present study was due to direct effects of
lead upon the ovary or to changes in the hypothalamic-
pituitary axis is not clear. Some sidies suggest the
possibility of direct effects of lead on ovaries. In rhesus
monkeys, treatment with lead resulted in reduced num-
bers of secondary and tertiary follicles and increased
follicular atresia (Vermande-Van Eck and Meigs,
1960). Ovyarian weight (Der et al., 1974) and number of
corpora lutea (Hilderbrand, et al., 1974) were reduced
in rats treated with lead. Also, fish exposed to low
levels of lead showed reduced ovarian weight (Katti
and Sathyanesan, 1983; Sastry and Agrawal, 1979).

Alternatively, other reports suggest that lead may act
at the level of the hypothalamus and pituitary. For
example, sexual maturation, thought to be mediated by
the hypothalamus (Fu:ht and Schwartz, 1977), was de-
Iayed in female rodents exposed chromcally to low lead

DUP040007215
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levels (Der et al., 1974; Grant et al., 1980; Kimmel et
al, 1980). It has been demonstrated that high levels of
lead resnlt in abolition of the surge of follicle-stimulat-
ing hormone (FSH) in prepubertal rats (Petrusz et al.,
'1979),, This ‘surge norma.lly occurs at 15 days of age

ACKNOWLEDGMENTS

We wish 1o acknowledge and thank those who devoted exténsive time to
collecting bload for: roject: Mark. Ei Cupp, Pamela Ellingion, Barry K,
Harwp, Scout Laska; and Boni Wesiover, We'also wish 10 thank Dr. Philippa
Claude for the use of hcr Terak 89510/104 Graphics Computer System.

REFERENCES

Clark JR, Dierschke DJ, Wolf RC; 1978. Hormonal regulation of ovarian folli¢-
ulogenesis in rhesus monkeys: 1.-Concentrations of sérum luteinizing hor-
mone and progesterone during laparoscopy and patterns of follicular de-
velopment during successive menstrial cyclés. Biol Reprod 18:779 — 83

Dailey RA, Neill ID, 1981, Seasonal variation in reproductive hormones of
thesus monkeys: anovulazoxy and short lyteal phase menstiual cycle. Biol
Reprod 25:560— 67

Der R, Fahim Z, Hilderbrand D, Fahim M, 1974. Combmed cffect of lead and
lowprotein digt.oft growth, sexual development and metabolism in female
rats. Res Cominun Chem Pathol Pha.rmacol 9:723-38

‘Fahim MS, Fahim Z, Hall DG, 1976. Eifects of subtoxic lead levels on pregnant
wommnen in the state of Mssoun.ResCommun Chernr Pathol Pharmacol 13:
-2

Firlit MG, Schwartz NB, 1977. Uncoupling of vaginal opening and the first

" ovulation—an indication of an alteration. in the pituitary-gonadal axis,
Biol Reprod 16:441 ~44

Forni A, Sciame A, Bertazzo A, Alessio L, 1980. Chromosome and biochemi-
cal studigs in women occupationally éxposed o lead. Arch E,nvirbn
Health 139-46

Grant LD, Kimmel CA, West GL ‘Martinez-Vergax CM, Howard JL, 1980,
Chronic low-level lead toxicity int the rat: 2, Effects on postnatal physical
:and behavioral dcvciopmenn Toxicol Appl Pharmacol 56:42.~58

Hamilton A, Hardy HL, 1983, Industrial Tuxtcelogy Bésion: John an[n.
62-87

Hildetbrand DC, Der R, Griffin W'.l'. Fahnn MS, 1973, Effec\ of lead aceiac on
reproduction. Am J Obstet Gyneco} 115:1055 ~65

HuizRJ, Dierschke DI. WolfRC, 1985, Seasonal effects on ovarian folliculo-
geniesis in thesus xnonkcys iol Repxod‘ 1659 -85

Jacquet P, 1977. Early coibryonic velopmem an Jead-intoxicated mice. Arch
Pathol Lab Med 101:641- 43 R

Jacquet P, Gerber GB, Leonard A, Maes J, 1977, Plasma hormone Ievels i

nofmal and fead-treated pregnant miice. Experientia 33:1375 - 77
Jacquet P, Leonard A, Gerber GB, 1977. Embryomcdeadxmmouse due 10 Jead
exposure, Experientia 31:1312 - 13
Katti SR, Sathyancsan &G 1983. Lead nitrate induced changes in lipid and
¢holestérol levels in the freshwater fish Clarias batrachuss. Toxicol Ley
. (Amst) 19:93.-96
Kimmel CA, Grant LD _Sloan Cs. Gladen BC, 1980. Chmmc Iow-lcvcl lead

Rragt ‘CL. Dahlgrcn 4 1972. Dcvclnpmcm of neuxal rcgulauon of follicle stim-

nology 9:30 - 40

oestraﬂ;ggl ‘o1 gonado-
6:263.~72

Sir ; cycle of mice dunng lmd‘and Here
SetZool 121 130 , .

ang Managemént of Human
} ‘oductmn areview. MU

‘f Tead nitrate off the activities of a few
;vmm Contatn Toxicol 22:

‘Schroet ectsof trace efements o the repro-
‘n Hcallh 2310206
Stowel tive ability and progeny of Fy lead-
Ta.chj ‘ ‘198 Lead ‘poxsonmg in monkeys
|t iron 30:221.~

ischen R, 1976 Smdxes of
stimulating: hormene for
Biol Anim Bioch Biophys 16

{ Chan.g,‘ es:in the pvary of the rhesus
on, [Fertil Sieril 11:223 - 34 .
7 in the mots s effect of

the emibry
gramlogy }6273 -76
¢ad with impiantation in e

Leetitor activity i wteri of pregnant mice

Wide egitortac
_ | Fentil Steril 34:503 - 08
Youn ‘

fect of metal fons om the binding of

DUP040007216




