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Leptin is one of the most important factors linking nutri-
tion and reproduction. In the present study, plasma
concentrations of leptin during pregnancy and early
lactation in the Japanese monkey were determined.
Plasma concentrations of gonadotropins, immunoreac-
tive (ir-)inhibin, and steroid hormones were also mea-
sured. Plasma concentrations of leptin significantly
increased during the second quarter of pregnancy and
progressively elevated throughout pregnancy. During
the fourth quarter of pregnancy, leptin levels reached
up to 89 and 64 times of those during pre-pregancy
and first quarter of pregnancy periods, respectively.
After parturition, the circulating leptin level abruptly
decreased. During the first 10 d of lactation, its aver-
age level decreased to the levels of the second quarter
of pregnancy. Plasma ir-inhibin and estradiol-17p were
elevated throughout the pregnancy and decreased after
parturition, and both of them were positively correlated
with leptin levels during the whole pregnancy and early
lactation. Plasma concentrations of progesterone signif-
icantly increased during the first quarter of pregnancy
and kept at a higher level compared with pre-pregnancy
and sharply decreased after parturition. Placental hom-
ogenates contain alarge amount of leptin protein. These
results suggest that placenta secretes a large amount
of leptin and may be another source of leptin during
pregnancy in Japanese monkeys. In addition, high cor-
relations among leptin, ir-inhibin, and estradiol-17
during these stages suggest that these hormones may
have important regulating roles on leptin secretion dur-
ing pregnancy in the Japanese monkey.
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Introduction

Leptin, a polypeptide hormone secreted mainly by adip-
ocytes, plays important roles in the regulation of food in-
take and energy expenditure (/—4) and is linked to a variety
of reproductive processes in mammals. Previous studies
have demonstrated that maternal peripheral leptin levels
are enhanced during pregnancy (5—/2) and they collec-
tively showed that leptin concentrations reached a peak in
the second trimester and remained elevated until parturi-
tion. Determination of specific leptin mRNA transcripts in
human placental tissue by reverse transcription-polymer-
ase chain reaction (RT-PCR) at term (/3,/4) and by North-
ern analysis in both first and third trimesters (/5) supports
a leptin-producing role for the placenta. Intriguingly, in
humans, placenta may be both a source of leptin and a tar-
get for its action, as leptin (/3) and leptin-receptor mRNA
(16,17) have been detected in placental trophoblasts. Local-
ization of leptin protein in the syncytiotrophoblast by immu-
nohistochemistry (74, 15) indicates that at least a portion of
the increase noted in the maternal circulation with advanc-
ing gestation is of placental origin in humans, rodents, and
farm animals (/8). A significant increase in the maternal lep-
tin concentrations and a decline in leptin mRNA abundance
in syncytiotrophoblast are common features of advancing
gestational age in human pregnancy. However, in rodents,
conflicting results have been reported regarding production
of leptin by placenta (/9-23). In pregnant mice, although
leptin mRNA (21) expression and protein secretion from
adipose tissues increased, leptin protein did not constitutively
secrete in placenta (24). Therefore, it seems that the regu-
lation of leptin secretion during pregnancy differs among the
mammalian species. In humans, maternal circulating leptin
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Fig. 1. Dose—response curves of plasma collected during different reproductive stages and placental homogenate of Japanese monkeys
with standard in leptin radioimmunoassay. Each value represents the mean of triplicate determinations.

levels are elevated during pregnancy and declined after de-
livery to prepregnancy levels (5). Circulating estrogen con-
centrations rise with advancing primate gestation and play
key roles in placental progesterone biosynthesis and fetal
adrenal maturation (17,25). Previous studies suggested that
leptin production is similarly regulated by estrogen (12,26).

Japanese monkey (Macaca fuscata) shows seasonal breed-
ing under natural conditions (27,28). Owing to its special
breeding characteristics and also owing to the different regu-
lation of leptin secretion during pregnancy, studies on the
leptin secretion during pregnancy in Japanese monkey may
give us a further understanding on the regulation of leptin
secretion during pregnancy. Therefore, the present study
was designed to examine the secretory pattern of the leptin
in the Japanese monkey and to determine the relationship
between leptin, immunoreactive (ir-)inhibin, steroid hor-
mones, and gonadotropins in peripheral plasma during pre-
pregnancy, pregnancy, and early postpartum periods. Pla-
centa-derived leptin secretion was also examined by measur-
ing leptin content in placental homogenate.

Results

Characterization of Leptin Assays

Competition between labeled and unlabeled antigens
within peripheral plasma of normal female Japanese mon-

keys during different reproductive stages produced good
dose-response curves and exhibited parallelism with the
standard curve. This indicates that it is possible to measure
leptin concentrations in both plasma and placental homo-
genate using the human leptin RIA systems (Fig. 1).

Hormonal Changes During Pre-Pregnancy,
Pregnancy, and Early Lactation

The data of individual animals were divided into six
groups according to the stage of pregnancys, i.e., pre-preg-
nancy, first, second, third, and fourth quarter of pregnancy,
and post-parturition. During pre-pregnancy and the first
quarter of pregnancy, circulating levels of leptin were low
(0.511+£0.110and 0.717 = 0.082 ng/mL, respectively). Dur-
ing the second quarter of the pregnancy, circulating levels
of leptin increased significantly compared with that of pre-
pregnancy and the first quarter of the pregnancy (p <0.01).
After that, circulating levels of leptin sharply increased and
reached a peak at the fourth quarter of the pregnancy. Com-
pared with the levels during pre-pregnancy and the first quar-
ter of pregnancy, circulating levels of leptin during the fourth
quarter of pregnancy increased 89 times and 64 times (from
0.511 £ 0.110 and 0.717 £ 0.082 ng/mL, respectively, to
45.576 £5.162 ng/mL, p < 0.0001). After parturition, circu-
lating leptin level sharply decreased, and, during the early
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Fig. 2. Changes in the plasma concentrations of leptin (A), ir-inhibin (B) estradiol-17f (C), progesterone (D), LH (E), and FSH (F) during
pre-pregnancy (pre-preg.), first quarter (1-Q), second quarter (2-Q), third quarter (3-Q), fourth quarter (4-Q) of pregnancy, and post-
partum (post-part.) periods in Japanese monkeys. Each value represents the mean + SEM of six monkeys. Means without a common

character differ significantly (p < 0.05).

lactation, the average level was equal to that of the second
quarter of pregnancy (Fig. 2A).

During the first quarter of pregnancy, no significant change
was observed in the plasma concentration of ir-inhibin. A
significant increase was observed since the second quarter of
pregnancy (p < 0.001), and this increase continued through
the third quarter of pregnancy and reached its peak during
the fourth quarter of pregnancy. After parturition, plasma ir-
inhibin sharply decreased to the levels of the pre-pregnancy
(Fig. 2B).

In all of the experimental animals, the plasma concen-
tration of estradiol-17f during the first quarter of preg-

nancy was not significantly changed compared with that of
the pre-pregnant period. During the second quarter of preg-
nancy, circulating levels of estradiol-17f significantly in-
creased compared with pre-pregnancy (p <0.05). Itincreased
through the third quarter of pregnancy reaching its peak
at the fourth quarter of pregnancy. Compared with the pre-
pregnancy, circulating levels of estradiol-17f3 during the
fourth quarter of pregnancy are more than ten times higher
(p <0.0001; Fig. 2C). In addition, plasma concentrations
of progesterone significantly increased during the first quar-
ter of pregnancy and remained at a high level until parturi-
tion (Fig. 2D). There was a nonsignificant elevation of lutein-
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Fig. 3. Correlation between leptin and ir-inhibin (A), estradiol-17 (B), progesterone (C), LH (D), and FSH (E) of Japanese monkeys.

Coefficients (r) and p values are indicated.

izing hormone (LH) during the first quarter of pregnancy
(Fig. 2E) and significant low levels of follicle-stimulating
hormone (FSH) in the pregnant females from first to fourth
quarter compared with the pre-pregnancy (Fig. 2F).

Correlation of Leptin with Ir-Inhibin,
Estradiol-17 B, Progesterone, LH, FSH

There was a strong positive correlation between plasma
concentration of leptin and ir-inhibin (r =0.79, p < 0.0001)
(Fig. 3A). Furthermore, a strong positive correlation also ex-
isted between the plasma concentration of leptin and estra-
diol-17B (r=0.83, p <0.0001) (Fig. 3B). No significant cor-
relation existed among leptin, progesterone, LH and FSH
(Figs. 3C,D,E).

Placental Leptin

As shown in the dose-response curve (Fig. 1), placental
homogenate dose—response curve was well paralleled with
the human leptin standard. It contained a high level of leptin
(7.25 £ 0.226 ng/g placental tissue). This showed that pla-
centa could secrete relatively large amount of leptin and it
may be another potential source of leptin.

Discussion

Japanese monkey shows a clear seasonal breeding under
natural conditions and is one of the nonhuman primates
used as a model for the human physiology investigation.
Although leptin is known as an important factor linking
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metabolism and endocrinology and a factor with a strong
effect on the regulation of reproduction, its secretion dur-
ing pregnancy and lactation in Japanese monkey is still un-
known. Whether placenta is another source of leptin during
pregnancy in this species is still unclear. The present study
clearly showed that, in the Japanese monkey, circulating
leptin levels significantly increased beginning from the sec-
ond quarter of the pregnancy and peaked during the fourth
quarter of pregnancy. After parturition, circulating leptin
levels sharply decreased to the level of pre-pregnancy. Sup-
porting the present findings, several studies have demon-
strated that maternal peripheral leptin levels are enhanced
during pregnancy (5—10,12). In human pregnancy, maternal
serum leptin concentrations are greater than those of non-
pregnant women (5). By analyzing large number of samples
around the term, Henson and Castracane (29) suggested that
maternal serum leptin concentrations increased through-
out pregnancy. However, following midterm, leptin levels
appeared to decline prior to parturition. In nonhuman pri-
mate pregnancy, peripheral serum leptin concentrations in
cycling versus postpartum and nonpregnant baboons were
similar, but in pregnant animals, leptin concentrations in
circulation were dramatically higher than in either cycling
or postpartum baboons (30,31). In rodents, such as preg-
nant mice, serum leptin levels peaked on d 17 and were many
folds higher than the nonpregnant levels. Leptin mRNA in
adipose tissue increased several folds over that in nonpreg-
nant(2/,32). In the pregnant rats, serum leptin increases dur-
ing pregnancy (33), and declined before parturition (34).

The placenta is a peculiar organ that, in addition to the
regulation of respiratory and nutrients exchange between
mother and fetus, intervenes in a variety of endocrine func-
tions. Some of these mimic the function of the body endo-
crine glands, but many other unsolved functions are far from
being understood (35). The present study clearly demon-
strated that large amounts of leptin were present in placen-
tal homogenate of Japanese monkey obtained just before
term. Thus, the placenta-derived leptin could at least par-
tially contribute to the hyperleptinemia during middle and
late stages of pregnancy reported here, which were approx
50- to 100-fold higher than those during pre-pregnancy and
the first quarter of pregnancy. Supporting the present hypoth-
esis, several studies have demonstrated that placenta can
produce leptin (/3—15). The placenta may be both a source
of leptin and a target for its action, as leptin (/3) and leptin-
receptor mRNA (76,36) have been detected in human pla-
cental trophoblasts. In rodents, leptin mRNA transcripts
are expressed in various tissues (22,33,34), including the
uterus, placenta, and maternal adipose tissue. However, there
are species differences in the production of leptin in the
placenta. Primate placenta produces more leptin than that
of rodents. The regulating mechanism and the function of
leptin profile observed in the late pregnancy are still unclear.
During pregnancy, the maternal metabolism adapted to sup-

port a rapidly growing conceptus and prepare for lactation.
Therefore, based on the principal function of leptin as a reg-
ulator of energy homeostasis, a decline in maternal leptin
levels might be expected during pregnancy to facilitate opti-
mal nutritional intake. Conversely, as shown in the present
study, circulating leptin levels are enhanced throughout ges-
tation. The substantial increases in early pregnancy, before
the occurrence of any notable increase in body weight due to
progressive gestation, imply that factors other than increased
adiposity mediate maternal leptin levels (/0). As shown
in the present study, leptin was highly positively correlated
with estradiol-17f and ir-inhibin throughout pregnancy, sug-
gesting a dynamic relationship between the changing levels
of leptin and reproductive hormones that are released dur-
ing pregnancy. Previous work showed that circulating estro-
gen concentrations rise with advancing primate gestation
and play key roles in placental progesterone biosynthesis
and fetal adrenal maturation (/7,25,37,38). Other studies
suggested that, in humans, leptin production is regulated by
estrogen (12,26), which had receptors in the adipose tissues
(39) and was elevated during pregnancy. Estrogen has also
been reported to enhance leptin mRNA expression and lep-
tin secretion in rat adipocytes in a dose-dependent manner.
Both were inhibited by a specific estrogen receptor antago-
nist (40). Ovariectomy reduced serum leptin levels in both
rodents (41) and humans (42). Although inhibin has a strong
positive correlation with plasma leptin, whether it has recep-
tor on the adipocytes is still unknown. During pregnancy in
Japanese monkeys, inhibin A, inhibin B, and activin A were
elevated with gestational age and decreased after parturi-
tion and the placenta trophoblast expressed inhibin BA and
BB subunit (43,44). The co-expression of leptin and inhi-
bin/activin in the placenta further suggest that there may
be relationships between the regulation of leptin secretion
and the production of inhibin/activin in the placenta. Fur-
ther studies are needed to determine the pregnancy-specific
role(s) of leptin and the regulating mechanism between circu-
lating leptin and other factors, especially the factors derived
from the ovary and placenta.

In conclusion, the present findings demonstrate that circu-
lating leptin concentration increased from the second quar-
ter of the pregnancy and remained elevated throughout preg-
nancy and sharply decreased after parturition. Placenta could
secrete large amounts of leptin and may be another potential
source of leptin production during pregnancy in the Japanese
monkey.

Materials and Methods

Animals, Blood Sampling, and Placenta Collection

Six sexually mature female Japanese monkeys (Macaca
fuscata fuscata) 8 yr old and weighing 7-9 kg were used in
this study. Animals were kept at the Primate Research Insti-
tute of Kyoto University, Inuyama, Japan and housed indi-
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vidually in an air-conditioned room with controlled temper-
ature (20-25°C) and lighting (light-on: 06:00—18:00 h). The
animals were fed a standard monkey pellet food supplemented
with sweet potatoes or fruit daily, and had free access to
water. Females were mated from d 11 to 15 of their men-
strual cycles by introducing a male into each female’s cage.
The day of LH surge was designated as d O of pregnancy.
The pregnancy was divided into four stages as follow: the
first quarter (0-39 d), the second quarter (40-79 d), the
third quarter (80—119 d), and the fourth quarter (120 d until
parturition). Blood samples were collected into heparinized
tubes from cubital vein without anesthesia once in each quar-
ter of pregnancy. Additional blood samples were collected
before pregnancy and within 10 d after parturition. Monkeys
were well acclimated to blood collection. The plasma was
collected after centrifugation at 1700g for 10 min at 4°C
and stored at —30°C until assayed for leptin, FSH, LH,
estradiol-17f, ir-inhibin and progesterone concentrations.
Placenta was collected at the late stage of pregnancy (d 120
of pregnancy) by caesarean section under initial anesthesia
induced by 10 mg/kg ketamine hydrochloride followed by
deep anesthesia with nitrous oxide gas and halothane. The
fetus was used for another study. Animal care and the expe-
rimental protocol were approved by “Guidelines for the care
and use of laboratory primates” prepared by the Primate
Research Institute, Kyoto University, Japan (2002).

Tissues Homogenization

Placenta was homogenized with normal saline (1 g pla-
centa/mL) using a homogenizer (Phiscotoron, Nichion,
Tokyo, Japan), centrifuged at 25,000g for 30 min at 4°C, and
the supernatant was collected and kept at —20°C for leptin
RIA.

Hormone Assays
Leptin

Immunoreactive leptin concentrations in plasma and pla-
cental homogenates were measured using a human double-
antibody radioimmunoassay (RIA). This employed recombi-
nant human leptin for radioiodination (# AFP496C iodinated
by the chloramine T procedure) and reference standard. Both
standard and samples were then incubated with multi-spe-
cies leptin antibody (458LxL LINCO Research Inc., USA)
diluted in buffer (0.05 M EDTA, 0.05 M PBS) containing
0.4% normal rabbit serum. After the initial incubation, '>I-
labeled human leptin (counting 5000 cpm) were added to
each tube and the incubation was continued for an additional
24 h at 4°C. The bound and free ligands were separated by
adding of a specific anti-rabbit gamma globulin and incu-
bated for 24 h at 4°C. The unbound 125I-human leptin was
separated by centrifugation at 1700g for 30 min at 4°C and
decanting of the supernatant. The remaining radioactivity
in the precipitate was counted with a gamma counter. The
results are expressed in terms of human leptin. The intra- and

interassay coefficients of variation were 7.4% and 10.5%,
respectively.

LH and FSH

Plasma concentrations of LH and FSH were measured
by a heterologous double-antibody RIA using methods
described previously (28). Anti-ovine LH serum (YM #18;
kindly provided by Dr. Y. Mori, Tokyo University, Tokyo,
Japan) was used as the first antibody and rat NIDDK-rat
LH-I-5 was used for radioiodination. In the FSH assay, anti-
ovine FSH (NIDDK-H-31) was used as the first antibody
and rat-NIDDK-rat FSH-I-5 was used for radioiodination.
Results are expressed in terms of NIDDK rat LH-RP-2 and
rat FSH-RP-2. Because a large amount of monkey chorio-
nic gonadotropin (mCG) existed in the plasma of pregnant
monkeys and it gave displacement curves parallel to that of
rat LH RP-2 standard in the LH RIA system, LH levels are
referred as LH/mCG equivalents. The intra- and interassay
coefficients of variation were 7.8% and 10.3% for the LH
assay and 7.8% and 8.5% for the FSH assay.

Estradiol-17 and Progesterone

Plasma concentrations of progesterone and estradiol-
17p were determined by the double antibody RIA system
using '»I-labeled radioligands as described previously (45).
Antisera against progesterone (GDN 337) and estradiol-17f3
(GDN 244) were kindly provided by Dr. G. D. Niswender
(Animal Production and Biotechnology, Colorado State Uni-
versity, Fort Collins, CO, USA). The intra- and interassay
coefficients of variation were 2.8% and 5.5% for progest-
erone and 2.7% and 7.9% for estradiol-17f3, respectively.
Ir-Inhibin

Concentrations of ir-inhibin in the plasma were measured
by the double-antibody RIA based on a bovine inhibin RIA
(46). lodinated preparations were bovine 32 kDa (bFF 32
kDa) inhibin. The antiserum used was anti-bFF 32 kDa inhi-
bin (TNDH-1) and the results are expressed in terms of bFF
32 kDa inhibin. The intra- and interassay coefficients of
variation were 5.4 and 6.4%, respectively.

Statistics

Data are presented as means + SEM. When there was
heterogeneity of variance and the standard deviations were
proportional to the means, logarithmic transformation was
carried out before ANOVA. The significant changes in the
concentrations of each hormone during the pre-pregnancy,
pregnancy, and early lactation were analyzed by a two-way
ANOVA, with animal and day of pregnancy as the two fac-
tors. Significance of difference between means was com-
pared by Duncan’s multiple range test. The linear coeffi-
cients of correlation (r) were calculated among the plasma
concentrations of leptin and ir-inhibin, estradiol-17f3, pro-
gesterone, LH, and FSH. All differences with values of p <
0.05 were considered significant.
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