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Increasing evidence suggests that leptin, an
dipocyte-derived hormone, may positively regulate
he reproductive axis, and serve as a critical meta-
olic signal linking nutrition and the reproductive
unction. However, along this line there remains an
s-of-yet unresolved important issue whether phys-
ological levels of circulating leptin exert a stimu-
atory effect on the reproductive axis. It is also
nknown whether hyperleptinemia affects the re-
roductive function. In this study, we attempted
o examine these unexplored issues, employing as an
ndicator the estradiol/progesterone-induced lutein-
zing hormone (LH) and prolactin (PRL) surges in
variectomized female rats. Experiments were per-
ormed on normally fed, 3-day starved, 3-day
tarved 1 murine leptin (100 mg/kg/day), and nor-
ally fed 1 murine leptin (300 mg/kg/day) groups.
eptin was administered utilizing osmotic minipumps
uring 3 days immediately before experimentation.
rom 11:00 to 18:00 h, blood was collected every 30
in to measure LH and PRL. The 3-day starvation

ompletely abolished both LH and PRL surges, but
-day starved 1 leptin (100 mg/kg/day) group, whose
lasma leptin levels (3.7 6 0.4 ng/ml) were similar to
hose in normally fed group (3.4 6 0.5 ng/ml), showed
significant recovery of the hormonal surges. On the
ther hand, the magnitudes of LH and PRL surges in
ormally fed 1 leptin (300 mg/kg/day) group, whose

eptin levels were 10.8 6 1.5 ng/ml, were statistically
he same as those in normally fed group. These re-
ults indicate for the first time that physiological
oncentrations of circulating leptin exert a stimula-
ory effect on the steroid-induced LH and PRL

Abbreviations used: E2, estradiol; P, progesterone; LH, luteinizing
ormone; PRL, prolactin; OVX, ovariectomized; PBS, phosphate-
uffered saline; RIA, radioimmunoassay; BW, body weight.
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yperleptinemia of 3 days’ duration may not signif-
cantly affect the hormonal surges. © 1999 Academic Press

Leptin, the protein encoded by the ob (obese) gene, is
putative homeostatic signal controlling food intake,

ody weight, and energy expenditure (1, 2). In addition
o such a primary effect on the metabolism, leptin is
lso known to stimulate the reproductive function in
oth rodents (3–11) and humans (12–15). In this con-
ection, we recently reported for the first time that

eptin may play a physiologically relevant role in the
eneration of E2/P-induced LH and PRL surges in
dult female rats (16). We further found that this stim-
latory effect of leptin on the hormonal surges is, at

east in part, mediated through the melanocortin 4
eceptor in the brain, as is leptin’s effect on feeding
ehavior (17).
However, to the best of our knowledge, no previous

tudy has examined whether fluctuations in circulat-
ng leptin levels within physiological ranges can signif-
cantly affect the reproductive axis in any species. In
rder to address this as-of-yet unresolved but impor-
ant issue, in the present study we compared the E2/
-induced LH and PRL surges between normally fed
nd leptin-supplemented starved OVX rats. The latter
roup was made normoleptinemic by a continuous in-
usion of leptin. In addition, utilizing the same infusion
echnique, we also tested the effect of short-term hy-
erleptinemia on the steroid-induced hormonal surges.
e became interested in the latter protocol as well, in

iew of the preexisting studies which reported im-
aired reproductive function in genetically obese
trains of rats (18–21). No previous study has tested
he effect of hyperleptinemia produced by exogenous
eptin administration on the rat reproductive function.
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ATERIALS AND METHODS

All the following experiments were conducted in accordance with
he Guidelines for Animal Experimentation, Hirosaki University.

Female rats (220–240 g) of the Wistar strain were used. They were
oused in an air-conditioned room with controlled lighting (light
8:00–20:00 h), and were given free access to laboratory chow and
ap water unless otherwise indicated. Animals were OVX under light
ther anesthesia about two weeks before experimentation. Four ex-
erimental groups were prepared; (a) normally fed 1 PBS, (b) 3-day
tarved 1 PBS, (c) 3-day starved 1 murine leptin (100 mg/kg/day),
nd (d) normally fed 1 murine leptin (300 mg/kg/day). Groups (c) and
d) received a continuous 3-day infusion of the indicated doses of
ecombinant murine leptin (donation from NIDDK) dissolved in 0.01

PBS (pH 7.4) via an osmotic minipump (Alzet, model 2001, Alza
orp., Palo Alto, CA) at the rate of 1.0 ml/h. Seventy-two h before the
ommencement of experimentation, the osmotic minipump was
laced subcutaneously in the back region under light ether anesthe-
ia. The minipumps were activated by immersion in PBS at room
emperature 12 h before the implantation, so that the infusion
tarted immediately upon implantation of the pumps. Groups (a) and
b) were implanted with the same osmotic minipump loaded with the
ehicle (PBS) only. In our preliminary study, we found that plasma
eptin concentrations of starved OVX rats receiving a continuous
nfusion of 100 mg/kg/day of murine leptin were 4.0 6 0.5 (n 5 6),
.7 6 0.4 (n 5 6), and 3.5 6 0.4 (n 5 6) ng/ml after 24, 48, and 72 h
f starvation, respectively. Since these levels of plasma leptin were
tatistically the same as those in normally fed OVX rats (3.7 6 0.5
g/ml) which we previously reported (22), 100 mg/kg/day of leptin
as chosen as a dose that mimics the physiological level of leptin in

he general circulation. Based on these data, the 3 times higher dose
f leptin (300 mg/kg/day) was also employed in this study expecting to
chieve a supra-physiological level of plasma leptin.
Two days prior to the experiment, under light ether anesthesia,

he animals were implanted with a jugular vein catheter filled with
eparin solution, and also implanted subcutaneously with a single
ilastic capsule containing 300 mg/ml of E2-17b (Sigma Chemical
ompany, St. Louis, MO) in the same manner as in our previous
eports (16, 17, 23). At about 08:00 h on the day of the experiment,
he jugular vein catheter was exteriorized for frequent blood sam-
ling. At 09:00 h, 5 mg per rat of P (Mochida Pharmaceutical Co.,
td., Tokyo, Japan) was injected intramuscularly. Blood samples

200 ml) were collected every 30 min over a total period of 420 min
11:00–18:00 h). At 11:00 h, additional 200 ml of blood was drawn to
easure leptin as well. To prevent the loss of circulating plasma

olume, 0.9% NaCl was injected intravenously immediately after
ach blood collection in the same volume as that drawn. The blood
as collected in EDTA-2Na (2.5 mg/ml)-containing tubes, centri-

uged, and the plasma was stored at 270°C until assayed for leptin,
H, and PRL.

BW and Plasma Leptin Level

Group Number of rats 72

ormally fed 1 PBS 8 2
tarved 1 PBS 7 2
tarved 1 leptin (100 mg/kg/day) 7 2
ormally fed 1 leptin (300 mg/kg/day) 8 2

1 BW was measured at 08:00 h of the day 72 h before experiment
2 BW was measured at 08:00 h of the day of experiment.
3 Leptin was measured in the samples obtained at 11:00 h of the
163
Plasma leptin levels were determined by a rat leptin RIA kit
roduced by Linco Research (St. Louis, MO). In this kit, murine
eptin crossreacts with the rat counterpart at 100%. The sensitivity
f the assay was 0.5 ng/ml. LH and PRL levels were determined by
IA using the reagents kindly donated by Dr. A. F. Parlow (NIDDK).
at LH-RP-3 and PRL-RP-3 were used as the standards. Sensitivity
f the LH assay was 0.2 ng/ml, and that of PRL assay was 0.8 ng/ml.
oth the intra- and interassay coefficients of variation were less than
0% in all the three assays.
Results were expressed as the mean 6 S.E.M. One-way or two-
ay ANOVA followed by Scheffe’s post-hoc test was used to analyze

he data. Differences were considered significant if P was smaller
han 0.05.

ESULTS

Table 1 shows the data of BW and plasma leptin
evels in the 4 groups examined in this study. At 08:00

of the day on which an osmotic minipump was im-
lanted to every animal, BW was statistically the same
mong all groups. The percent reduction in BW after 3
ays’ starvation was similar in both starved 1 PBS and
tarved 1 leptin (100 mg/kg/day) groups. In agreement
ith the established anorexigenic effect of leptin (1, 2),
ormally fed 1 leptin (300 mg/kg/day) group also lost
W, even though the percent decrease in BW tended to
e smaller than those in starved 1 PBS and starved 1
eptin (100 mg/kg/day) groups. With respect to plasma
eptin concentrations, the level in starved 1 PBS group
as below the assay sensitivity. The continuous infu-

ion of 100 mg/kg/day of leptin to starved rats restored
he hormone level to that of normally fed 1 PBS group.
he administration of 300 mg/kg/day of leptin to nor-
ally fed rats produced a 3.2 times higher level of the

ormone than that in normally fed 1 PBS group.
Figure 1 shows the temporal changes in plasma LH

nd PRL in the 4 groups examined in this study. With
espect to LH levels [Fig. 1(a)], normally fed 1 PBS
roup showed significantly higher levels of the hor-
one (LH surge) during the period of 13:30–18:00 h as

ompared to their 11:00 h value. In agreement with our
revious studies (16, 17), the 3-day starvation com-
letely abolished LH surge (starved 1 PBS group). The

the 4 Experimental Groups

BW (g)

Percent change
in BW

Plasma leptin3

(ng/ml)efore1
Day of

Experiment2

6 8 258 6 7 14 (61) 3.4 6 0.5
6 7 212 6 6 216 (63) ,0.5
6 10 211 6 8 217 (63) 3.7 6 0.4
6 8 218 6 6 213 (62) 10.8 6 1.5

of experiment.
s in

h b

48
52
54
51

.

day
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bolished LH surge was significantly reinstated by the
-day infusion of 100 mg/kg/day of leptin in the face of
he sustained starvation [starved 1 leptin (100 mg/kg/
ay) group]. However, the magnitude of LH surge in
his group was still significantly smaller than that in
ormally fed 1 PBS group during the period of 15:00–
8:00 h. On the other hand, in normally fed 1 leptin
300 mg/kg/day) group, both the temporal profile and
agnitude of LH surge were essentially the same as

hose in normally fed 1 PBS group.
A similar finding was observed for plasma PRL lev-

ls as for the LH levels [Fig. 1(b)]. In agreement with
ur previous observations (16, 17), normally fed 1 PBS
roup had significantly higher levels of PRL between
3:00–18:00 h than at 11:00 h (PRL surge), and
tarved 1 PBS group did not show a significant PRL
urge. However, the simultaneous administration of
00 mg/kg/day of leptin to starved rats resulted in a
ignificant recovery of PRL surge [starved 1 leptin

FIG. 1. Effects of systemic leptin infusion on steroid-induced LH
nd PRL surges in normally fed and 3-day starved OVX rats. The
umber of rats examined was 7–8 per group. v——v, normally fed 1

eptin (300 mg/kg/day); f——f, normally fed 1 PBS; Œ——Œ,
tarved 1 leptin (100 mg/kg/day); }——}, starved 1 PBS. Where
tandard errors are not shown, they were smaller than the symbols.
or further details, see text.
164
RL surge in this group was significantly smaller than
hat in normally fed 1 PBS group between 14:00–
8:00 h. Finally, similarly to what was observed for LH
urge [Fig. 1(a)], the temporal pattern and magnitude
f PRL surge were essentially the same between nor-
ally fed 1 PBS and normally fed 1 leptin (300 mg/

g/day) groups.

ISCUSSION

Recent evidence suggests that leptin may be a pre-
equisite for the full expression of normal neuroendo-
rine function, especially for growth hormone (24–27)
nd LH (3–11, 16, 17) secretion in rodents. Our previ-
us data (16, 17) as well as results from other labora-
ories (3–11) support the concept that leptin may be a
ritical metabolic signal linking nutrition and the re-
roductive function. However, along this line there is a
rucial question which remains to be answered. That is
hether physiological concentrations of circulating

eptin cause a significant stimulation of the reproduc-
ive axis. In the present study, we addressed this ques-
ion by examining the E2/P-induced LH and PRL
urges in 3-day starved OVX rats whose plasma leptin
evels were made similar to those of the normally fed
roup through a continuous leptin infusion. The re-
ults were that the supplementation of 100 mg/kg/day
f leptin to starved rats resulted in a significant recov-
ry of both LH and PRL surges as compared to those in
tarved 1 PBS group. These findings are the first to
learly indicate that physiological concentrations of cir-
ulating leptin significantly stimulate E2/P-induced
H and PRL surges in female rats. Even so, it is worth
oting that the magnitudes of the hormonal surges in
tarved 1 leptin (100 mg/kg/day) group were still sig-
ificantly smaller than those in normally fed 1 PBS
roup. This observation strongly suggests that the at-
ainment of normal circulating levels of leptin alone
ay not be sufficient for starved rats to fully recover

he LH and PRL surges, and other metabolic ingredi-
nt(s) which diminish(es) during starvation may also
lay a significant role. In a recent report of Schneider et
l. (28), it was suggested that the alleged stimulatory
ction of leptin on the reproductive axis of hamsters is
ndirect and requires oxidation of metabolic fuels such
s glucose and fatty acid. We consider that this impor-
ant finding of Schneider et al. (28) may, at least in
art, account for the subnormal surges of LH and PRL
n starved 1 leptin (100 mg/kg/day) group, because the
-day starvation must have significantly decreased the
eservoir of metabolic fuels.
Another objective of this study was to test whether

he reproductive function is affected by hyperleptine-
ia induced by exogenous leptin administration. As we

re not aware of any previous study investigating this
ssue, we thought it worth trying in view of the re-
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bese rats (18–21). In the present study, plasma leptin
evels in normally fed 1 leptin (300 mg/kg/day) group
10.8 6 1.5 ng/ml) were similar to the reported levels of
he hormone (8.6 6 0.9 ng/ml) in the Otsuka-Long-
vans-Tokushima Fatty (OLETF) rat (21), which is a
odel of non-insulin dependent diabetes mellitus as-

ociated with mild obesity. The results we obtained
ere that normally fed 1 PBS and normally fed 1

eptin (300 mg/kg/day) groups showed statistically the
ame magnitude of surge for both LH and PRL. These
ata suggest that hyperleptinemia of 3 days’ duration
n the range of about 10 ng/ml may not significantly
ffect the hormonal surges in female rats. Even so,
ased on this finding alone we can not negate a possible
etrimental effect of hyperleptinemia on the reproduc-
ive axis, since it is very likely that the reported im-
airment of gonadal function in genetically obese rats
18–21) ensues as a result of protracted hyperleptine-
ia. Thus, for the purpose of clarifying the possible

epressive action of hyperleptinemia on the reproduc-
ive function, a study utilizing genetically obese strains
f rodents appears to be feasible.
In summary, this study demonstrated for the first

ime that physiological levels of leptin in the general
irculation exert a significant stimulatory input on the
teroid-induced LH and PRL surges in female rats. It
as also suggested that mild hyperleptinemia of 3
ays’ duration may not affect the hormonal surges.
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chiöth was supported by the Swedish Brain Foundation.

EFERENCES

1. Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and
Friedman, J. M. (1994) Nature 372, 425–432.

2. Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Hecht, R.,
Winters, D., Boone, T., and Collins, F. (1995) Science 269, 540–
543.

3. Barash, I. A., Cheung, C. C., Weigle, D. S., Ren, H., Kabigting,
E. B., Kuijper, J. L., Clifton, D. K., and Steiner, R. A. (1996)
Endocrinology 137, 3144–3147.

4. Chehab, F. F., Lim, M. E., and Lu, R. (1996) Nat. Genet. 12,
318–320.

5. Ahima, R. S., Dushay, J., Flier, S. N., Prabakaran, D., and Flier,
J. S. (1997) J. Clin. Invest. 99, 391–395.

6. Carro, E., Pinilla, L., Seoane, L. M., Considine, R. V., Aguilar, E.,
165
375–377.
7. Chehab, F. F., Mounzih, K., Lu, R., and Lim, M. E. (1997) Science

275, 88–90.
8. Cheung, C. C., Thornton, J. E., Kuijper, J. L., Weigle, D. S.,

Clifton, D. K., and Steiner, R. A. (1997) Endocrinology 138,
855–858.

9. Mounzih, K., Lu, R., and Chehab, F. F. (1997) Endocrinology
138, 1190–1193.

0. Yu, W. H., Kimura, M., Walczewska, A., Karanth, S., and
McCann, S. M. (1997) Proc. Natl. Acad. Sci. USA 94, 1023–
1028.

1. Gruaz, N. M., Lalaoui, M., Pierroz, D. D., Englaro, P., Sizonenko,
P. C., Blum, W. F., and Aubert, M. L. (1998) J. Neuroendocrinol.
10, 627–633.

2. Garcia Mayor, R. V., Andrade, M. A., Rios, M., Lage, M.,
Dieguez, C., and Casaneuva, F. F. (1997) J. Clin. Endocrinol.
Metab. 82, 2849–2855.

3. Mantzoros, C. S., Flier, J. S., and Rogol, A. D. (1997) J. Clin.
Endocrinol. Metab. 82, 1066–1070.

4. Palmert, M. R., Radovick, S., and Boepple, P. A. (1998) J. Clin.
Endocrinol. Metab. 83, 2260–2265.

5. Licinio, J., Negrão, A. B., Mantzoros, C., Kaklamani, V., Wong,
M. L., Bongiorno, P. B., Mulla, A., Cearnal, L., Veldhuis, J. D.,
Flier, J. S., McCann, S. M., and Gold, P. W. (1998) Proc. Natl.
Acad. Sci. USA 95, 2541–2546.

6. Kohsaka, A., Watanobe, H., Kakizaki, Y., Habu, S., and Suda, T.
(1999) Biochem. Biophys. Res. Commun. 254, 578–581.
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