Accelerated puberty and late-onset hypothalamic
hypogonadism in female transgenic skinny mice

overexpressing leptin
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Excess or loss of body fat can be associated with infertility, suggesting that adequate fat mass is essen-
tial for proper reproductive function. Leptin is an adipocyte-derived hormone that is involved in the
regulation of food intake and energy expenditure, and its synthesis and secretion are markedly
increased in obesity. Short-term administration of leptin accelerates the onset of puberty in normal
mice and corrects the sterility of leptin-deficient 0b/0b mice. These findings suggest a role for leptin
as an endocrine signal between fat depots and the reproductive axis, but the effect of hyperleptine-
mia on the initiation and maintenance of reproductive function has not been elucidated. To address
this issue, we examined the reproductive phenotypes of female transgenic skinny mice with elevated
plasma leptin concentrations comparable to those in obese subjects. With no apparent adipose tis-
sue, female transgenic skinny mice exhibit accelerated puberty and intact fertility at younger ages fol-
lowed by successful delivery of healthy pups. However, at older ages, they develop hypothalamic
hypogonadism characterized by prolonged menstrual cycles, atrophic ovary, reduced hypothalamic
gonadotropin releasing hormone contents, and poor pituitary luteinizing hormone secretion. This
study has demonstrated for the first time to our knowledge that accelerated puberty and late-onset
hypothalamic hypogonadism are associated with chronic hyperleptinemia, thereby leading to a bet-

ter understanding of the pathophysiological and therapeutic implication of leptin.

J. Clin. Invest. 105:749-755 (2000).

Introduction
Adequate mass of adipose tissue is required for the
onset of puberty and maintenance of fertility. A num-
ber of studies have indicated that undernourished chil-
dren have delayed puberty (1) and that loss of body fat
in adulthood often leads to impaired reproductive func-
tion (2, 3). However, it has been recognized that repro-
ductive failure is also associated with obesity (4). Obese
women often exhibit abnormal menstrual cycles and
infertility, with reduced plasma luteinizing hormone
(LH) levels and impaired LH secretion in response to
exogenous gonadotropin releasing hormone (GnRH)
(5), suggesting the involvement of hypothalamic-pitu-
itary dysfunction in obesity-related reproductive failure.
The adipose tissue has been regarded as the site of
triglyceride storage and FFA/glycerol release in response
to energy demand (6). It also participates in a variety of
homeostatic processes as an endocrine organ that
secretes a number of biologically active hormones,
cytokines, and growth factors (6, 7). Leptin is an
adipocyte-derived hormone that is involved in the regu-
lation of food intake and energy expenditure (8-12). It
may act also as an important regulator of neuroen-

docrine and reproductive functions. Leptin-deficient
ob/ob mice exhibit infertility caused by hypothalamic dys-
function (13), which is corrected by exogenous adminis-
tration of leptin (14, 15). Short-term administration of
leptin accelerates the onset of puberty in normal mice (16,
17) and rescues the impaired reproductive homeostasis
in fasted mice and rats with reduced amounts of leptin
(18-20). Furthermore, with a transient elevation of plas-
ma leptin concentrations prior to a variety of puberty-
related changes in neuroendocrine function, it is postu-
lated that the “leptin surge” in childhood may signal the
initiation of puberty (21, 22). Therefore, leptin may serve
as an endocrine signal between fat depots and reproduc-
tive axis. However, to our knowledge the long-term eftfect
of leptin on reproductive function has never been inves-
tigated. Plasma leptin concentrations are markedly
increased in proportion to the degree of adiposity
(23-25). The diurnal rhythmicity of plasma leptin con-
centrations is blunted in obesity, suggesting the involve-
ment of continuous hyperleptinemia in obesity-related
phenotypes (26). From this perspective, the effect of
hyperleptinemia on the initiation and maintenance of
reproductive function remains to be elucidated.
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We have recently produced transgenic mice overex-
pressing leptin under the control of the liver-specific
promoter and demonstrated that chronic hyper-
leptinemia results in the complete disappearance of
white and brown adipose tissue over the long term (27).
We therefore call these animals transgenic skinny mice.
They also exhibit increased glucose metabolism and
insulin sensitivity accompanied by a marked increase
in insulin signaling for glucose homeostasis in the
skeletal muscle and liver (27, 28). Thus, transgenic
skinny mice will provide the unique experimental
model system with which to assess the long-term effect
of leptin in vivo. To explore the long-term effect of
hyperleptinemia on reproductive function, we have
examined the reproductive phenotypes of female trans-
genic skinny mice overexpressing leptin.

Methods

Transgenic skinny mice. Generation of transgenic skinny
mice overexpressing leptin under the control of the
liver-specific human serum amyloid P component
(SAP) promoter has been reported previously (27). The
human SAP promoter is highly specific to the liver and
is active only after birth (29). In this study, female and
male transgenic skinny mice with 30 copies of the
transgene were used as heterozygotes and maintained
on standard rat chow (CE-2; 352 kcal/100 g; Japan
CLEA, Tokyo, Japan) under a 12-hour light
(0800-2000 hours)/12-hour dark (2000-0800 hours)
cycle. All experimental procedures were approved by
the Kyoto University Graduate School of Medicine
Committee on Animal Research.

Experimental designs. To determine the date of vaginal
opening in female transgenic and nontransgenic litter-
mates, mice were weaned at 21 days of age, and the vagi-
na of each mouse was inspected daily (16). The dura-
tions of estrous cycles were also determined by
inspection of daily vaginal smears. At the indicated
ages, ovaries and uteri were removed from female trans-
genic and nontransgenic littermates and weighed.
Ovarian weights were described as the total for the

Table 1
Fertility rate and number of pups in transgenic and nontransgenic lit-
termates
Fertility rate  Number of pups
Female
8 weeks old NonTg 6/7 6.0+£0.8(n=6)
Tg 19/25 5.0£0.5(n=19)
22 weeks old NonTg 5/7 7.4+£1.0(n=75)
Tg 2/1278 8.0 (n=2)
Male
8 weeks old NonTg ND ND
Tg 14/15 7.9+0.2(n=14)
22 weeks old NonTg 8/10 6.9+1.0(n=8)
Tg 18/24 6.8+0.5(n=18)

Tg, transgenic skinny mice; nonTg, nontransgenic littermates; ND = not deter-
mined. AP < 0.005 compared with Tg at 8 weeks of age by x? test. BP < 0.05
compared with nonTg at 22 wk of age by X? test.
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bilateral ovaries. To assess the fertility rate, female
transgenic and nontransgenic littermates at the indi-
cated ages were mated with proved C57BL/6] breeder
males for 3 weeks (2 males per cage).

We also examined the reproductive phenotypes of
male transgenic skinny mice at older ages. The testes
were removed from 26-week-old male transgenic and
nontransgenic littermates and weighed. The fertility rate
of male mice was also assessed by mating them with
wild-type female mice for 3 weeks (2 females per cage).

To determine hypothalamic GnRH contents in trans-
genic and nontransgenic littermates, the whole hypo-
thalami removed from mice at the indicated ages, imme-
diately frozen in liquid nitrogen, and stored at -70°C
until use. Tissues were homogenized in 1 N acetic acid
and 20 mM hydrochloride and were eluted through a
SepPak C18 cartridge (Waters Associates, Milford, Mass-
achusetts, USA) (30). Blood was sampled from the retro-
orbital sinus of mice under slight anesthesia with ether.
Serum LH concentrations at 2000 hours on the
proestrus day, i.e., at the time of LH surge, were deter-
mined in female transgenic and nontransgenic litter-
mates at 13-18 weeks of age. Serum LH response to
exogenously administered GnRH was examined as
described previously (31). Female transgenic and non-
transgenic littermates were injected intraperitoneally
with GnRH (3.3 ng/g body weight) (Sigma Chemical Co.,
St. Louis, Missouri, USA) on day 21 and at the diestrus
stage at 13 weeks and 25 weeks of age. Blood was sam-
pled 15 minutes after the injection and subjected to the
measurement of serum LH concentrations.

Ovarian response to exogenously administered
gonadotropins were assessed using 25-week-old
female transgenic and nontransgenic littermates by
intraperitoneal administration of pregnant mare
serum gonadotropin (PMSG) (5 IU) on the diestrus
day and human chorionic gonadotropin (hCG) (5 IU)
2 days later.

Hormone assays. Hypothalamic GnRH contents were
measured by GnRH enzyme immunoassay kit (Penin-
sula Laboratories, Inc., Belmont, California, USA)
according to the manufacturer’s recommendation. Sen-
sitivity of the assay was 0.02 ng/mL. Coefficient of inter-
and intra-assay variations were less than 14% and 5%,
respectively. Plasma leptin concentrations were deter-
mined using the RIA for mouse leptin (Linco Research
Immunoassay, St. Louis, Missouri, USA). Sensitivity of
the assay was 0.2 ng/mL. Coefficient of inter- and intra-
assay variations were 5.9% and 4.0%, respectively. Serum
LH concentrations were measured using the RIA with
rat LH standards (Amersham Pharmacia Biotech, Buck-
inghamshire, United Kingdom). Sensitivity of the assay
was 0.2 ng/mL. Coefficient of inter- and intra-assay vari-
ations were 6.6% and 6.5%, respectively.

Histological studies. Ovaries, uteri, and testes were fixed
in 10% formaldehyde, dehydrated with a graded series
of ethanol, and embedded in paraffin. Sections of
ovaries and uteri (5-pUm thick) were stained with hema-
toxylin and eosin and examined by light microscopy.
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Statistical analysis. Significance was assessed by Stu-
dent’s ¢ test, X? test, Mann-Whitney’s U-test, and log-
rank test, where indicated, and otherwise by ANOVA
with Fisher’s least significance difference test. All val-
ues were expressed as means + SEM.

Results

Plasma leptin concentrations in female transgenic
skinny mice.

Plasma leptin concentrations in female transgenic skin-
ny mice were approximately 10-fold higher than those
in nontransgenic littermates (81.4 £ 15.4 vs. 9.2 + 2.2
ng/mL; n="7 and 5, respectively, at 4 weeks of age) and
were unchanged with age, as reported previously (27).

Reproductive phenotypes of female transgenic
skinny mice at younger ages

Accelerated puberty. Vaginal opening in transgenic
skinny mice occurred earlier than that in nontrans-
genic littermates (27.3 £0.5vs.29.4+0.9d;n=9; P <
0.05 by log-rank test; Figure 1a). At day 21, ovarian
weights of transgenic skinny mice were greater than
those of nontransgenic littermates (3.1 £ 0.3 vs. 2.2 +
0.2 mg; n=4and 7, respectively; P < 0.01; Figure 1b).
Histological examination revealed that the ratio of
the number of growing follicles (larger than 140 um
in diameter), with several layers of granulosa cells,
among all follicles were higher in arbitrary ovarian
slices of transgenic skinny mice than those of non-
transgenic littermates (25.8 £ 0.5 vs. 17.9 + 1.0%; n =
3; P <0.005 by Mann-Whitney’s U-test; Figure 2, a
and e). At day 29, 1 transgenic mice of 4 was sacri-
ficed and 1 nontransgenic littermate of 6 was sacri-
ficed at the metestrus stage; the others were sacri-
ficed at the diestrus stage. For these mice, ovarian
maturation occurred at day 29 in both genotypes,
and there were no significant differences in weight
(Figure 1b) or histology (data not shown) between
transgenic and nontransgenic littermates. The uter-
ine weights of transgenic skinny mice were signifi-
cantly greater than those in nontransgenic litter-
mates (22.3 £ 1.6 vs. 13.3 £ 1.0 mg; n = 4 and 6,
respectively; P < 0.005; Figure 1c).

Hypothalamic GnRH contents at either day 21 or day
29 (Figure 3a) and serum LH response to exogenously
administered GnRH at day 21 in transgenic skinny
mice did not differ from those in nontransgenic litter-
mates (Figure 3b).

Maintenance of intact fertility at younger ages. The fertili-
ty rate of transgenic skinny mice at 8 weeks of age did
not differ from that of nontransgenic littermates
(Table 1). They delivered healthy pups timely at day 19
of pregnancy. The numbers of pups did not differ
between transgenic and nontransgenic littermates
(Table 1). At 11 weeks of age, there were no significant
differences in ovarian and uterine weights between
genotypes (Figure 1,b and ¢, and Figure 2, b and f). The
durations of the estrous cycles did not differ at 8 weeks

ofage (4.7 +0.2vs. 5.4+ 0.8 d; n =4) (Figure 1d). Hypo-
thalamic GnRH contents in transgenic skinny mice did
not differ from those in nontransgenic littermates at
11 weeks of age (0.54 £ 0.11 vs. 0.62 = 0.15 ng/hypo-
thalamus; n = 4; Figure 3a).

Reproductive phenotypes of female transgenic
skinny mice at older ages

Impaired reproductive function at older ages. The fertility
rate of transgenic skinny mice was markedly reduced
at 22 weeks of age (Table 1). The durations of estrous
cycles were prolonged significantly in 30-week-old
transgenic skinny mice compared with nontrans-
genic littermates (102 + 1.6 vs. 5.5+ 0.8 d;n=35; P<
0.05; Figure 1d). In 21-week-old transgenic skinny
mice, ovarian weights were markedly reduced com-
pared with those of nontransgenic lictermates (7.8 +
0.3vs.10.8 £ 0.5 mg; n=4; P <0.005; Figure 1b). His-
tological examinations revealed that ovaries were
atrophied in transgenic skinny mice, accompanied by
a significant reduction in the number of mature
antral follicles (4.0 £ 1.2 vs. 8.0 + 1.2 per slice of uni-
lateral ovary; n = 5; P < 0.05 by Student’s ¢ test). In
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Figure 1

Reproductive profile of transgenic skinny mice overexpressing leptin
(filled columns) and their nontransgenic littermates (open columns).
(a) Number of mice with vaginal opening (n =9); P < 0.05 by log-rank
test. (b) Organ weights of ovaries on day 21 (21 d) (filled columns,
n=4; open columns, n=7) day 29 (29 d) (filled columns, n = 4; open
columns, n = 6), and on the diestrus day at 11 weeks (11W) (filled
and open columns, n = 4) and 21 weeks (21W) (filled and open
columns, n = 4) of age. (c) Organ weights of uteri. Uteri were col-
lected from the same animals in b. (d) Durations of estrous cycle by
vaginal smears. Daily observation was performed for 20 days from 8
weeks (8 W) (filled and open columns, n =4) and 30 weeks (30 W)
(filled and open columns, n = 5) of age. AP < 0.05, BP < 0.01, and P
< 0.005 compared with nontransgenic littermates by ANOVA with
Fisher’s least significance difference test.
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extreme cases, growing follicles were absent (Figure
2,cand g).

Suppressed hypothalamic pituitary activity at older ages.
Hypothalamic GnRH contents in 21-week-old trans-
genic skinny mice were lower than those in non-
transgenic littermates (0.52 + 0.05 vs. 0.92 + 0.11
ng/hypothalamus; n = 4; P < 0.05; Figure 3a). In addi-
tion, serum LH concentrations after GnRH admin-
istration in transgenic skinny mice were moderately
but significantly lower than those in nontransgenic
littermates (Figure 3b). The poor LH response, a
reflection of chronic hypothalamic dysfunction, was
observed in transgenic skinny mice as early as 13
weeks of age. Moreover, serum LH concentrations on
the evening of proestrus day, i.e., at the time of LH
surge, were markedly reduced in 13- to 18-week-old
transgenic skinny mice compared with nontrans-
genic littermates (3.3 £ 1.1 vs. 29.4 + 6.8 ng/mL; n =
6 and 4, respectively; P < 0.005 by Student’s ¢ test;

Figure 3c).
Intact response to ovarian stimulation at older ages. Ovar-
ian sensitivity to exogenously administered

gonadotropins was examined in 25-week-old trans-
genic and nontransgenic littermates. Unilateral ovary
was sampled and weighed before stimulation, con-
firming the reduced ovarian weight in transgenic
skinny mice (3.3 £ 0.3 vs. 4.2 + 0.2 mg for unilateral
ovary; n =3; P <0.05 by Student’s ¢ test). After 2 cycles
of gonadotropin stimulation, ovaries of transgenic
skinny mice became enlarged indistinguishably from
those of nontransgenic littermates (8.0 £ 0.6 vs. 9.8 +
0.8 mg for remaining unilateral ovary; n = 3). Ovaries
of transgenic skinny mice responded to
gonadotropins similarly to those of nontransgenic

lictermates (4.8 £ 0.5 vs. 4.5 = 0.3 follicles, and 5.8 +
0.7 vs. 6.3 £ 0.9 corpus lutea per slice of unilateral
ovary in transgenic and nontransgenic littermates,
respectively; n = 3; Figure 2, d and h).

Reproductive phenotypes of male transgenic skinny
mice at older ages.

To extend our observations on female transgenic skin-
ny mice at older ages, we also examined the reproduc-
tive phenotypes of male transgenic skinny mice at older
ages. The fertility rate of male transgenic skinny mice
did not differ from that of nontransgenic litctermates at
22 weeks of age (Table 1). The number of pups did not
differ between genotypes (Table 1). In 26-week-old
mice, there were no significant differences between
transgenic and nontransgenic littermates in testicular
weights (158.8 £ 13.8 vs. 168.8 £ 6.3 mg; n = 4) and his-
tology (data not shown). Hypothalamic GnRH con-
tents in 26-week-old transgenic skinny mice tended to
be decreased compared with those in nontransgenic lit-
termates (0.60 +0.07 vs. 0.78 + 0.07 ng/hypothalamus;
n=4), but the difference was not significant (P =0.11).

Discussion

Previous studies have demonstrated that an adequate
mass of adipose tissue is required for proper onset of
puberty and maintenance of fertility, suggesting an
important link between energy homeostasis and repro-
ductive function (1). However, the molecular mechanism
whereby adipose tissue is involved in reproductive home-
ostasis has not fully been elucidated. This study demon-
strates that at younger ages, female transgenic skinny
mice overexpressing leptin exhibit accelerated puberty
and maintain intact fertility, with no apparent adipose

21d 11wk

25wk
Post stimulation

17wk

Figure 2

Gross histological findings of ovaries from transgenic skinny mice overexpressing leptin (Tg: e-h) and their nontransgenic littermates
(nonTg: a-d). Hematoxylin-eosin staining was performed on paraffin sections. a and e were collected from mice aged 21 days; b and
fwere from those aged 11 weeks; c and g were from those aged 17 weeks; and d and h were from those aged 25 weeks after 2 cycles of
gonadotropin stimulation. Scale bar = 0.5 mm.
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tissue. These mice exhibit earlier vaginal opening and
greater uterine weights, suggesting the enhanced pro-
duction of gonadal steroid hormones. Indeed, trans-
genic skinny mice show accelerated follicular develop-
ment relative to nontransgenic littermates. These
observations suggest that leptin is one of the major
adipocyte-derived hormones determining the timing of
puberty and maintaining intact fertility. Previous exper-
imental studies demonstrated that exogenously admin-
istered leptin accelerated reproductive maturation in
normal female mice fed ad libitum (16, 17), and main-
tained intact fertility in fasted mice and rats (18-20).
However, there are several reports that leptin did not
affect reproductive function in rats, ewes, and monkeys
fed ad libitum (20, 32, 33). The present study supports
and confirms the stimulatory role of leptin on sexual
maturation of the mouse reproductive system.

The mechanisms responsible for leptin-induced acti-
vation of reproductive homeostasis require further
investigations. Leptin has been shown to increase
GnRH and LH release from rat hypothalamic median
eminence-arcuate nuclear explants in vitro (34). Fur-
thermore, intracerebroventricular administration of
leptin has been shown to induce sexual maturation in
food-restricted rats (35). These findings suggest that
leptin can modulate the reproductive function at least
partly via hypothalamic function. In this study, there
were no significant differences in hypothalamic pitu-
itary function between transgenic and nontransgenic
littermates during the course of puberty; this might be
due to the pulsatility of hypothalamic GnRH produc-
tion and thus pituitary LH production in vivo.

Unexpectedly, at older ages, female transgenic skinny
mice exhibited reduced fertility. They showed increased
locomotor activity and elevated body temperature with
no signs of endocrine abnormalities associated with
starvation or food restriction (Ogawa, Y. et al. unpub-
lished data), such as increased adrenocorticotropic hor-
mone levels or decreased thyroxine levels (18). Thus, the
reproductive failure observed in female transgenic skin-
ny mice at older ages may not be a result of reduced
food intake or malnutrition. However, transgenic skin-
ny mice showed decreased hypothalamic GnRH con-
tents, together with an impairment in spontaneous LH
surge and poor LH response to exogenously adminis-
tered GnRH. These observations suggest that hypogo-
nadism in female transgenic skinny mice at older ages
is caused by hypothalamic rather than pituitary or
gonadal dysfunction. In transgenic skinny mice at
older ages, atrophied ovaries can be rescued by exoge-
nous gonadotropins, suggesting that lack of primary
follicles in ovaries is not a major cause of reproductive
dysfunction. This discussion, however, does not
exclude the possibility that leptin suppresses ovarian
sensitivity to physiological levels of gonadotropins, as
suggested by in vitro experiments (36).

Even at older ages, transgenic skinny mice remain
hypophagic relative to nontransgenic littermates
(27), suggesting that the effects of leptin on food
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Figure 3

Hormonal profile of transgenic skinny mice overexpressing leptin
(filled columns) and their nontransgenic littermates (open columns).
(a) Hypothalamic GnRH contents. Hypothalami were collected from
the same animals in Figure 1b. (b) Serum LH concentrations 15 min-
utes after intraperitoneal administrations of GnRH. Procedures were
performed on day 21 (21 d) (filled columns, n = 10; open columns,
n=28), on the diestrus day at 13 weeks (13 W) (filled columns, n = 6;
open columns, n = 4), and on the diestrus day at 25 weeks (25 W)
(filled and open columns, n = 10) of age. (c) Serum LH concentra-
tions at 2000 hours on the proestrus day between 13 and 18 weeks
of age (filled columns, n = 6; open columns, n = 4). AP < 0.05 com-
pared with nontransgenic littermates by ANOVA with Fisher’s least
significance difference test. BP < 0.005 by Student’s ¢ test.

intake and reproductive axis are mediated via differ-
ent hypothalamic pathways as reported previously
(33). We and others have demonstrated that the sati-
ety effect of leptin is mediated at least partly
through the hypothalamic melanocortin system (37,
38). Indeed, the melanocortin system is suppressed
in leptin-deficient ob/ob mice (39, 40), which show
hyperphagia as well as infertility. However, lethal yel-
low agouti (A/a) mice have been shown to be hyper-
phagic (41, 42) due to antagonism of the hypothala-
mic melanocortin system by ectopic expression of
the agouti protein (43). Nevertheless, these mice
develop puberty normally and maintain intact fer-
tility after being hyperphagic (44), suggesting that
leptin regulation of the reproductive axis does not
require hypothalamic melanocortin system. This dis-
cussion is consistent with a notion that different
thresholds exist for the different biologic effects of
leptin (45). It has been reported that GnRH and LH
secretion in vitro is stimulated at low doses of leptin
but is not accelerated at higher doses (34). Collec-
tively, these findings suggest that chronic hyper-
leptinemia may downregulate the hypothalamic lep-
tin signaling to stimulate reproductive function,
thereby leading to hypothalamic hypogonadism in

transgenic skinny mice.
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In the present study, we also examined the reproduc-
tive phenotypes of male transgenic skinny mice at older
ages and found that they showed no impairment of
reproductive function. It has been reported that leptin-
deficient male 0b/ob mice occasionally become fertile
after body weight reduction, whereas it never happens
in female 0b/0b mice (15, 46). Furthermore, female A/a
mice, which develop hyperleptinemia at older ages,
develop infertility due to hypothalamic dysfunction,
but male A’/a mice never develop reproductive failure
at older ages (47, 48). These findings together suggest
a gender difference in the effect of leptin on regulation
of the reproductive function.

Alarge number of studies showed that plasma leptin
concentrations are elevated significantly in obese sub-
jects in proportion to the degree of adiposity, suggest-
ing “leptin resistance” in obesity (23-25, 49, 50). How-
ever, it is also possible that hyperleptinemia may play a
role in the pathogenesis of obesity and obesity-related
conditions. It is known that excess body fat in women
often leads to hypothalamic hypogonadism (4). It is,
therefore, tempting to speculate that chronic hyper-
leptinemia is involved in reproductive dysfunction in
obese women.

In conclusion, we demonstrated accelerated puberty
and late-onset hypothalamic hypogonadism in female
transgenic skinny mice overexpressing leptin. This
study provides the first elucidation of long-term effects
of hyperleptinemia on the reproductive system, there-
by leading to a better understanding of the pathophys-
iological and therapeutic implication of leptin.
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