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ABSTRACT 

Fertility in mammals requires adequate nutrition and 
reserves of metabolic fuel (1, 2). People experiencing severe 
dietary restriction (e.g., anorexia nervosa), wasting diseases 
(e.g., insulin-dependent diabetes), or who are hi h 
performance athletes (e.g., long distance runners and B bal et 
dancers) have severely impaired reproductive systems (3-5), 
and even short-term changes in food intake can result in 
perturbations of re reductive hormone levels in rats and 
monkeys (6, 7). F he effect of nutritional status on 
reproduction is postulated to reflect the action of metabolic 
si nals that are recognized by the brain and serve as indices 
o B metabolic state (8); however, the identity of these 
metabolic factors has remained elusive. 

Recently, a hormonal product of the obese cob) gene, 
leptin, was cloned and shown to serve as a satiety factor (9). 
Leptin is synthesized and secreted from fat cells in response 
to improved metabolic status, and it has the effect of in- 
creasmg general metabolic rate and activity levels while 
decreasing appetite (10-13). Based on these relationships, it 
has been sug 
the areas of t a 

ested that leptin serves as a metabolic signal to 
e bram governing appetite and metabolism (10, 

13-16). The discovery of leptm receptor expression in the 
brain lends credence to this argument (17-20). Extending this 
logic, we postulated that leptin could inform the 
reproductive axis about the body’s nutritional state, 

o forward if sufficient metabolic 

23). 

Materials and Methods 

Leptin 
human leptin was produced in 

Saccharomyces cerevisiae, purified to >95% homogeneity by 
analytical HPLC, and quantified by mass spectroscopy as 
described elsewhere (24). 

Animals 
C57B1/6J ob/ob mice were obtained from Jackson 

Laboratories and maintained on standard rodent chow (from 
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Teklad, Madison, WI) and water, ad libitum, until the time of 
the experiment. Males were between 11 and 17 weeks old at 
the beginning of the experiment and females were 10 weeks 
old. 

Experimental Design 
All experimental 

P 
rocedures were approved by 

ZymoGenetics Animal are Committee. Bod 
food intake were recorded daily; control anima Y 

weight and 
s (10 male, 10 

female) were pair-fed to ex erimental animals (10 male, 10 
female) of the same sex an a age f 1 week. On day -1 of the 
experiment, blood was obtained from the orbital sinus under 
ether anesthesia at 1000 h. Control animals were given saline 
and experimental animals were given 50 ug leptm as 0.5 ml 
intraperitoneal injections twice daily (1000 and 1700 h) for 14 
days. On day 14, animals were again bled under ether 
anesthesia at 1000 h, then killed by cervical dislocation. 
Seminal vesicles, testes, ovaries, and uteri were removed, 
weighed, and placed in either formalin or Bouin’s solution. 

standard was rLH-RP3, and the antiserum was anti-rLH-Sll. 
The tracers for both assa s were 
Hazelton, Inc. (Vienna, 7 Ip 

urchased from Corning 
A) Fma values are expressed as 

nanograms of rat LH or FSH per ml of serum. The intraassa 
coefficients of variation were 16% and 7% for LH and FS x , 
respectively. 

Histology 
The uteri, seminal vesicles, ovaries, and testes were 

dehydrated with a graded series of ethanol, cleared with 
x 
c! 

lene, and infiltrated and embedded in Paraplast X-TRA. 
ross sections of uteri and testes, and longitudinal sections of 

seminal vesicles and ovaries, were stained for light 
microscopy and histomorphometr using a camera-lucida 
attached to a light microscope ( t; lympus, BH-2) with a 
BioQuant System IV image analysis system (B & M 
Biometrics, Inc.). 

Statistical Analysis 
Unless otherwise noted, all data are presented as mean * 

SEM. Body wei ht profiles were compared by ANOVA. All 
other statistica H comparisons were performed by Mann- 
Whitney U tests, with ~~0.05 considered significant. 
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Table 1. Ovarian histology: number of different follicular types in one cross section of each ovary from each animal. 
Primordial Primary Early Primary Secondary Graafian 

Follicles Follicles Follicles Follicles Follicles Total 
Saline 0.9kO.43 3.0k0.79 5.7ti.83 2.1kO.43 0 11.7k1.7 
Leptin 2.3kO.50 5.5*0.79a 7.8+1.2 3.6M.58 1.6M.31b 20.8&2.3C 

Data are presented as mean + SEM. 
a ~~0.05 versus saline-treated animals 
b p<O.O05 versus saline-treated animals 
c ~~0.01 versus saline-treated animals 
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Fig. 1. Uterine weight ovarian weight, LH levels, and FSH 
levels in adult female oh/cl, mice treated with saline or leptin. 
The dashed lines in the LH and FSH graphs represent mean 
gonadotropin levels of all animals before treatment. 

Results 

As expected, leptin treatment resulted in a si 
K 

nificant 
weieht loss in both males and females (29% and 7%, re- 
spe&vely; p<O.OOOl). Control animals lost less weight (15% 
and lo%, respectively; data not shown), presumably 
reflectin 

Fema es (Frg. I) At the end of the treatment period, serum B 
the thermogenic effects of leptin (25). 

levels of LH were significant1 
leptin compared to K 

higher in females treated with 
contra s (~~0.001), althou 

treatment did not produce a sigruficant increase in k 
h leptin 
H levels 

over time. In saline-treated females, LH levels decreased over 
time, whereas in le tin-treated females, this decline did not 
occur. Serum leve s of FSH were higher in leptin-treated P 
animals compared to controls, although these differences 
were not statistically significant. 

Reproductive organ wei 
females treated with leptin. 73 

hts were significantly higher in 
0th ovarian and uterine weight 

were higher in leptin-treated animals (p<O.Ol and 0.001, 
respectively). Histological analysis of the ovaries showed 
that the number of 

P 
rimordial, primar 

Y‘. 
early primary, 

secondary, and Graa Ian follicles were a 1 mcreased in the 

5 0.04 

0.02 

0.00 

Fig. 2. Seminal vesicle weight, testes weight, LH levels, and 
FSH levels in adult male ob/ob mice treated with saline or 
leptin. The dashed lines in the LH and FSH graphs represent 
mean gonadotropin levels of all animals before treatment. 

leFtin-treated animals compared to controls; however, this 
difference was significant only in the number of primary and 
Graafian follicles (~~0.05 and 0.005, res ectively). 
addition, the total number of follicles o served g 

In 
in a 

lon itudinal section of the ova 
% (p< 7 .Ol) compared to controls ( 

was increased significantly 
able 1). Histological studies 

of the uteri showed that uterine cross-sectional area, 
epithelial height, endometrial area, and glandular area all 
increased si 
cases; Table 5 

nificantly with leptin treatment (p<O.O05 in all 
). 

Males (Fi 
levels of FS A 

2) At the end of the treatment period, serum 
were significantly higher in males treated with 

leptin corn ared 
% 

to controls ( <O.OOl). There was no 
significant lfference in LH levels etween the leptin-treated % 
and control animals, although mean LH levels were higher in 
leptin-treated animals. 

The weights of the testes and seminal vesicles increased 
significantly in the leptin-treated animals relative to controls 
(~~0.05 and 0.02, respectively). Histological analysis of the 
testes revealed that the saline-treated controls had 
si nificantly more abnormalities in their seminiferous 

% tu ules (i.e., decreased diameter, hypospermia, absence of 
germ cells, maturational arrest, intratubular sloughing; all 

Table 2. Uterine histology 
Cross Sectional 

Area (mm2) 
Saline 0.24kO.017 
Leptin 0.4W.037 

Epithelial 
Height (p) 

12.5k0.91 
2ozW1.34 

Endometrial 
Area (mm*) 
0.10M0.0084 

0.25kO.018 

Glandular 
Area (nu$) 

0.0032Yk0.0009 
0.015?0.0032 

p<O.O05 for all uterine parameters. Data are presented as mean f SEM. 
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Table 3. Testicular histology: number of seminiferous tubules showing abnormalities in one cross section (containing ZOO-300 
tubules) of each testis from each animal. 

Decreased Absence of Maturational lntratubular 
Diameter Hypospermia Germ Cells Arrest Sloughing 

Saline 9.w3.2 41.8ti6.5 1250.76 29.9f15.6 3.21.8 
Leptin I.&O.75 1.5kO.86 0 l.tiO.77 0 

~~0.05 for all testicular parameters. Data are presented as mean + SEM. 

&: _ <O 05) compared to leptin-treated animals (Table 3). 
istological studies of the seminal vesicles showed that 

leptin-treated animals had greater epithelial hei ht 
E compared to controls (17.38+1.17 vs. 11.17*0.71ltm; p<O.OO ). 

Discussion 

These results show that le tin stimulates the reproductive 
endocrine system of oh/o% mice-despite a profound 
reduction in food intake and body weight. These observa- 
tions corroborate previous findings on the effects of leptin on 
body weight and food intake in ob/ob mice and rovide a 
physiological explanation for the earlier finding t R at leptin 
can reverse the infertility in females with this mutation (lo- 
13, 26). Moreover, our studies show that the effects of leptin 
on the reproductive axis extend to males and offer a unifying 
hypothesis suggesting that leptin may be an important 
mechanism by which the bod 
signals its nutritional state to t K 

s metabolic control s stem 
e reproductive axis. UYhile it 

seems clear that gonadal function in the ob/ob mouse is 
activated by leptin re lacement, it is less evident whether 
this effect is mediate 8. directly via the gonads or indirectly 
throu h the neuroendocrine axis. 

In % 0th male and female ob/ob mice, le 
stimulated onadal function. Ovarian an : 

tin unequivocally 

B 
testicular weight 

increased ollowmg treatment with leptin, and ovarian 
histology indicates greater amounts of follicular 
develo 

P 
ment, consistent with activation of ovarian function. 

Similar y, testicular histology indicates that le tin stimulated 
7 cellular activity in the seminiferous tubules. n neither case 

was the increased weight due to patholo ical 
i 

effects of 
leptin; thus, we conclude that leptm some ow influences 
gonadal physiology. 

The trophic action of leptin on gonadal function ap- 
parently leads to an increase in sex steroid production as 
shown by increased uterine weight. Uterine histology 
revealed that the weight increase was due to proliferative 
growth of the uterine glands, epithelium, and endometrium, 
typical responses to stimulation by estrogen. In males, the 
increased weight of the seminal vesicles was likewise ac- 
companied by increased epithelial height, indicating 
increased circulating levels of testosterone. Although leptin 
may conceivably act directly on the uterus and the seminal 
vesicles, causin 
likelIy, that in 8, 

proliferation of these tissues, it seems more 
0th sexes leptin stimulates the gonads, 

resu tmg m Increased sex steroid levels and thereby causing 
proliferation in these sex steroid-sensitive target tissues. 

What is the mechanism of le 
P 

tin’s action on the re- 
productive axis? First, it seems like y that our results, at least 
m part, reflect a direct effect of le 
inference is based on the fact that t K 

tin on the gonads. This 
e leptin receptor COB-R) 

has been localized to the ovaries and the testes (16, 18), which 
suggests that these or ans are, in fact, targets for the action of 
leptm. However, it a so seems likely that leptin acts on the k 
hypothalamic-pituitary axis, althou 

Irx. It a B .. 
h this effect may be 

mole ~oili 
attributab e to a Y 

pears that the in ernhty of ob/ob mice is 
~y~thalamic/%ituitar~, defect (21-231, 

although these anima s are capab e of ex ibitmg a rise in 

%i t 
onadotropin secretion followmg castration, implying that 

s defect IS only partial (22). Our results show that the ob/ob 
control animals, which were pair-fed to the leptin-treated 

animals, showed an overall decline in serum levels of 
gonadotropins-similar to that previous1 
normal rats fed a calorie-restricted diet (25). 

E described for 

blocked the fastin 
ephn treatment 

7 
-induced inhibition of gonadotropin 

levels. LH levels in eptm-treated females and FSH levels in 
leptin-treated males were significantly higher than in saline- 
treated animals, despite the fact that these animals lost even 
more weight than their pair-fed controls. We conclude that 
whereas leptin may not actually increase circulating levels of 
gonadotropins over pretreatment levels in ob/ob mice, leptin 
most certainly defends a ainst the inhibition associated with 
fasting. It is also posse 2 le that, because plasma levels of 
mouse gonadotropins are high1 le tin 
increases the fre 

a and that our met 
uency or amphtu B 

pulsatile (27), 
P e of LH and FSH pu ses 

od of blood collection (i.e., a single blood 
sample at the beginning and at the end of the experiment) 

simpty 
did not detect this effect. Moreover, given that 

gona otropm levels were significantly higher in leptin- 
treated animals than in controls-despite the apparent 
increase in circulating levels of sex steroids-it seems 
reasonable to conclude that the leptin treatment decreased 
the sensitivity of the hypothalamic-pituitary axis to the 
negative feedback effects of sex steroids, suggesting that 
leptin acts on the brain and/or pituitary. 

brain. 
Based on these observations, we postulate that in normal 

animals leptin serves as a metabolic signal to the 
reproductive system, informing it that sufficient fat stores are 
available to meet the caloric demands of reproduction. Based 
on our data we cannot determine whether leptin activates the 
reproductive axis or serves as a permissive si nal that 
maintains reproductive function when circulating evels are H 
above some threshold. However, in either case, metabolic 
stresses such as food restriction, metabolic wasting diseasses 
and severe exercise would be signaled to the reproductive 
system via low circulating levels of le 
resources necessary P 

tin, indicating that the 
for success ul reproduction are 

unavailable. When t e ammal’s metabolic status improves, 
leptin levels increase, 
become active and 
mechanisms by which 

Acknowledgments 

We thank Dr. William Bremner, Arlen Sarkissian, 
and the Population Center for Research in Reproduction at 

 on February 12, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


RAPID COMMUNICATIONS 3147 

the UW for performin\ the RIAs, and Jan;ki.ra;;; 2: 
Margret Fallon for tee meal assistance. 

orted b USPHS (NIH) grants R01 HD29039 and ROl 

~!oGeieti!s, Inc. 
H 7142 t e Howard Hughes Medical Institute, and 

References 

1. Darwin C 1896 The variation of animals and plants 
under domestication, D. Appleton and Company, New 
York 

2. Van Der Spuy 2 1985 Nutrition and Reproduction. Clin 
Obstet Gynaecol12: 579-604 

3. Stewart D 1992 Re 
disorders. Ann Med 2 B 

reductive functions in eating 
: 287-91 

4. De Souza M, Metzger D 1991 Reproductive 
dysfunction in amenorrheic athletes and anorexic 
patients: a review. Med Sci Sports Exert 23: 995-1007 

5. Griffin M, South S, Yankov V, Booth RJ, As lin C, 
Veldhuis J, Evans W 1994 Insulin-de endent b! iabetes 
mellitus and menstrual dysfunction. A) nn Med 26: 331- 
40 

6. Cagampang F, Maeda K, Yokoyama A, Ota K 1990 
Effect of food deprivation on the pulsatile LH release in 
the cyclin 
Res 22: 26 5 

and ovariectomized female rat. Horm Metab 
-272 

7. Cameron J, Nosbish C 1991 Suppression of pulsatile 
luteinizing hormone and testosterone secretion during 
short term food restriction in the adult male rhesus 
monke (macaca mulatta). Endocrinology 128: 1532-1540 

8. Schrer 2 ofer D, Amico J, Cameron J 1993 Reversal of 
fasting-induced sup 

P 
ression of luteinizing hormone 

(LH) secretion in ma e rhesus monkeys by mtragastric 
nutrient infusion: evidence for rapid stimulation of LH 

9. zi 
b nutritional signals. Endocrinology 132: 1890-1897 

ang Y, Proenca R, Maffei M, Barone M, Leopole L, 
Friedman J 1994 Positional cloning of the mouse obese 

ene and its human homologue. Nature 372: 425-432 
10. a eigle D, Bukowski T, Foster D, Holderman S, 

Kramer J, Lasser G, Lofton-Day C, Prunkard D, 
Ra mond C, Kuijper J 1995 Recombinant ob protein 
re 

B 4 
uces feedin and body weight in the ob/ob mouse. J 

Clin Invest 96: 065-70 
11. Halaas J, Ga’iwala K, Maffei M, Cohen S, Chait B, 

Rabinowitz A Lallone R, Burley S, Friedman J 1995 
Weight-reducmg effects of the 
by the obese gene. Science 269: 5 1 

lasma protein encoded 
3-546 

12. Pelleymounter M, Cullen M, Baker M, Hecht R, 
Winters D. Boone T. Collins F 1995 Effects of the obese 

‘science 269: 540-543 
ene product on body weight regulation in ob/ob mice. 

13. Campfield L, Smith F, Guisez Y, Devos R, Burn P 1995 
Recombinant mouse OB 

cYot+ 
evidence for a 

peripheral signal linking a iposity and central neural 
networks. Science 269: 546-549 

14. Chua SJ, Chung W, Wu-Peng X, Zhang Y, Liu S, 
Tartaglia L, Leibel R 1996 Phenotypes of mouse diabetes 

in the OB (leptin) 

P, Bue-Valleskey J, 
Burgett S, Craft L, Hale J, Hoffmann J, Hsiung H, 
Kriauciunas A, MacKellar W, Rosteck Jr P, Schoner B, 
Smith D, Tinsley F, Zhang X, Heiman M 1995 The role 
of neuropeptide Y in the antiobesity action of the obese 

16, Erduct. Nature 377: 530-532 
, Proenca R, Montez J, Carroll K, Darvishzadeh J, 

Lee J, Friedman J 1996 Abnormal splicin 
receptor in diabetic mice. Nature 379: 3 

of the leptin 
632-6 5 

17. Cheung C, Lok S, Kuijper J, Wei le D, Finn P, Clifton 

A, Platika D, Snodgrass H 1996 Novel B219/OB 
receptor isoforms: Possible role of le tin in 
hematopoiesis and reproduction. Nat Med 2: 58 s -588 

19. Tartagha L, Dembskr M, Wen X, Den N, Culpep er 
J, Devos R, Richards G, Camp B 7 % reld L, C ark F, Dee s J, 
Muir C, Sanker S, Moriarty A, Moore K, Smutko J, 
Mays G, Woolf E, Monroe C, Tepper R 1995 
Identification and ex ression cloning of a leptin 
receptor, OB-R. Cell 83: P 263-1271 

20. Chen H, Charlat 0, Tartaglia L, Woolf E, Weng X, Ellis 
S, Lakey N, Culpepper J, Moore K, Brietbart R, Du k 
G, Tepper R, Morgenstern J 1996 Evidence that t K e 
diabetes gene encodes the leptin receptor: identification 
of a mutation in the leptin receptor gene in db/db mice. 
Cell 84: 491-195 

21. Batt R, Everard D, Gillies G, Wilkinson M, Wilson C, 
Yeo T 1982 Investigation into the hypogonadism of the 
obese mouse (genotype ob/ob). J Reprod Fert. 64: 363- 
371 

22. Swerdloff R, Batt R, Bray G 1976 Reproductive 
hormonal function in the genetically obese (ob/ob) 
mouse. Endocrinology 98: 1359-64 

23. Swerdloff R, Peterson M, Vera A, Batt R, Heber D, 

~~~~ti~l::~s,‘~b~~~~~~~~~~~~~~~t~~~i~~ 
ormone-releasing hormone. Endocrinology 103: 542-7 

24. Erickson J, Clegg K, Palmiter R 1996 Leptin sensitivity 
and seizure susceptibility in mice lacking neuropeptide 
Y. Nature, in ress 

25. Bergendahl x4 Perheentupa A, Huhtaniemi I 1989 
Effect of short-t&m starvation on reproductive hormone 
gene expression, secretion and receptor levels in male 
rats. J Endocrinol 121: 409-17 

27 

28. 

26. Chehab F, Lim M, Lu R 1996 Correction of the sterilitv 
defect in homozygous obese female mice by treatment 
with the human recombinant leptin. Nat Genet 12: 318- 
320 
Coquelin A, Desjardins C 1982 Luteinizing hormone 
and testosterone secretion in young and old male mice. 
Am J Ph 

I? 
sio1243: E257-E263 

Malik Young SI 1996 Localization of binding sites in 
the centGal nervous s stem for le tin (OB 
normal, obese Cob/o 1, and dia etic (db db) mice. i 3. p 

rotein) in 

Endocrinology 137: 1497-1500 
Schwartz M, Baskin D, Bukowski T, Kuijper J, Foster 
D, Lasser G, Prunkard D, Porte DJ, Woods S, Seeley R, 
Weigle D 1996 Specifici 
blood glucose levels and x 

of leptin action on elevated 
ypothalamic neurope 

a 
ene expression in ob/ob mice. Diabetes 45: 531-53 Ij 

tide Y 

alra S 1993 Mandatory neuropeptide-steroid si naling 

29. 

30. 
for the preovulator luteinizin 

B f 
hormone-releasing 

hormone discharge. ndocr Rev 1 : 507-538 

DC (Abstract) - 
18. Cioffi J, Shafer A, Zupancic T, Smith-Gbur J, Mikhail 

 on February 12, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

