
\\.as either unaffected (Flg. 3, A and B) or 
oi-ily mhiblted (5O'iil) (Fig. 3C). 

Thus, like ca1ncsii-i and calreticulii-i, 
ERpSi li~i-iding rccjulred gl~lcose trimining 
o i  the N-linked carl~ohydratc a d e  chaii-i\. 
LT7c p r o l i ~ w  that ERpS7 t~li-ictlons 111 com- 
h~i-iatlon n.lt11 calnesin and cal re t ic~~l in  as a 
ini>lecular cha1~eroi-ie o i  glycoprotcrn hi+ 
sy~nthesia. \Ye ohserved a time-i\epcndent 
decrease 111 the  alllouilt of the  PL62.CHO 
cross-l~i-iking products with calncsln,  calre- 
tlculln, a n J  the associated ERpS7 ( 1  8). 
This suggested that the  interaction hetn.ce1-i 
ERpS7 ai-iii nascent ~l\-coproteills was tran- 
slent, llkc other inolecular chaperoi-ic-auli- 
strate lnteractloils ( 3 ,  5,  19).  \Ye bcl1el.e a 
specific modulation o i  :l\-coprotel11 foliiing 
could be achie\.ed by c i>uyl~nc the  lect111- 
llkc properties o t  calnexin and calret~culin 
(2 )  n ~ t h  the  t l~~c~l- i ie~~cni le l - i t  reductaae ac- 
tivlty of E R p j i  (14) .  
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Early Onset of Reproductive Function in Normal 
Female Mice Treated with Leptira 

Farid F. Chehab," Khalid Mounzih, Ronghua Lu, Mary E. Lim 

Numerous studies have revealed an association between nutritional status, adiposity, 
and reproductive maturity. The role of leptin, a hormone secreted from adipose tissue, 
in the onset of reproductive function was investigated. Normal prepubertal female mice 
injected with leptin grew at a slower rate than controls as a result of the hormone's 
thinning effects, but they reproduced up to 9 days earlier than controls and showed 
earlier maturation of the reproductive tract. These results suggest that leptin acts as a 
signal triggering puberty, thus supporting the hypothesis that fat accumulation enhances 
maturation of the reproductive tract. 

A link hetrvee1-i body fat col-itent am\  the  i-ial proiiuceii by aiiipose tissue ma\- c ~ > n t r o l  
oi-iset of puberty in felllales \\.as first 111.0- the  onset i>f rel~roiiuctive f ~ ~ ~ l c t i o l - i  ( 6 ) .  
roacii over 32 years ago ( 1 ,  2 ) .  hlore re- T h e  ability of leptiii, a horrnone secreteJ 
cent s t ~ l ~ i i c s  iiocumentii-ig delayed puberty hy adipose tissue, to restore fertilit\- t o  
in lean fenlale ballt't dancers (3 .  4) and mice tl-iat are genetically deticient ill lep- 
accelerated p ~ ~ l i c r t y  111 obese females (5 )  ti11 (7)  suggchts tha t  this l ~ c ~ r m o n e   ma\^ he 
suppi>rt the  concept that  n metahi>lic slg- a sigi-ial triggering the  oi-isct of reproduc- 

tlvc function. 

Deoa-irnent oi Lacoratory Me3 cne, Cii~:'ersty of Ca for- 
To explore this pi>>sihllity. we ~ ~ l j c s t e d  

nla 305 Parpassus Avepue Sari fraqcsco, CA 9 4 1 4 3  humcln recc~mh~nant  1eptil-i inti> llormal pre- 
C134 USA pubertal felllale mice and mol-iitored its cir- 
'To ,, .,- ," o m  coresoonder-ce shou el be a3d1essed. culatory levels ~ > v e r  time (8). Lelitin had a 
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half-life iT, .) of 6Q mill and na5 ul-idetect- 
I,-' 

able 7 houra after ~njectlol-i. Because of its 
short TI.'?, in subsequent experiments we 
aclininistered 1eptu-i daily hetn-een 5 :GO and 
7:QG p.m. near the  oi-iaet o t  the  dark perlod, 
when it was most likely to exert its meta- 
bolic effects. Leptin sldlved growth of the  
nlice and caused a sienif~cai-it decrease In - 
hoJy lve~ght  compared n-it11 nllce treated 
with pl-ii>aphate-buffered saline (PBS) from 
da\- 3 ( P  = Q.0Q1) and throuphout the  
treatillent (9)  (Fig. 1A).  This effect was 
associated n.1t11 a s~gn~f~cal- i t  decrease in 
firoil Intake ( P  < 0.Q01) in the leptin gri>up 
compared with PBS controls (Fig. 1B). 

If leptin is involved in signaling puberty 
and the  onaet of reproductive function, 
then leptin-treated inice should attain re- 
proiiuctive maturity earlier than control 
Inice ( I$) .  Copulatory plugs were detected 
in  leptin-treated mice a t  an  earlier age than 
in control mice (Fig. 1C) .  Between the  ages 
of 32 and 39 days, 85% (11 of 13) of 
leptin-treated Inice and 1706 ( 2  of 12) of 
PBS-treated mice had a copulatory plug 

( P  = Q GQ1, Flaher'a exact te\t)  Leptln 
treatment thus appeared to accelerate he- 
havioral estrus and inatine. T h e  body 
lveight of the  leptln-treated inice at the  
time the  copulatory plug was detected n.as 
l3(% less than that of controls (15.9 -t 0.2 
1,eraua 18.3 -t 0.1 g, respectively; P < 
O.GOQ1). Furthermore, successhl pregnan- 
cies and deliveries occurred in 46 and 42Oh 
of leptin- and PBS-treated groups, respec- 
tively, sho\ving that leptin treatillent did 
not interfere ~1t1- i  successful ovulatloi-i, 
pregnancy, or delivery of pupa. 

T o  aaaeaa ~vl-iether leptin affected matu- 
ratloll of the  reproductive tract in prepuber- 
tal mice, we determined (i)  the  tilnillg of 
vaginal opening, (i i)  the progress toward 
the  first estrous cycle, and (iii) the  weights 
of uteri, ovaries, and oviilucts (1 1 ) .  These 
parameters are reliable indices for the  target 
actions of reproductive hormones. Vaginal 
opening was advanced by 1 to 4 days in 
leptin-treated mice compared with PBS- 
treated controls (Fig. 2 h )  (1 2) .  Aa a result, 
progression toward the  first estrus was ini- 

Fig. 1. Effect of leptn treatment on body weght (A), food Intake (B). and presence of copulatory 
plc~gs iC) In prepubertal C57BL!6J m c e  treated w t h  PBS i.) and lept~n (3). Each value represents 
the mean i SEM of 12 (PBS) or 13 ileptn) anmais, Error bars are too small to be shown on the scale 
in (5) for PBS and leptin groups (SEM ranges. 0.1 to 1.2 and 0.3 to 0.7, respectively). Pair \~ise 
comparson of values from day 22 and onward IS stat~stically significant (P < 0.001) by Student's t 
test. The age ds t rbuton curve of the Ieptn-treated mice in (C) is shfted to the left, reflect~ng matng 
at an earher age than n controls. 
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Fig. 2. Reprodclctve funct~on In mce  treated w ~ t h  leptn (El) or PBS (H). (A) Number of mlce w~ th  vag~nal 
openng after ~ n t a t o n  of treatment; P = 0,014 at day 24 and P < 0.001 at day 25 (Fsher's exact test). 
(B) Number of mlce at dfferent stages of the estrous cycle at day 29. D~estrus, proestrus, estrus, and 
metestrus are denoted by D2, P. E. and D l ,  respectvely. Metestrus. P = 0.037 (Fsher's exact test). (C) 
We~ghts of reproduct~ve organs at day 29. Stat~stcal s~gnflcance by Student's t test IS ~nd~cated by an 
aster~sk. Uter~. P < 0.004; ovares. P < 0.0001; ovducts. P = 0.001 

tlated earlier In the leptin-treated mice. By 
day 29, 5 of 12 leptin-treated inice had 
passed thro~1g1-i eatrus and progreaaed to  
metestrus (Fig. 2B), thereby completing 
their first estroua cycle. In contrast, none of 
12 col-itrol mlce had reached this point a t  
day 29. 

\Y!e evaluated eoi-iadal steroid action hv 
assessing the  weights of target reproductive 
organs. For example, estradii>l waa assayed 
by its gri>wth-stim~ilari>ry effects o n  the  
uterus. 111 leptln-treated prepubertal mice, 
\ve~gl-its of the  uterl, ovar~ea, and oviducts 
were, respect~vely, 51, 37.5, and 41.8% 
greater than  those of controls (Fig. 2C) .  W e  
also determined the  levels of the  gonado- 
tropin luteinizing hormone (LH) and the  
gonadal steroid l7p-estradiol (13) o n  day 
29 when the  mice were killed. LH concen- 
trationa lvere lower in leptin-treated mice 
than in controls (5.2 2 Q.4 versus 6.9 t 0.4 
tlg/ml, respectively; P = 0.007). In  addi- 
tion, there waa a trend to\vard lower con- 
centrations of l7p-estradiol in leptin-treat- 
ed mice compared with PBS controls, al- 
though the difference was not statistically 
significant (9.5 2 1.1 17eraus 10.3 2 1.1 
pg/ml, respectively). T h e  lower concentra- 
tions of LH and l'ip-estradiol in leptin- 
treated mice at the time of death are con- 
sistent a.it1-i their earlier progression through 
estrus compared with PBS-treated mice. 

Finally, we assessed the  levels of endog- 
enous leptin in PBS- and leptin-treated 
mice at 30, 35, and 39 days of age (14). In  
the  PBS group, plasma leptin concentra- 
tions increased by 61% between 12  and 39 
days of age, whereas in the  leptin group, 
endogenous leptin did not  increase over 
time. Thia result auggeata that exogenous 
leptin interferes with the  normal age-relat- 
eil increase in leotin (Table 1 ) .  

Our  finding5 suggest that leptin acts as a 
signal for puberty, a5 evidenced by ita ability 
to  accelerate reproduction, vaginal open- 
ing, onset of the  first estrous cycle, and 
maturation of reproductive tissues concoin- 
itant with changes in LH and l'ip-estradiol 
levela. T h e  invol\~ement of leptin in initia- 
t ion of reproductive function aupports pre- 

Table 1. Endogenous lept~n concentrat~ons In 
PBS- and leptn-treated prepc~berial mice dur~ng 
growth. Data are means i SEM. P value repre- 
sents stat~stical significance In mice between 30 
and 39 days of age by analysis of varance and 
Student-Newman-Keuls tests. There are four 
m c e  per tme  pont.  NS, not s~gn~fcant.  

Lept~n (nglml) 
Treat- 
ment 

30 days 35 days 39 days P 

PBS 2.3 i- 0.1 2.9 ? 1.4 3.7 ? 0.4 <0.05 
Lept~n 2.9 -+ 0.1 3.1 -+ 0.1 3.2 1- 0.2 NS 
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vious observations that relate extreme lean
ness with delayed puberty (4) and obesity 
with acceleration of puberty (5). Thus, lep-
tin may be a factor involved in signaling to 
neuroendocrine pathways the attainment of 
a critical fat mass, a determinant for trigger
ing puberty (2-4). Kennedy first postulated 
that the hypothalamus receives a puberty-
triggering signal related to metabolic rate or 
food intake (2, 15), and later studies 
showed that the attainment of a critical 
percentage of body fat is necessary for ini
tiation of puberty (16, 17). Although the 
critical fat hypothesis has been challenged 
(18) and the metabolic signal postulated by 
Kennedy has remained elusive, our study 
suggests that leptin may be that signal. 
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10. Young female mice were housed away from males 
and had no contact with males or their urine until day 
27, when C57BL/6J breeder males were housed 
with the females (1 male per cage) to initiate mating. 
Plugged females were then housed individually in 
separate cages to assess whether the copulatory 
plug was associated with a successful pregnancy. 
PBS or leptin treatment was continued for 20 days 
after detection of the plug. 
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11. C57BL/6J females {n = 24) weighing 9.9 ± 0.2 g 
(mean ± SEM) were weaned at 21 days and divided 
equally into PBS and leptin groups. The mice were 
treated (9) for 8 days and killed in the afternoon of 
day 29; then blood, ovaries, oviducts, and uteri were 
collected. Each organ was dissected under a binoc
ular microscope to ensure removal of contaminating 
tissues. Organs were weighed on a Mettler AE160 
high-precision analytical balance. 

12. In another experiment {10) not shown in Fig. 2A, 7 of 
13 leptin-treated mice and 3 of 12 PBS-treated mice 
showed vaginal opening at 26 days, whereas the re
maining mice in both groups showed vaginal opening 
at 27 days. The variability between experiments may 
be due to differences in initial body weights of the 
mice. Vaginal smears were examined daily after vag
inal opening, and the relative abundance of leuko
cytes, nucleated epithelial cells, and cornified cells 
was determined independently by two investigators. 

13. Plasma samples were assayed for LH (50 |xl) and 
17p-estradiol (200 JJL!) with, respectively, a mouse-
rat immunoassay (Peninsula Laboratories, Belmont, 

The MAP kinase signaling cascade, a signal 
transduction pathway well conserved in cells 
from yeasts to vertebrates, consists of three 
distinct members of the protein kinase fam
ily, including MAP kinase (MAPK), MAPK 
kinase (MAPKK), and MAPKK kinase 
(MAPKKK) (1). MAPKKK phosphorylates 
and thereby activates MAPKK, and the ac
tivated form of MAPKK in turn phosphoryl-
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CA) and a radioimmunoassay (Diagnostic System 
Laboratories, Webster, TX). 

14. C57BL/6J females {n = 24) were weaned at 24 
days of age and divided equally into PBS- and 
leptin-treated groups. Blood was collected by car
diac puncture at 30, 35, and 39 days of age about 
20 hours after the last leptin injection (four mice per 
time point; one mouse from each cage). Plasma 
was separated from the cells and frozen at -20°C 
until use. Endogenous leptin was measured by a 
mouse-specific radioimmunoassay (Linco Research). 
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ates and activates MAPK. Activated MAPK 
may translocate to the cell nucleus and reg
ulate the activities of transcription factors 
and thereby control gene expression (I). At 
least two defined MAPK signaling modules 
function in mammalian cells: the Raf-
MAPKK-MAPK and the MEKK-SEK1 (or 
MKK4)-SAPK (or JNK) pathways (2-7). 
MKK3/MAPKK6 (or MKK6, a close relative 
of MKK3) that corresponds to MAPKK and 
p38 MAPK form another MAPK signaling 
unit (2, 8); however, the biological conse
quence and mechanism of activation of the 
p38 signaling cascade are poorly understood. 
We identified a mammalian MAPKKK that 
activates the MKK3/MAPKK6-p38 as well 
as the SEK1-SAPK signaling pathways. 

We used a degenerate polymerase chain 
reaction (PCR)-based strategy to identify 
serine-threonine kinases (9). One PCR 
fragment, obtained with a set of PCR prim
ers oriented from the conserved subdomains 
VI and VIII of the serine-threonine kinase 

Induction of Apoptosis by ASK1, a Mammalian 
MAPKKK That Activates SAPK/JNK and p38 

Signaling Pathways 
Hidenori Ichijo,* Eisuke Nishida, Kenji Irie, Peter ten Dijke, 

Masao Saitoh, Tetsuo Moriguchi, Minoru Takagi, 
Kunihiro Matsumoto, Kohei Miyazono, Yukiko Gotoh 

Mitogen-activated protein (MAP) kinase cascades are activated in response to various 
extracellular stimuli, including growth factors and environmental stresses. A MAP kinase 
kinase kinase (MAPKKK), termed ASK1, was identified that activated two different 
subgroups of MAP kinase kinases (MAPKK), SEK1 (or MKK4) and MKK3/MAPKK6 (or 
MKK6), which in turn activated stress-activated protein kinase (SAPK, also known as 
JNK; c-Jun amino-terminal kinase) and p38 subgroups of MAP kinases, respectively. 
Overexpression of ASK1 induced apoptotic cell death, and ASK1 was activated in cells 
treated with tumor necrosis factor-a (TNF-a). Moreover, TNF-a-induced apoptosis was 
inhibited by a catalytically inactive form of ASK1. ASK1 may be a key element in the 
mechanism of stress- and cytokine-induced apoptosis. 


