
If the  O B  protein is a "sensor" of adi- 
posity ( 3 ,  B ) ,  exogenous O B  protein 
should reduce adiposity i n  ohlob mlce. T h e  
percent body fat (9 )  was normalized in  
oblob mice injected with O B  proteln in  a 
dose-dependent fashion as assessed by 
two-way A N O V A  (Table 1 ) .  T h e  percent 
body fat was significantly decreased both  
in ob/ob rnice (treated with O B  protein a t  
10  mg/kg per day or 1 mg/kg per day; P < 
0.0001) and in  +/? mice (treated wi th  O B  
protein at 10 mg/kg per day; P < 0.002).  
T h e  percent body fat of +I+ mice was no t  
significantly changed by the  O B  protein a t  
any dose. 

T h e  oblob mice injected with the  O B  
nrotein also showed a dose-denendent in- 
crease in  lean rnass as a percent of body 
weight (P  < 0.017 to  < 0.0001).  There  
was also a significant increase in  percent 
lean Inass In +I+ mice injected with the  
highest dose of O B  protein (10  mg/kg per 
day) ( P  < 0.026),  and a nonsignificant 
trend toward the  same effect in  the  + I ?  
mice. There  were n o  sigllificant changes 
in  a b s o l ~ ~ t e  lean Inass for any group, how- 
ever. Water  as a percentage of carcass 
weight was not  affected in  a consistent 
dose-dependent manner by the  O B  pro- 
tein in  anv groun of mice. 

, u  

O u r  data support the  hypothesis tha t  
t h e  O B  protein plays a pivotal role in  the  
regulation of body weight and adiposity in  
mlce. Its lnechanlsm of action 1s likely to  
be Inore complex than appetite suppres- 
sion, since ( i )  lean +/+ and +/? mice 
lnaintailled a lower bodv weieht even 
though t h e ~ r  food intake had recovered to  
basellne values early in  the  course of the  
study, and (li)  t he  lowest dose of O B  
protein normallzed both body temperature 
and serum glucose levels in  oblob mice 
even though weight and food Intake were 
no t  significantly reduced. T h e  latter ob- 
servation may indicate that  the  metabolic 
and hormonal effects of the  O B  protein 
precede its effects o n  appetlte and body 
welght. Further understanding of the  pro- 
tein's mechanisln of action will require a 
more direct examination of its effects on 
hypothalamic-pituitary function and iden- 
t i f~ca t ion  of its receptor. 
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The gene product of the ob locus is important in the regulation of body weight. The ob 
product was shown to be present as a 16-kilodalton protein in mouse and human 
plasma but was undetectable in plasma from C57BV6J oblob mice. Plasma levels of 
this protein were increased in diabetic (db) mice, a mutant thought to be resistant to 
the effects of ob. Daily intraperitoneal injections of either mouse or human recombinant 
OB protein reduced the body weight of oblob mice by 30 percent after 2 weeks of 
treatment with no apparent toxicity but had no effect on dbldb mice. The protein 
reduced food intake and increased energy expenditure in oblob mice. Injections of 
wild-type mice twice daily with the mouse protein resulted in a sustained 12 percent 
weight loss, decreased food intake, and a reduction of body fat from 12.2 to 0.7 percent. 
These data suggest that the OB protein serves an endocrine function to regulate body 
fat stores. 
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with a mglecular size of -16 kD, but was 
no t  detected i n  from C57BL/6J 
ob/ob rnice that  have a nonsense mutation 
a t  codon 105 (Fig. 1 A )  (5-7). A n  increase 
i n  the  level of circulating protein was 
obser~red in  dbldb mice relative to  lean 
control animals (Fig. I A ) .  T h e  db muta- 
t ion results in a n  obese phenotype identi- 
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cal to that seen in oblob mice. dbldb mice 
have been hypothesized to be resistant to 
OB (4). Increased levels of the protein 
were also detected in protein extracts of 
adipose tissue from dbldb mice relative to 
controls (Fig. 1B). Immunoprecipitation 
of plasma from six lean, fasting human 
subjects showed that the human OB pro- 

tein is present in plasma and has identical 
mobility to the 146-amino acid human 
OB protein expressed in yeast after signal 
sequence cleavage (7, 8). The intensity of 
the signals varied among the six samples 
(Fig. 1C). 

The mouse OB protein was expressed 
in Escherichia coli from a PET15b plasmid 

Fig. 1. Detection of the OB protein in mouse and human A m 6 m 
plasma. (A) lmmunoprecipitation from mouse blood. Plasma X 9 a 
(0.5 ml) from wild-type (C57BVKsdbl+), C57BU6J oWob, - $ Q . Q  - * Q  

and C57BVKsdb/db mice was immunoprecipitated, sep- % - Q S  V, u 
9 3 8 6  $ 2 5  arated on a 15% SDS-PAGE gel, transferred to nitrocellu- 1;;:~~ a* i 

lose, and developed with antibodies to the OB protein (5). 
50.7-C 

19.4- 
The electrophoretic mobility of the 06 protein was com- I) WD 

pared with that of the OB protein expressed in yeast after EE 
signal sequence cleavage and to molecular size markers 

I 
(610-Rad) indicated in kilodaltons. (B) lmmunoprecipitat~on 19.4- w 

from adipose tissue extracts. Cytoplasmic extracts of 
7,4- mouse adipose tissue were prepared from db/db and 

wild-type mice (6). lmmunoblots showed increased levds 
of the 16-kD protein in extracts prepared from db/db mice. 
(C) lmmunoblot of human plasma. Plasma samples were b 
obtained from six lean volunteers after an ovemigM fast. 5 
lmmunoblots revealed the presence of an immunoreactive $ ; g E ; g g  
16-kD protein, identical in size to a recombinant 146- 9 r I - 1 x 1 1  
amino acid human protdn expressed in yeast (5, 7). 1 9 . 4 - 7 -  - - - : b - 

A C 5 7 B W  oblob 

7 
E OB protein-treated 

Wild 1 1  
type oblobl oblob2 

Fig. 2. Biologic effects of the mouse OB protein. (A to 0) Time 
course of food intake and body weight. Groups of 10 ob/ob (A and 
B) and db/db (C and D) mice received either daily intraperitoneal ,o 
injections of the OB protein (5 kg/g per day) (W), daily injections of 5 
PBS (0), or no treatment (A) (9). The food ~ntake of mice was 
measured daily and the body weight was recorded at 3- to 4-day I l---J o 
intervals (12). (E) lmmunoblot of the recombinant protein. Plasma 0 2 4 6 8 1 0 1 2 1 4  

levels of the OB protein from one wild-type mouse and two ob/ob Day 

mice that received the recombinant protein were assayed by immunoblotting. Because plasma from 
ob/ob mice does not have detectable levels of OB protein, the data show the presence of recombinant 
protein in the treated ob/ob mice. (F and G) Effects of the mouse OB protein on wild-type mice. 
Groups of 10 C57BU6J +/+ mice received twice daily intraperitoneal injections of the 0 6  protein 
(1 2.5 pg/g) (W) or PBS (0). The mice were housed in metabolic cages. Food intakewas measured daily 
and the mice were weighed every 2 days. 

and was then purified and renatured (9, 
10). The protein was administered as a 
daily intraperitoneal injection of 5 ~ g / g  
per day to groups of 10 C57BL/6J oblob 
(female, age 16 weeks), C57BL/Ks dbldb 
(female, age 12 weeks), and CBA/J +/+ 
(female, age 8 weeks) mice. An equal 
number of animals were injected daily 
with phosphate-buffered saline (PBS) pre- 
pared from the dialysate after equilibration 
of the protein. Another 10 animals from 
the three mouse strains did not receive 
injections. Statistical significance of the 
effects of the protein was determined by 
use of two-sample t tests and confirmed by 
Wilcoxon tests and repeated measures 
analysis of variance (I  1 ). The C57BL/6J 
oblob mice that received protein lost sig- 
nificant weight after 4 days (P < 0.001) 
and had lost -40% of their body weight 
after 33 days (P < 0.0001) (Fig. 2B). After 
2 days, the food intake of the treated oblob 
mice was less than that of wild-type mice 
(7.1 g per day compared to 9.0 g per day) 
and was significantly reduced relative to 
that of control mice (P < 0.005) (12). 
Food intake of the oblob mice that re- 
ceived protein stabilized at -40% the in- 
take of control mice at all time points after 
4 days (P < 0.001) (Fig. 2A) (13). A 
separate group of sex-, age-, and weight- 
matched oblob mice were pair-fed to the 
oblob mice that received protein (14). Af- 
ter 12 days, pair-fed mice lost significantly 
less weight than animals that received the 
recombinant protein (11-g weight loss 
compared with 16 g in mice that received 
protein) (P < 0.02). Levels of recombi- 
nant protein immunoprecipitated from the 
plasma of treated oblob mice were similar 
to those of the native protein in wild-type 
mice (Fig. 2E) (5). Although the activity 
of the bacterial protein demonstrates that 
posttranslational modifications are not ab- 
solutely required for efficacy, the specific 
activity of the recombinant protein rela- 
tive to that of the native OB protein is not 
known. In contrast to the oblob mice. 
there were no significant differences in 
body weight or food intake in the C57BL/ 
Ks dbldb mice that received protein rela- 
tive to the control group that received 
vehicle (Fig. 2, C and D). All three groups 
of dbldb mice lost 2 to 5 g during the 
treatment period. Administration of re- 
combinant OB protein as a single daily 
injection to wild-type mice (5 ~ g / g  per 
day) resulted in a small but significant 
decrease in body weight up until 12 days of 
treatment (P  = 0.015) (12). The weight 
change was not significant at subsequent 
time points. 

Administration of the mouse protein to 
C57BL/6J +/+ mice (female, age 8 weeks) 
twice daily (12.5 ~ g / g )  resulted in a sig- 
nificant decrease in food intake, body 
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weight, and body fat (Fig 2, F and G) .  
After 4 days, the  weight of the  treated 
mice stabilized a t  a value that  was -88% 
tha t  of control animals ( P  < 0.0005). This 
value was stably maintained over the 
2-week treatment period. T h e  treated mice 
had 0.67% body fat as compared with 
12.22% in the  control group ( P  < 0.0001) 
(Table I ) .  After 4 days, the tnice that re- 
ceived protein consulned 65% as much food 
as the  vehicle-treated mice (P < 0.0001). 
T h e  food intake of the treated Inice stabi- 
lized after 9 days at a value that was 92% 
that of vehicle-treated tnice ( P  < 0.05).  
This reduced intake may be due to a de- 
creased caloric requirement a t  the lower 
body weight. 

T h e  activity of the recombinant l ~ ~ u t n a n  
protein was tested by administration of 
mouse O B  protein (10 pg/g per day),  hu-  
man  O B  protein (10 pg/g per day),  or PBS 
to  oblob mice (female, age 7 weeks) (Fig. 
3 )  ( 9 ) .  Both proteins significantly reduced 
body weight compared to  animals that  
received PBS ( P  < 0.001).  T h e  efficacy of 
the  recombinant human  protein was 
equivalent to that of the  mouse protein. 
T h e  weight loss in  the  treated oblob Inice 
in  bo th  experiments (Figs. 2, A and B, and 
3 )  could be accounted for almost exclu- 
sively by a loss of body fat (Table  1 ) ( 15).  
I n  the  first experiment (Fig. 2, A to  D ) ,  
the  oblob mice that received protein had 
9.10 ( 2 1 . 7 )  g of lipid as compared with 
38.30 ( 2 4 . 0 )  g in control oblob nlice ( P  < 
0.0001).  T h e  lean body Illass of the  treated 
oblob mice was not  significantl\i different 
from that  of control animals (Table 1 ) .  
T h e  weight loss in  the  treated oblob Illice 
was associated with a marked reduction in  
plasma glucose levels. (Table 1 )  ( P  = 

0.008) T h e  younger oblob mice that  re- 
ceived the  human  protein (Fig. 3 )  were 
more hypergl\icernic than  the  older mice 
used in the  first experiment (Fig. 2, A and 
B). It  is no t  clear if the  ilnprovelnent in  
diabetes is solely a result of the  weight loss 
or if there are independent effects of pro- 
tein o n  glucose metabolism. 

A n  endocrine function for the  gene 
p r o d ~ ~ c t  of the  ob locus was first suggested by 
Coleman, who showed that the body weight 
of oblob nlice was reduced after parabiotic 
union to normal or dbldb mice (4). Our  
results support this hypothesis by showing 
that the O B  protein is present in the  plasnla 
as a -16-kD protein and that the levels of 
the protein are increased in dbldb mice. T h e  
effects of the  recombinant protein o n  mu- 
tant Inice f~urther suggest that the  ob gene 
encodes a hormone. 

T h e  comparable bioactivity in  mice of 
the  mouse and human  O B  proteins raises 
the  possibility that  the  ad~ninis t ra t ion of 
O B  protein to  humans would have similar 
effects. T h e  results of the  pair-feeding ex- 
periment indicate that weight loss results 
from effects o n  food intake and energy 
expenditure. T h e  reduction in  food intake 
in  oblob mice relative to wild-type mice 
within a day of receiving the  O B  protein 
indicates tha t  the  oblob mice are especiall\i 
sensitive to the  effects of the  O B  protein. 
T h e  protein's d i~ninished effect o n  wild- 
type mice relative to oblob nlice and the  
absence of a response in  dbldb mice makes 
it unlikely that  the  treatment has nonspe- 
cific or adverse effects. 

Wild-type tnice injected twice daily 
with mouse O B  protein cons~utned less 
food until their weight stabilized a t  a sig- 
nificantly lower value compared to tha t  of 

control animals. These observations are 
consistent with previous results in  which 
wild-type anirnals were joined by parabiotic 
union to dbldb mice, fatty rats, rats with 
ventromedial hypothalamic lesions, and 
rats in  which the  lateral hypotl~alamus was 
stimulated (4,  16-1 9 ) .  In  each case, the  
wild-type anilnals lost s~ubstantial arnounts 
of weight. It is likely that higher levels of 
recolnbinant protein would lead to the 
wasting seen after parabiosis of wild type to  
dbldb mice. 

T h e  site of action of the  O B  protein is 
unknown. T h e  protein affects both food in- 
take and energy expenditure, a finding con- 
sistent with clinical studies indicating that 

C57BU6J oblob 

507 

Fig. 3. Bological effects of the human OB protein. 
Groups of 10 ob/ob mice received daily ~ntraperi- 
toneal injections of the mouse OB protein (10 
pg/g per day) (A), the human OB proten (1 0 pg/g 
per day) (W), or PBS (0) (9). Body weight was 
recorded at 3 to 4-day intervals as Indicated. 
Error bars, SD. 

Table 1. Biochemical analyses of treated mice. Body composition was determined for C57BU6J ob/ob and wild-type mice that receved either protein or PBS. 
The adpose mass, lean body mass, and water content of treated and control mce are shown as  are plasma glucose concentrations. Values In parentheses 
represent SD. ND, not done. 

Body composition analyss 

Total body water Plasma glucose Treatment Body mass Adipose tissue mass Lean body mass 
(mg/dl) 

Total (g) Total (g) Percent Total (g) Percent Total (g) Percent 

ob/ob* 
Mouse OB 31.90 (k2.80) 9.12 (21.71) 28.40 (23.36) 6.81 (20.96) 21.28 (21.67) 15.98 (20.77) 50.33 (24.1 5) 170.0 (220.9) 

proten 
PBS 64.08 (k4.53) 38.32 (24.05) 59.69 (k2.14) 7.60 (k0.39) 11.92 (21  . I )  18.16 (20.72) 28.39 (20.99) 337.8 (230.3) 
Control 67.48 (26.20) 40.87 (26.09) 60.34 (23.73) 7.73 (20.47) 11.57 (21  .64) 18.87 (21.02) 28.09 (22.18) 317.5 (251 .O) 
+ / + -1- 
Mouse OB 15.18 (20.71) 0.10 (k0.21) 0.67 (21.40) 4.40 (20.18) 29.15 (20.66) 10.59 (20.44) 70.18 (21.13) N D 

proteln 
PBS 17.85 (20.38) 2.18 (20.44) 12.22 (22.42) 4.68 (20.25) 26.20 (21.39) 11 .O1 (20.44) 61.58 (21.74) N D 
ob/obi 
Human OB 29.00 ( k 1  .70) 13.12 (21.38) 45.35 (22.86) 4.73 (20.43) 16.39 (21.38) 11 . I 0  (20.50) 38.14 (21.75) 258.3 (226.8) 

 rotei in 
Mouse OB 33.70 (22.40) 15.97 (21.87) 47.23 (23.10) 5.80 (20.51) 17.26 (21.60) 12.00 (20.80) 35.51 (21.74) 320.0 (244.0) 

protein 
PBS 41 .OO (21.60) 23.30 ( k 1  . l o )  56.87 (k2.74) 5.70 (20.80) 13.89 ( k 1  .50) 12.pp (21  .00) 29.24 ( k 1  .68) 789.0 (k152.1) 

=The data refer to the experiment described in FIQ. 28 ,  +The data refer to the experiment descrbed In Fig. 2G. $The data refer to the experiment described in Fig 3. 
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alterations of both systems regulate body 
weight (4,  20, 21).  A full understanding of 
the physiologic effects of the  O B  protein 
awaits further study, particularl\i identifica- 
tion of the O B  receptor. Because a principle 
action of the O B  protein is to make a n  
animal thinner, we propose that this 16-kD 
protein be called leptin, derived frotn the 
Greek root leptiis, meaning thin.  
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Recombinant Mouse OB Protein: Evidence for a 
Peripheral Signal Linking Adiposity and Central 

Neural Networks 
L. Arthur Campfield," Franqoise J. Smith, Yves Guisez, 

Rene Devos, Paul Burn 

The recent positional cloning of the mouse ob gene and its human homolog has provided 
the basis to investigate the potential roleof theob gene product in body weight regulation. 
A biologically active form of recombinant mouse OB protein was overexpressed and 
purified to near homogeneity from a bacterial expression system. Peripheral and central 
administration of microgram doses of OB protein reduced food intake and body weight 
of oblob and diet-induced obese mice but not in dbldb obese mice. The behavioral effects 
after brain administration suggest that OB protein can act directly on neuronal networks 
that control feeding and energy balance. 

T h e  cotnplex ~llolecular mechanistns by 
which discrete ingestive behavior, cont in-  
uous energy expenditure, and dynamic en -  
ergy storage in  adipose tissue are integrat- 
ed remain unknown 11 ) .  However. several ~, 

lines of evidence argue for circulating sig- 
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nals proportional to adipose tissue mass, 
possibly corning from adipose tissue, that  
act o n  the  brain to regulate feeding behav- 
ior and energ\i balance (1-3). Obese oblob 
mice are a genetic ~l lodel  of profound, 
early onset obesity as a recessive trait (4), 
but the  molecular basis of their obesity has 
eluded investigators ( 2 ,  3 ,  5). T h e  recent 
cloning of the  mouse ob gene and its hu-  
man  homolog, b \ ~  means of positional 
cloning strategies, has s h o ~ v n  that adipose 
tissue of oblob nlice does not  produce a 
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