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Fatty acid binding proteins (FABPs) are smal! cytoplasmic proteins that are expressed 
in a highly tissue-specific manner and bind to fatty acids such as oleic and retinoic acid. 
Mice with a null mutation in aP2, the gene encoding the adipocyte FABP, were devel- 
opmentally and metabolically normal. The aP2-deficient mice developed dietary obesity 
but, unlike control mice, they did not develop insulin resistance or diabetes. Also unlike 
their obese wild-type counterparts, obese aP2-'- animals failed to express in adipose 
tissue tumor necrosis factor* (TNF-a), a molecule implicated in obesity-related insulin 
resistance. These results indicate that aP2 is central to the pathway that links obesity to 
insulin resistance, possibly by linking fatty acid metabolism to expression of TNF-a. 

Fat ty  acids are important metabolic fuels 
and may also function as physiological sig- 
naling molecules. To  investigate the func- 
tional role of the adipocyte FABP in fatty 
acid action. we created a null mutation in 
the aP2 gene by homologous recombina- 
tion, as described ( I  ). Germline transmis- 
sion of the targeted allele was followed by 
back-crossing between six to eight genera- 
tions onto C57B16/J mice and sib crosses to 
obtain homozygous null mice on an inbred 
background (2). The complete absence of 
aP2 mRNA expression in adipose tissues of 
the homozygous aP2 mutant (-I-) mice 
was confirmed by Northern (RNA) blot 
(Fig. 1A) and reverse transcription poly- 
merase chain reaction analysis (3), both of 
which revealed no expression of aP2 
mRNA. The aP2 protein was also undetect- 
able in adipose tissue by protein immuno- 
blot analysis (Fig. 1B). Under standard lab- 
oratory conditions, the aP2-/- mice did not 
differ from their wild-type (aP2+/+) and 
heterozygous (aP2+/-) littermates in breed- 
ing, behavior, or development. Morpholog- 
ically, adipose tissue appeared normal. Most 
of the genes specifically expressed in adi- 
Dose tissue that were examined exhibited 
no obvious differences in mRNA expression 
patterns in the aP2-/- mice (Fig. 1C). 
Growth curves, body weight, and body 
composition, as well as glucose and lipid 
metabolism, were also similar between the 

aP2-/-, aP2+/-, and aP2+/+ animals. 
There was a small decrease in the amount of 
circulating triglyceride in aP2-/- mice (Ta- 
ble 1). 

This lack of an obvious morphological or 
metabolic phenotype in the aP2-deficient 
mice raised the ~oss ib i l i t~  of redundancy in 
fatty acid (FA) binding capacity in adipose 
tissue. Of the other FABP mRNAs exam- 
ined (4 ) ,  only that for keratinocyte FABP 
(mall) was detected in fat tissue (Fig. 1D) 
(5). Small amounts of mall expression were 
evident in the adipose tissues of aP2+/+ 
animals, and larger amounts were present in 
both aP2+/- (-+fold increase) and aP2-I- 
(-20-fold increase) animals (Fig. ID). The 
amount of MALl protein was also increased 
in adipose tissue of aP2-I- mice (6). These 
results indicate that the aP2-I- animals 
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and controls Total RNA 
was extracted from adl- +I+ -!- 
pose t~ssue, and 10 k g  
was used for blott~ng, as 
described (7 7). The blots 
were hybridized to the aPZ+ - 
mouse aP2 cDNA probe 
as described ( 7  1).  p-Ac- 
tin mRNA is shown as a control. (B) Protein immu- 
noblot analysis of AP2 ~rotein in the a P 2 '  mice 
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may maintain a relatively normal physiolo- 
gy through a compensatory increase in ex- 
pression of MALI. 

To  test whether low amounts of FAs in 
normal diets of these mice in the lab (7) 
might obscure the biological role of aP2, we 
placed the aP2-deficient mice on a high-fat 
(40% of the total calories in the form of fat) 
and high-caloric (3490 kcal per kilogram of 
body weight) diet. On this diet, both the 
aP2+/+ and aP2-I- mice developed obesity, 
although the total weight gain in the 
aP2-/- animals was higher than that of the 
aP2+/+ animals (Fig. 1E). This is likely to 
be the result of increased adiposity because 
preliminary experiments showed that the 
epididymal fat pad weight in the aP2-/- 
mice was higher than that of the aP2+/+ 
animals (8). The obese aP2-deficient mice 
had marginally higher plasma free fatty ac- 
ids (FFAs) but lower triglyceride levels (Ta- 
ble l ) ,  indicating that the lack of aP2 did 
not negatively affect the FA uptake by ad- 
ipose tissue but potentially interfered with 
triglyceride synthesis or secretion, or both. 

We next investigated glucose homeosta- 
sis in wild-type and aP2-deficient animals 
rendered obese by the high-fat diet. Obese 
aP2+/+ and aP2+/- mice developed hyper- 
insulinemia (5.9 +- 0.9 and 2.7 ? 0.4 
ng/ml, respectively), which is usually taken 
as a compensatory response to the develop- 
ment of obesity-induced insulin resistance 
(Fig. 2A) (7). In contrast, insulin concen- 
trations in obese aP2-deficient animals were 
lower (0.7 +- 0.2 nglml, P < 0.01) than 
those in wild-type and heterozygous mice 
(Fig. 2A) and were indistinguishable from 
those in lean aP2+/+, aP2+lP, and aP2-/- 
mice (0.87 +- 0.07,0.75 2 0.05, and 0.8 

C Wild Het Null -- Wild Het - Null 

GPDe - - -  CRBP-ll t 
-- ---as 71 

L- 3 
LPL c I-FABP c -- . 

Adipsin c m - (I mall I* 
G l u t 4 c r w -  a ~ 2 . h ~ .  I 

P-Actin H-FABP l 

I 
0 2 4  6 8 1 0 1 2  

Time (weeks) 
8 -  - - - - - -  -~~~ ~ 

~o rk ,  NY 10032, USA. . a control. (E) ~rowth'-curves of aP2-/- ,  aP2 '/-, 
'To whom correspondence should be addressed. (Research Diets). Body mass (g) is provided as the 

and aP2+/+ mice fed a high-fat-containing diet 
mean + SEM. 

SCIENCE VOL. 274 22 NOVEMBER 1996 



2 0.03 nglml, respectively). Despite much 
greater circulating amounts of insulin, the 
wild-type mice had higher blood glucose 
concentrations (230 2 25 mg/dl) than the 
aP2-I- animals (150 2 17 mgldl) (Fig. 
2B). These results indicate that the absence 
of aP2 interferes with the development of 
dietary obesity-induced insulin resistance. 

To more directly address this possibility, 
we performed intraperitoneal insulin (IITT) 
and glucose (IGTT) tolerance tests on 
these mice. The hypoglycemic response to 
insulin was less in the obese aP2+l+ and 
aP2+Ip mice at 15 to 60 min than that in 
obese aP2-I- animals (Fig. 2C). IGTT also 
revealed higher amounts of hyperglycemia 
in the obese aP2+/+ and aP2+/- animals 
after 15 to 60 min than that in obese 
aP2-I- mice (Fig. 2D). Thus, both of these 

tests revealed insulin resistance in obese 
aP2+I+ and aP2+/- animals but not in 
obese aP2-I- mice. These mice provide an 
animal model in which obesity can be ge- 
netically uncoupled from insulin resistance. 

Several genes expressed in adipose tis- 
sue, such as TNF-a and ob, are implicated 
in insulin resistance (9, 10). Overexpres- 
sion of TNF-a in fat tissue occurs in virtu- 
ally all models of obesity and insulin resis- 
tance examined to date (1 1, 12). TNF-a 
inhibits the insulin-stimulated tyrosine ki- 
nase activity of the insulin receptor, in vitro 
and in vivo (13). TNF-a also down-regu- 
lates expression of the insulin-sensitive glu- 
cose transporter (Glut4) (14). TNF-a ex- 
pression in the adipose tissues of obese 
aP2-I- mice was lower than that in the 
obese aP2+I- or aP2+I+ animals (Fig. 3A). 

Table 1. Comparison of biochemical parameters in lean and obese aP2-I-, aP2+/-, and aP2+/+ mice. 
Plasma insulin and glucose were measured after an overnight fast as described in Fig. 2. Plasma lipids 
were measured as described (13). The experiments were duplicated in two consecutive generations. 
Each value is the mean 5 SEM of measurements on at least 10 mice. Mean values of each ~lasma . - -  

component are compared between aP2-/- mice and wild-type controls by Student's t test CP = 0.05 
and **P 5 0.005). 

Wild type (aP2+/+) Heterozygote (aP2+/-) Null (aP2-I-) 
Parameter 

Lean Obese Lean Obese Lean Obese 

Insulin 
(ng/ml) 

Glucose 140218  230225 130511 200518 13927.5 150?17* 
(mg/dl) 

FFA 0.36 2 0.06 0.47 2 0.05 0.39 ? 0.04 0.49 5 0.04 0.44 2 0.04 0.51 ? 0.04 
(mM) 

~rigl~ceride 104510  123215  8 7 2 7  100?11 76?5* 81.129.3* 
(mg/dl) 

Cholesterol 111210.6 121221 108514 118515 10529.5 125513  
(mg/dl) 

Fig. 2. Glucose homeostasis , , 
in the aP2-/- mice and con- 

trations in plasma were mea- 4 

sured after an overnight fast 3 

with a Beckman automated g 
glucose analyzer and a ra- 
dioimmunoassay (Linco, St. ' O 

Charles, Missouri), respec- 
tively. (C) Glucose and (D) in- 

2 300 
m 

(3 g/kg) and measurement of 50 g 200 

plasma glucose at t = 0,15, 2 O 
30,60, and 120 min in anes- 0 15 30 60 0 15 30 45 60 90120 

thetized male, 2- to 3- Time after insulin injection (min) Time after glucose injection (min) 
week-old mice (n 2 8). Insulin tolerance tests were done sirnilally, except for the injection of human insulin 
(1 IU/kg) (Eli Lilly). Statistical significance in a two-tailed Student's t test comparing aP2-/- and wild-type 
mice at a given time is indicated by * (P < 0.05) and ** (P < 0.005). ~nvesti~atioh of the dynamics of the 
responses to the tolerance tests were done by analysis of variance repeated measures analysis (Statview 
4.01, Abacus Concepts) and demonstrated statistically significant differences between aP2-/- mice and 
wild-type controls in both tests (P < 0.001). 

However, aP2-I- mice appear not to have 
an intrinsic deficiency in regulation of the 
TNF-a gene. When stimulated with bacte- 
rial lipopolysaccharide (LPS), aP2-I- ani- 
mals, like wild-type controls, expressed 
large amounts of TNF-a mRNA in their 
adipose tissues (Fig. 3B). No TNF-a 
mRNA was detectable in the lean animals 
of any of the genotypes. Expression of the ob 
gene, another fat-specific gene that has 
been suggested to affect insulin sensitivity, 
was not significantly different among the 
different genotypes (Fig. 3A). Thus, the 
lack of insulin resistance in obese aP2-I- 
mice was specifically correlated with lack of 
obesity-induced TNF-a expression in adi- 
pose tissue. The failure to regulate TNF-a 
might contribute to the uncoupling of obe- 
sity and insulin resistance in the aP2-I- 
mice. 

In obesity, insulin resistance appears to 
occur in all of the major insulin-sensitive 
tissues: fat, muscle, and liver (15). Because 
aP2 is expressed exclusively in adipocytes, 
our results demonstrate an active role for 
adipocytes and adipose tissue in abnormal 
glucose homeostasis in obesity. However, 
the range of insulin-sensitive tissues that 
are affected by the absence of aP2 remains 
to be determined. 

This study provides further evidence 
that FAs participate in the pathway that 
induces insulin resistance (1 6). Obese indi- 
viduals often have increased amounts of 
FFAs and triglycerides in addition to insulin 
resistance. Furthermore, feeding high-fat di- 
ets to rodents induces insulin resistance 
that is dependent on both the dose and the 
specific types of FAs included in the diet 
(7). Administration of FFAs to normal in- 
dividuals induces a mild state of insulin 

A Wild Het , ,  Null 

sP2 . -- 
B Control- LPS 

WT He!, NUB, ,W,,Het ,,Null, 

aP2 e S  - 

Fig. 3. TNF-a expression in adipose tissue from 
(A) obese aP2-/- mice and obese controls or (B) 
after LPS administration. Total RNA was extracted 
from the adipose tissue and 20 pg was used for 
blotting. The blots were hybridized to the mouse 
ob, aP2, or TNF-a cDNA probes as described 
(1 1). Lipopolysaccharide (1 mg/kg, Sigma) was 
injected intraperitoneally and tissues were collect- 
ed 3 hours after the injection for RNA extraction 
and analysis. 
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resistance (1 6 ) .  Treatment of cultllred cells 
with FFAs suppresses ~nsul in  ,action at the 
level of the ~ n s u l ~ n  receptor (16) .  Ho~vever,  
the specific rnecha~~islns by \\.hich FFAs 
in~iuce 1nsu1i11 resistance are not ~inder-  
stood. Our  results suggest that FFAs might 
~ n d u c e  ~nsul in  resistance by increasing the 
espresslon of TNF-a or other genes that 
interfere ~ v i t h  insulin actlon. aP2. might 
play a role 111 regulation of gene expression 
by bincllng and shuttling these FFAs to the  
target cellu1,ar compartments. 
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Liver Failure and Defective Hepatocyte 
Regeneration in Interleukin-6-Deficient Mice 
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Gennaro Ciliberto, Emma E. Furth, Valeria Poli, Rebecca Taubi- 

Liver regeneration stimulated by a loss of liver mass leads to hepatocyte and nonparen- 
chymal cell proliferation and rapid restoration of liver parenchyma. Mice with targeted 
disruption of the interleukin-6 (IL-6) gene had impaired liver regeneration characterized 
by liver necrosis and failure. There was a blunted DNA synthetic response in hepatocytes 
of these mice but not in nonparenchymal liver cells. Furthermore, there were discrete G, 
phase (prereplicative stage in the cell cycle) abnormalities including absence of STAT3 
(signal transducer and activator of transcription protein 3) activation and depressed 
AP-I ,  Myc, and cyclin D l  expression. Treatment of IL-6-deficient mice with a single 
preoperative dose of IL-6 returned STAT3 binding, gene expression, and hepatocyte 
proliferation to near normal and prevented liver damage, establishing that IL-6 is a critical 
component of the regenerative response. 

Because of the iiistincti\~e reyllcation yo- 
tential of adult hepatocytes, the  llr~er has 
the  ability to regenerate, allo\v~ng for rapid 
recovery after partial hepatectomy, llver 
transplant, or toxic injury ( 1 ,  2).  After a 
70% partial hepatectomy, in which the  two 
largest lobes of the  llver ,are removed n t a c t  
without l n j ~ ~ r y  to relnnant liver cells, Illore 
than 95% of the mature, norlnally cluiescent 
cells in the  remnant liver rapidly prolifer- 
ate, restoring liver mass in a f e~v  days. A n -  
s w r s  to the central questions a b o ~ t  liver 
regeneratLon remain eluslr~e, including the 

identity of the 111itiatlllg signals in  regener- 
ation and the mechanisnl by which liver 
cells contmlie to function \~111le they are 
regenerating. 

T ~ v o  transcription factor co~nplexes, nu- 
clear factor kappa B (NF-KR) and STAT3,  
are rapidly activated by lnealls of posttrans- 
lational modifications in the relnnallt 11ver 
~vi thin  minutes to hours after hepatectomy 
and may prci\~ide clues to the initiating slg- 
nals (3.  4). Epider~nal gro~vth 6actor (ECF), 
IL-6, and related cytokines are among the 
factors capable of stimulating STAT?  DNA 

binding activity in mouse liver nuclei (5). 
Recause it is a hepatocyte mitogen (1 ,  2 ) ,  
initially it appeareel likely that EGF was re- 
sponsihle for induction of STAT? after hep- 
atectomy. Ho\ve\.er, a role for gut and 
Kupffer cell (llver ~ ~ ~ a c r o ~ l ~ a g e ) - J e r ~ \ . e d  cy- 
tokines, IL-1, IL-6, and tumor necrosis fac- 
t o r - ~  (TNF-w), Ivas suggesteel to us in part 
hecause the transcription colnplexes NF-KB 
and STAT?  are both llnkecl to cytoklne 
activation path~vays (2-5), an intact ~ o r t a l  
circulation is required for nor~nal  regenera- 
tion, and germ-free and lipopolysaccharide 
(LPS)-detlclent a~llmals show a hlunteii re- 
generatlve response (6) .  A n  in vitro study 
suggests a supporti\~e role for IL-6 in  hepato- 
cyte proliferation (J) ,  l>ut, although contro- 
versial, most of the data suggest that large 
quantities of TNF-a  may actually increase 
liver injury (8). 

W ~ t h  the availability of nlice harhoring a 
targeted disruption of the gene encoding 
IL-6, Ive Lvere able to determine whether 
IL-6 1s responsible for actlvatlng STAT3 
after hepatectomy. IL-6-cleficient (IL-6-'-) 
mice are cle\~elopmentally nor~na l  and dis- 
p l aphnormal i t i ea  in  the  hepatic acute- 
phase response, solne i~nlnune mechanisnls, 
and hone resorption in response to estrogen 
(9-1 1) .  Antil3ody supershift exrerlments 
demonstrated that a STAT?  comyles was 
induced in hepatectomized mouse livers 
( 12) (Fig. 1 A ) .  STAT5,  also a 92-kD pro- 
tein, is activated in mouse llr~er in response 
to ECF stimulation ( 1  3 ) ;  however, ,a~ltiboJ- 
ies to STAT5 elid not sl1~3ershift the com- 
plex after hepatectomy. S T A T ?  D N A  
hindl~lg ~vas  st1-01lg1y induceel in the  IL-6- 
containi~lg (IL-6-L/') relnnant llr~er nuclear 
extracts with appearance 0.5 hour, 
activity 2 hours, and conti~llled elevation ti 
hours after hepatectonly (Fig. IR) ,  correlat- 
ing well ~ v i t h  results in rats (4) .  In IL-6-'- 
mice, S T A T ?  D N A  bincli11g ~vas  virtually 
absent, suggesti~lg that STAT?  iniiuction 
cluring liver regeneration 1s strictly med~a t -  
eil by IL-6. There Ivas little i~~ i iuc t ion  of 
STAT3 hindiilg after shanl surgery in IL- 
6'/+ animals and none in the IL-6-I-  nice 

(Fig. I C ) ,  confirming that STAT?  activa- 
tlon is spec~fic to the  regenerative response 
of the  liver and not due to a n  acute-phase 
response i i ~ ~ i u c e ~ i  hy the sllrg~cal ~rocei iure .  
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