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Fatty acid binding proteins (FABPs) are small 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-a (TNF-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.

Fatty 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 C57Bl6/] 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 (—/—) 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-
pose 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

G. S. Hotamisligil, Department of Nutrition, Harvard
School of Public Health, 665 Huntington Avenue, Bos-
ton, MA 02115, USA.

R. S. Johnson, Department of Biology, University of Cal-
ifornia, San Diego, La Jolla, CA 92093, USA.

R. J. Distel, R. Ellis, B. M. Spiegelman, Dana Farber
Cancer Institute and Department of Cell Biology, Harvard
Medical School, Boston, MA 02115, USA.

V. E. Papaioannou, Department of Genetics and Devel-
opment, Columbia University, 701 West 168 Street, New
York, NY 10032, USA.

*To whom correspondence should be addressed.

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 possibility 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*/~ (=~4-fold increase) and aP2~/~
(=~20-fold increase) animals (Fig. 1D). The
amount of MALI protein was also increased
in adipose tissue of aP2~/~ mice (6). These
results indicate that the aP2~/~ animals

Fig. 1. Generation of A
aP2-deficient mice. (A)
Northern blot analysis of
aP2 mRNA in the fat tis-
sues of the aP2~"~ mice
and controls. Total RNA
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was extracted from adi- B Sl b =l

pose tissue, and 10 pg :

was used for blotting, as

described (71). The blots :
aP2-» =

were hybridized to the
mouse aP2 cDNA probe
as described (717). B-Ac-
tin mRNA is shown as a control. (B) Protein immu-
noblot analysis of AP2 protein in the aP2~/~ mice
and controls. Immunoblotting was done with 100
g of total fat tissue extract and a rabbit polyclonal
antibody against AP2. Expression patterns of fat-
specific genes (C) and various FABPs (D) in adi-
pose tissues of the aP2~"~ and control mice. Total
RNA was extracted from the adipose tissue, and
10 pg was used for blotting as described (77). The
blots were hybridized to the respective cDNA
probes as described. g-Actin mRNA is shown as
a control. (E) Growth curves of aP2
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may maintain a relatively normal physiolo-
gy through a compensatory increase in ex-
pression of MALL.

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~/~ 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 1), 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 = 09 and 2.7 * 04
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 ng/ml, P < 0.01) than
those in wild-type and heterozygous mice
(Fig. 2A) and were indistinguishable from
those in lean aP2*/*, aP2*/~, and aP2~/~
mice (0.87 * 0.07,0.75 = 0.05,and 0.8
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*+ 0.03 ng/ml, respectively). Despite much
greater circulating amounts of insulin, the
wild-type mice had higher blood glucose
concentrations (230 = 25 mg/dl) than the
aP27/~ animals (150 *+ 17 mg/dl) (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*/* and
aP2*'~ mice at 15 to 60 min than that in
obese aP27/~ 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~'~ mice (Fig. 2D). Thus, both of these

tests revealed insulin resistance in obese
aP2*'* and aP2*/~ animals but not in
obese aP2~/~ 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 (11, 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~'~ mice was lower than that in the
obese aP2*/~ or aP2*/* animals (Fig. 3A).

Table 1. Comparison of biochemical parameters in lean and obese aP2~/~, 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 (73). The experiments were duplicated in two consecutive generations.
Each value is the mean = SEM of measurements on at least 10 mice. Mean values of each plasma
component are compared between aP2~/~ mice and wild-type controls by Student’s t test (*P = 0.05

and **P = 0.005).

Wild type (@aP2*/+) Heterozygote (@aP2+/) Null @P2~7)
Parameter
Lean Obese Lean Obese Lean Obese

Insulin 0.87 007 59*09 075+0.05 27 *046 0.80=+0.03 0.75+ 0.2
(ng/ml)

Glucose 140 = 18 230 + 25 130 = 11 200 = 18 139+ 75 150 = 17
(ma/di)

FFA 0.36 £ 0.06 0.47 =0.05 0.39+0.04 0.49 +0.04 0.44 +0.04 0.51 +0.04
(mM)

Triglyceride 104 = 10 123 = 15 87 =7 100 = 11 76 = 5* 81.1 £ 9.3*
(mg/d)

Cholesterol 111 =106 121 = 21 108 = 14 118 + 15 105 £ 9.5 125 + 13
(mg/di)

Fig. 2. Glucose homeostasis 5
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week-old mice (n = 8). Insulin tolerance tests were done similarly, except for the injection of human insulin
(1 1U/kg) (Eli Lilly). Statistical significance in a two-tailed Student’s ¢ test comparing aP2~~ and wild-type
mice at a given time is indicated by * (P < 0.05) and ** (P < 0.005). Investigation 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).
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However, aP2™/~ mice appear not to have
an intrinsic deficiency in regulation of the
TNF-a gene. When stimulated with bacte-
rial lipopolysaccharide (LPS), aP2~/~ ani-
mals, like wild-type controls, expressed
large amounts of TNF-o 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~/~
mice was specifically correlated with lack of
obesity-induced TNF-a expression in adi-
pose tissue. The failure to regulate TNF-«
might contribute to the uncoupling of obe-
sity and insulin resistance in the aP2~/~
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 (16). 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
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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 g was used for
blotting. The blots were hybridized to the mouse
ob, aP2, or TNF-a cDNA probes as described
(77). 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 (16). Treatment of cultured cells
with FFAs suppresses insulin action at the
level of the insulin receptor (16). However,
the specific mechanisms by which FFAs
induce insulin resistance are not under-
stood. Our results suggest that FFAs might
induce insulin resistance by increasing the
expression of TNF-a or other genes that
interfere with insulin action. aP2 might
play a role in regulation of gene expression
by binding and shuttling these FFAs to the
target cellular compartments.
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Liver Failure and Defective Hepatocyte
Regeneration in Interleukin-6-Deficient Mice

Drew E. Cressman,” Linda E. Greenbaum, Robert A. DeAngelis,
Gennaro Ciliberto, Emma E. Furth, Valeria Poli, Rebecca Taubf

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-1, Myc, and cyclin D1 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 distinctive replication po-
tential of adult hepatocytes, the liver has
the ability to regenerate, allowing for rapid
recovery after partial hepatectomy, liver
transplant, or toxic injury (I, 2). After a
70% partial hepatectomy, in which the two
largest lobes of the liver are removed intact
without injury to remnant liver cells, more
than 95% of the mature, normally quiescent
cells in the remnant liver rapidly prolifer-
ate, restoring liver mass in a few days. An-
swers to the central questions about liver
regeneration remain elusive, including the
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identity of the initiating signals in regener-
ation and the mechanism by which liver
cells continue to function while they are
regenerating.

Two transcription factor complexes, nu-
clear factor kappa B (NF-kB) and STAT3,
are rapidly activated by means of posttrans-
lational modifications in the remnant liver
within minutes to hours after hepatectomy
and may provide clues to the initiating sig-
nals (3, 4). Epidermal growth factor (EGF),
IL-6, and related cytokines are among the
factors capable of stimulating STAT3 DNA
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binding activity in mouse liver nuclei (5).
Because it is a hepatocyte mitogen (I, 2),
initially it appeared likely that EGF was re-
sponsible for induction of STAT3 after hep-
atectomy. However, a rtole for gut and
Kupffer cell (liver macrophage)—derived cy-
tokines, IL-1, IL-6, and tumor necrosis fac-
tor—a (TNF-at), was suggested to us in part
because the transcription complexes NF-kB
and STAT3 are both linked to cytokine
activation pathways (2-5), an intact portal
circulation is required for normal regenera-
tion, and germ-free and lipopolysaccharide
(LPS)-deficient animals show a blunted re-
generative response (6). An in vitro study
suggests a supportive role for IL-6 in hepato-
cyte proliferation (7), but, although contro-
versial, most of the data suggest that large
quantities of TNF-a may actually increase
liver injury (8).

With the availability of mice harboring a
targeted disruption of the gene encoding
IL-6, we were able to determine whether
IL-6 is responsible for activating STAT3
after hepatectomy. IL-6—deficient (IL-67/7)
mice are developmentally normal and dis-
play abnormalities in the hepatic acute-
phase response, some immune mechanisms,
and bone resorption in response to estrogen
(9-11). Antibody supershift experiments
demonstrated that a STAT3 complex was
induced in hepatectomized mouse livers
(12) (Fig. 1A). STATS, also a 92-kD pro-
tein, is activated in mouse liver in response
to EGF stimulation (13); however, antibod-
ies to STATS did not supershift the com-
plex after hepatectomy. STAT3 DNA
binding was strongly induced in the IL-6—
containing (IL-6*/*) remnant liver nuclear
extracts with appearance 0.5 hour, peak
activity 2 hours, and continued elevation 8
hours after hepatectomy (Fig. 1B), correlat-
ing well with results in rats (4). In IL-67/~
mice, STAT3 DNA binding was virtually
absent, suggesting that STAT3 induction
during liver regeneration is strictly mediat-
ed by IL-6. There was little induction of
STAT?3 binding after sham surgery in IL-
6*/* animals and none in the IL-6~/~ mice
(Fig. 1C), confirming that STAT3 activa-
tion is specific to the regenerative response
of the liver and not due to an acute-phase
response induced by the surgical procedure.
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