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Essential Role of STAT3 in Body Weight and Glucose Homeostasis

Yang,"* John M. Shelton,*
Christopher Y. H. Lu,°

2,6

Yunxia Cui,"*f Lu Huang,"* Florent Elefteriou,’ Guoqing
Jerald E. Giles,"* Orhan K. Oz,” Tiffany Pourbahrami,"
James A. Richardson,* Gerard Karsenty,” and Cai Li"

Touchstone Center for Diabetes Research," Department of Physiology,> Department of Pathology,* Department of Radiology,” and
Department of Internal Medicine,® The University of Texas Southwestern Medical Center, Dallas, Texas 75390-8854, and

Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas 77030°

Received 30 May 2003/Returned for modification 5 August 2003/Accepted 8 October 2003

STAT3 is a ubiquitous transcription factor that is indispensable during early embryogenesis. To study the
functions of STAT3 postnatally, we generated conditional STAT3-deficient mice. To that end, STAT3""°* mice
were crossed with mice expressing Cre under the control of rat insulin II gene promoter (RIP-Cre mice).
Immunohistochemical and Western blot analyses showed that STAT3 is deleted from (3 cells in the islets of
Langerhans. Genomic DNA PCR revealed that STAT3 deletion also occurred in the hypothalamus. Hypotha-
lamic Cre expression was further confirmed by crossing RIP-Cre/STAT3'"'** mice with the ROSA26 Cre
reporter strain and staining for lacZ activity. Double immunohistochemical staining confirmed that deletion of
STAT3 occurred in leptin receptor (OB-Rb isoform)-positive neurons. RIP-Cre/STAT3'*'°* mice are mildly
hyperglycemic and hyperinsulinemic at the time of weaning, become hyperphagic immediately after weaning,
and exhibit impaired glucose tolerance. Body weight, body fat, and mRNA and protein levels of leptin are all
significantly increased in RIP-Cre/STAT3'¥'** mice. Administration of recombinant leptin by intracerebro-
ventricular infusion failed to cause complete loss of body fat in RIP-Cre/STAT3'*¥'** mice. Transplantation of
wild-type islets into RIP-Cre/STAT3'>*'°* mice also failed to decrease adiposity or to correct other abnormal-
ities in these mice. These data thus suggest that loss of STAT3 in the hypothalamus caused by RIP-Cre action

likely interferes with normal body weight homeostasis and glucose metabolism.

Signal transducers and activators of transcription (STAT)
proteins are a family of latent cytoplasmic transcription factors
that are produced in many cell types and that are activated by
tyrosine phosphorylation and dimerization in response to a
wide variety of extracellular ligands, such as cytokines and
growth factors (12, 36). One member of this family, STAT3, is
expressed ubiquitously and is transiently activated by a large
number of ligands, including epidermal growth factor, platelet-
derived growth factor, interleukin 6 (IL-6), ciliary neurotrophic
factor (CNTF), oncostatin M, leukemia inhibitory factor, lep-
tin, growth hormone, and prolactin, as well as a number of
oncogenic receptor and nonreceptor (Src-like) tyrosine kinases
(12). While gene disruption approaches have been used exten-
sively to define the functions of members of the STAT family
of transcription factors (18), the knockout of STAT3 results in
early embryonic lethality (42). At the cellular level, STAT3 is
required in order to maintain the pluripotency of embryonic
stem cells, as demonstrated by the reduced ability of cells to
undergo undifferentiated clonal growth when the level of
STATS3 is reduced (33).

The early embryonic lethality of STAT3 knockout mice pre-
vents any type of physiological study (42). To overcome this
limitation, many laboratories have employed tissue-specific
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conditional gene targeting to study STAT3 function in adult
mice (2, 3, 24, 39). These efforts have led to the elucidation of
the roles played by STAT3 in various aspects of cytokine and
growth factor signaling in different tissues and cell types. For
instance, in T cells, STAT3 functions to transduce the anti-
apoptotic function of IL-6 independently from that of Bcl-2
(41); in macrophages and neutrophils, STAT3 is required to
suppress the overshooting of inflammatory stimulus-induced
proinflammatory response (40); in keratinocytes, loss of
STATS3 results in compromised wound healing (19, 34, 35); in
the mammary gland, loss of STAT3 causes delayed mammary
gland involution after weaning (9); in the liver, STAT3 is re-
quired to mediate the ability of both IL-6- and lipopolysaccha-
ride-induced acute-phase gene expressions (4); in sensory neu-
rons, loss of STAT3 is associated with their enhanced death,
which is normally prevented by neurotrophic factors such as
CNTF and leukemia inhibitory factor (5); motor neuron sur-
vival also requires a higher dose of CNTF for survival in the
absence of STAT3 (37). While these studies have shed light on
the functions of STATS3 in these tissues and cell types, the roles
of STATS3 in other biological processes remain to be deter-
mined. In particular, STAT3 is specifically activated by leptin
in vivo and in vitro (8, 25, 43), but whether and/or how STAT3
mediates leptin’s biological activity has not been determined.

Previous studies have suggested that STAT3 may play a very
important role in the regulation of mammalian body weight
and energy homeostasis. Leptin, the adipocyte-specific hor-
mone with a potent weight reducing effect in vivo, activates
STATS3 in the hypothalamus and several other tissues, includ-
ing pancreatic 8 cells (30, 43). Mice deficient for leptin (Lep®”)
or resistant to the actions of leptin (Lepr®”) are severely obese
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and hyperphagic, and they develop diabetes at around 6 weeks
of age. These phenotypes are caused by loss of leptin signaling
(10, 23, 46). While STAT3 is a known downstream component
of leptin action, its contribution to these aspects of energy
homeostasis has yet to be determined.

To address the function of STAT3 in pancreatic 8 cells,
which are direct and indirect targets of many cytokines, includ-
ing leptin (16), we generated mice with selective deletion of the
STAT3 gene in vivo by using the Cre-Lox technology. To
generate RIP-Cre/STAT3'¥'** mice (32, 41), mice containing
LoxP-flanked STATS3 alleles (STAT3"*'°* mice) were crossed
to Cre mice that express Cre under the control of rat insulin II
gene promoter (RIP-Cre). STAT3 deletion was confirmed in
pancreatic 3 cells by immunohistochemical analysis and West-
ern blotting. Genomic DNA PCR and ROSA26 Cre reporter
analysis revealed that STAT3 deletion also occurred in the
hypothalamus. Surprisingly, RIP-Cre/STAT3'°¥°* mice devel-
oped mild hyperglycemia and hyperinsulinemia immediately
after weaning and exhibited impaired glucose tolerance. They
also developed hyperphagia and obesity, having increased lep-
tin mRNA and protein levels. The effectiveness of centrally
administered leptin to reduce adipose tissue mass in RIP-Cre/
STAT3'¥'* mice was impaired. Likewise, transplantation of
wild-type islets into RIP-Cre/STAT3'¥"** mice failed to cor-
rect the obesity phenotype of RIP-Cre/STAT3¥°* mice.
These results demonstrate that while RIP-Cre action causes
STAT3 deletion in both  cells and the hypothalamus, loss of
STAT3 from the hypothalamus interferes with normal body
weight homeostasis and glucose metabolism.

MATERIALS AND METHODS

Mice and genotyping. STAT3'°'°* mice and RIP-Cre transgenic mice have
been described previously as having been maintained on a mixed (C57BL/6 X
129/SV) genetic background (32, 41). RIP-Cre mice were crossed with
STAT3'¥1°% mice for two generations in order to obtain RIP-Cre/STAT3!0¥10x
mice. First, RIP-Cre/STAT3™/* mice were mated with STAT3'¥°% mice to
generate RIP-Cre/STAT3'¥* mice, which make up about half of the progenies
produced from such crosses. Second, RIP-Cre/STAT3'°* mice were mated
again with STAT3'9¥1°% mice to generate RIP-Cre/STAT3'*¥°% mice; this cross-
ing served to delete both copies of the STAT3 alleles in RIP-Cre-expressing cells.
All experiments were performed by using progenies of STAT3'¥1°% mice crossed
with RIP-Cre/STAT3'9¥1°% mice. The genotypes of the progenies are either wild
type (STAT3!¥°%) or knockout (RIP-Cre/STAT3!°%) at an observed Mende-
lian ratio of 1/1 (for example, from 51 mice in four litters, 26 mice were RIP-
Cre/STAT3'¥'°% while the remaining 25 were STAT3!9¥1o%). All mice were
housed in specific-pathogen-free barrier facilities, maintained on a 12-h light-
dark cycle, and fed a standard rodent chow diet (Teklad, Madison, Wis.). Geno-
typing was performed by PCR amplification of tail DNA from each mouse at 2
weeks of age. Primers specific for Cre recombinase amplify a fragment of 0.8 kb,
and primers that flank one of the two LoxP sites of STAT3 genomic DNA will
amplify genomic DNA of 0.3 kb. The primer sequences are: Cre forward primer
(CL326), 5'-CTCTGGCCATCTGCTGATCCA-3' and reverse primer (CL196),
5'CTAAGTGCCTTCTTCTACACCTG3'; and LoxP forward primer (CL270),
5'-CCTGAAGACCAAGTTCATCTGT-3' and reverse primer (CL271), 5'-CA
CACAAGCCATCAAACTCTGG-3'.

To detect Cre-mediated recombination at the genomic DNA level by PCR,
primers were designed that are located on exon 21 (primer a, CL381), exon 22
(primer b, CL384), and intron 22 (primer ¢, CL271) (see Fig. 2A). The primer
pair a and CL271 will give rise to PCR products of 3.45 or 0.75 kb before and
after Cre-mediated STAT3 deletion, respectively. Primer pair b and CL271
amplifies a product of 0.45 kb and is used as a control for the quality of the
template. The primer sequences were primer a, 5'-GATCCAGTCTGTAGAG
CCATACACCAAG-3', and primer b, 5'-CGCCGTCTGGGAGAGGCAGGA
GGATTC-3'".

In all cases, PCR conditions were 94°C for 1 min, followed by 30 to 35 cycles
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of 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min. A final extension step of 7 min
at 68°C was performed to ensure complete synthesis of all annealed products.

All in vivo procedures were performed in accordance with the policies of the
Institutional Animal Care and Research Advisory Committee at the University
of Texas Southwestern Medical Center.

Dual-energy X-ray absorptiometry (DEXA) and nuclear magnetic resonance
(NMR) measurement of body fat. Body fat content in mice was measured by two
methods. During the initial phases of the project, the DEXA method was used.
Briefly, mice were anesthetized with a cocktail containing ketamine, xylazine,
and acepromazine. A stock solution was prepared by mixing 5 ml of ketamine
(100 mg/ml), 2.5 ml of xylazine (20 mg/ml), 1.0 ml of acepromazine (10 mg/ml),
and 1.5 ml of H,O to a final volume of 10 ml which was then diluted 1:1 with H,O
before use. Each mouse received 0.1 ml of cocktail per 20 g of body weight
intraperitoneally. The percentage of body fat was determined by scanning using
a Lunar PIXImus densitometer (GE Medical Systems Lunar, Madison, Wis.).
The instrument was first calibrated with an aluminum-lucite phantom before
anesthetized mice were placed on the imaging tray, in accordance with the
manufacturer’s instructions. Results shown in Fig. 6 and 7 were conducted with
a Bruker Minispec mq7.5 NMR analyzer (Bruker Optics, The Woodlands, Tex.).
The accuracy and precision of both instruments were cross-calibrated by mea-
suring the same groups of mice with different adiposity.

Assessment of RIP-Cre-mediated recombination by immunohistochemical
analysis and Western blotting. Pancreases were dissected from anesthetized
STAT3'"¥1%x and RIP-Cre/STAT3'¥1* mice, and the specimens were immedi-
ately fixed in Bouin’s solution. The organs were embedded in paraffin and
sectioned onto glass slides, which were then deparaffinized sequentially in a
graded series of xylene, ethanol, and water. Slides were washed in phosphate-
buffered saline (PBS), blocked with 1% bovine serum albumin, and incubated
with primary antibody solution in a humid chamber. Slides were washed in PBS,
and secondary antibody was applied in the dark, washed, and coverslipped for
microscopy. Primary antibodies used were goat anti-STAT3 from Santa Cruz
Biotechnology (catalog no. sc482) at a 1:20 dilution and guinea pig anti-human
insulin and glucagon from Linco Research (St. Louis, Mo.), also used at a 1:20
dilution. Secondary antibodies were from Molecular Probes, Inc. (Eugene,
Oreg.) and included goat anti-rabbit immunoglobulin G (IgG) conjugated to
Alexa Fluor 488 (green) and goat anti-guinea pig IgG conjugated to Alexa Fluor
594 (red). Imaging was performed with a Zeiss LSM 510 confocal microscope. To
determine the amount of STAT3 protein in islets, 25 islets each from RIP-Cre/
STAT3'¥1%* mice or from control STAT3'*¥1° littermates were lysed directly in
sample buffer and run on an SDS 8%-polyacrylamide gel. Antibodies against
tubulin and SHP-2 were purchased from Sigma (St. Louis, Mo.) or generated as
described earlier (25).

To assess Cre recombinase activity in the hypothalamus, ROSA26 Cre re-
porter mice, which carry a Cre-activatable lacZ transgene, were crossed with
RIP-Cre/STAT3'¥°* mice (38). Progenies from such crosses are 25% double
positive for the RIP-Cre and ROSA26 allele. Two-week-old RIP-Cre-containing
progenies with or without the ROSA26 allele were used to detect the site of
RIP-Cre expression by lacZ staining. Briefly, mice were deeply anesthetized and
perfused with 0.2% glutaraldehyde in PBS. Whole mouse brain was rapidly
removed, put into a mold, and kept in place by immersing into optimum cutting
temperature compound and frozen on dry ice. Seven-micrometer sections were
made and stained for the presence of lacZ activity with the B-galactosidase
staining kit (Roche, Indianapolis, Ind.). In parallel, hypothalamus and cerebrum
were snap-frozen in liquid nitrogen, and total protein extracts were prepared to
determine the level of STAT3 proteins in each sample by Western blot analysis.

Immunohistochemical staining for OB-Rb and STAT3 in hypothalamic slices.
Mouse brains for immunostaining of long-form leptin receptor (OB-Rb) and
STAT-3 were harvested and cryoembedded in tissue freezing medium (Triangle
Biomedical Sciences, Durham, N.C.) following gravity-forced transcardial per-
fusion with Ca®"-free Tyrode’s solution and formalin-picric acid fixative (30 ml
each; 25-cm pressure column) (14). For B-galactosidase staining, mouse brains
from Rip-Cre X Rosa26 and non-Cre X Rosa26 crosses were harvested and
cryoembedded in tissue freezing medium without fixation. Both sets of cryoem-
bedments were rapidly frozen by partial immersion in liquid nitrogen-super-
cooled 2-methyl-butane. Eight-micrometer cryosections were cut from prepared
blocks and thaw mounted on silanated microscope slides (Fisher Scientific,
Pittsburgh, Pa.). Embedments and mounted slides were prepared according to
standard histologic practices and stored at —80°C between preparation, section-
ing, and staining. Rabbit anti-OB-Rb used for immunohistochemistry was raised
in-house against a glutathione S-transferase fusion protein fused to the cytoplas-
mic domain of mouse OB-Rb. Antibody was affinity purified by using the same
antigen. Mouse anti-STAT-3 (clone 84) was obtained from Transduction Labo-
ratories (Lexington, Ky.).
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Staining was carried out according to previously described immunofluores-
cence methods (6, 11). Briefly, sections were hydrated and blocked against
nonspecific secondary binding by utilizing mouse-on-mouse blocking kit compo-
nents prior to subjecting the sections to 1-h incubation in either OB-Rb/STAT-3
primary antibody cocktail in PBS or PBS substitution controls. Unbound primary
antibody was washed from slides with PBS, and OB-Rb/STAT-3 was detected
with biotinylated anti-mouse IgG and Cy-3 anti-rabbit IgG (Jackson ImmunoRe-
search Laboratories, West Grove, Pa.). Streptavidin-fluorescein was used to
detect bound anti-mouse, followed by final PBS washes and coverslipping with
Vectashield fluorescence mounting medium. Except where noted, all immuno-
chemical reagents were obtained from Vector Laboratories (Burlingame, Calif.).

Review and photography of histologic preparations were carried out on a Zeiss
Axioplan 2i photomicroscope equipped with epifluorescence, differential inter-
ference-contrast illumination, and computer-controlled motorization. Photomi-
crography was achieved by using this microscope and an Axiocam monochro-
matic charge-coupled device camera with a CRI RGB color filter. Single z-plane
images (B-galactosidase) and multiple z-plane image stacks (OB-Rb/STAT-3)
were captured by using Openlab 3.0.3 acquisition, analysis, and deconvolution
software (Improvision, Inc., Boston, Mass.). Image stacks of OB-Rb/STAT-3
immunostaining, comprising 32 250-nm-interval images, were deconvolved to
fluorophore-separate, confocal representations and subsequently pseudocolored
and overlaid with Adobe Photoshop version 5.5.

Tagman PCR. Total RNA from the hypothalamus of RIP-Cre/STAT3!x/lox
mice and STAT3!91°% mice were isolated with TRIzol reagent. RNA samples
were treated with DNA-free from Ambion (Austin, Tex.) and reverse transcribed
to first-strand cDNA with the reverse transcription reagent at 25°C for 10 min,
48°C for 30 min, and 95°C for 5 min. To quantitate mRNA levels encoding
neuropeptide Y (NPY), pro-opiomelanocortin (POMC), agouti-related protein
(AGRP), and cocaine- and amphetamine-regulated transcript (CART), real-
time PCR was performed. The primer sequences were NPY, CTACTCCG
CTCTGCGACACT (forward), AGTGTCTCAGGGCTGGATCTC (reverse);
POMC, GAGGCCACTGAACATCTTTGTC (forward), GCAGAGGCAAAC
AAGATTGG (reverse); AGRP, CTTTGGCGGAGGTGCTAGA (forward),
GGACTCGTGCAGCCTTACACA (reverse); and CART, CGAGAAGAAGT
ACGGCCAAGTC (forward), CCGATCCTGGCCCCTTT (reverse). The reac-
tion was performed on a 96-well plate and detected by an ABI Prism 7000
sequence detection system. The relative levels of expression of each neuropep-
tide were compared between RIP-Cre/STAT3'9¥1° mice and STAT3'¥'** mice
after normalization with cyclophilin.

Islet isolation and insulin secretion assays. Islets were isolated from RIP-Cre/
STAT3'"¥'** mice and control littermates by centrifugation through a Ficoll
gradient. Briefly, pancreases were harvested and transferred to a 15-ml conical
tube containing 5 ml of cold Liberase enzyme solution (Roche) and were incu-
bated for ~20 to 25 min in a 37°C water bath. The sample was shaken vigorously
for 10 or 30 s and transferred into a new 15-ml conical tube and spun; superna-
tant was siphoned off, to which 40 ml of cold quenching buffer was added, and the
sample was vortexed. The sample was then mixed with 25% Ficoll, and 23, 21,
and 13% concentrations of Ficoll were sequentially added to the top. Following
spinning at ~450 to 500 X g (1,800 revolutions/min; SORVALLRT7 PLUS) for
20 min at 4°C, islets form a band at levels of Ficoll between 23 and 21%. Islets
were collected and incubated with culture media for insulin secretion assays.

Plasma preparation and analysis. Blood samples were collected from the tail
vein into Eppendorf tubes coated with EDTA. Plasma was prepared by low-
speed centrifugation (5,000 X g for 5 min) and used for measurement of glucose,
insulin, and leptin. Plasma glucose was measured by Sigma Diagnostics glucose
(Trinder) reagent. Insulin and leptin levels in mice plasma were measured with
a rat insulin radioimmunoassay kit and rat leptin radioimmunoassay kit from
Linco Research, respectively.

Intracerebroventricular infusion of leptin. Mice were anesthetized with tri-
bromoethanol at 0.4 mg/g of body weight. Intracerebroventricular (ICV) infusion
of leptin has been described previously (13). Briefly, the calvarium was exposed
under anesthesia, and a 0.7-mm hole was drilled upon the bregma. A 28-gauge
cannula (brain infusion kit II; Alza) was implanted into the third ventricle
according to the following coordinates: midline, —0.3 anterior pituitary, 3 mm
ventral (zero-point bregma). The cannula was secured to the skull and attached
with tubing to an osmotic pump (Alza) placed in the dorsal subcutaneous space
of the animal. The pump delivers human leptin (Sigma) at 8 ng/h for 28 days.
Mice were housed in single cages with ad libitum access to food and water.

Glucose tolerance test. Mice at 2 months of age were fasted overnight with free
access to water. Glucose was injected into the peritoneal cavity at 2 g/kg of body
weight. Blood samples were collected immediately before and at 15, 30, 60, 120,
180, and 240 min after glucose injection. Blood glucose levels were determined
as described above.
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Northern blot analysis of adipose tissue gene expression. Total RNA was
isolated from the white adipose tissue of both control (STAT3'°¥1%%) and knock-
out (RIP-Cre/STAT39¥1°%) mice as described previously (17). RNA was resolved
on formaldehyde-agarose gel, transferred to a nylon membrane, and hybridized
with a random primer-labeled cDNA probe.

Islet transplantation. Islet transplantation was performed by following previ-
ously published procedures (27). Briefly, 400 islets were isolated from C57BL/6J
mice (The Jackson Laboratory) and implanted beneath the renal capsule of three
recipient groups. Group A consisted of 10-week-old C57BL/6J-Ins2% males (n
= 2) used as positive control, and group B comprised 12-week-old RIP-Cre/
STAT3!¥1%% mice (n = 6), which were used to test if wild-type islets can rescue
the phenotype in these mice. A third group, group C, included age-matched
RIP-Cre/STAT3'¥1* mice (n = 4) that were injected with PBS instead of islets.
Because RIP-Cre/STAT3'¥* mice are on a mixed C57BL/6 X 129/SV back-
ground, an additional group, group D, consisting of STAT3'°¥!°% littermates of
RIP-Cre/STAT3'9¥°% mice, was treated with streptozotocin (STZ) and used as
islet recipients to monitor the survival and functionality of islets under such
mixed background. Before transplantation, mice were anesthetized with the
same cocktail as described above. Four hundred islets or sterile PBS in a volume
of 50 pl was carefully deposited under the kidney capsule of recipients by the use
of a small catheter (PE50 tubing; Becton Dickinson Company). The graft func-
tion was followed by serial blood glucose measurements of diabetic C57BL/6J-
Ins2*%" mice by using the 510-A glucose kit (Sigma). Mice had free access to
water and were given a standard diet. Plasma glucose, leptin, and insulin levels
were determined twice weekly posttransplantation. Twenty-five days following
transplantation, all mice were sacrificed, and kidneys were removed for histo-
logical examination and immunohistochemical analysis.

Statistical analysis. Results were analyzed using GraphPad Prism software.
Results are expressed as means * standard errors of the means. Differences were
considered significant when P values were <0.05.

RESULTS

Generation of RIP-Cre/STAT3'"*'** mice and confirmation
of STAT3 deletion from B cells. In earlier studies, RIP-Cre
mice were found to be identical to wild-type mice in terms of
body weight homeostasis and glucose metabolism (21). To
simplify the analysis, we used progenies of crosses between
STAT3"¥** (control) and RIP-Cre/STAT3'*** (knockout)
mice throughout the study. Both genotypes of mice were born
at the expected 1:1 Mendelian frequency, suggesting that there
is no embryonic lethality due to STAT3 deletion from RIP-
Cre-mediated recombination.

To assess the efficiency of Cre-mediated STAT3 deletion in
pancreatic B cells in RIP-Cre/STAT3"¥"* mice, the localiza-
tion and quantity of STAT3 protein were determined by im-
munohistochemical analysis and Western blotting. To distin-
guish the different cell types in the islet and to localize STAT3
within the same islet, we costained islets with primary antibod-
ies against insulin, glucagon, and STAT3. Secondary antibod-
ies were conjugated to Alexa Fluor dyes that recognize insulin
(green; data not shown), STAT3 (green), or glucagon (red). In
control STAT3!9¥* mice, STAT3 expression was detected
throughout the islets (Fig. 1A). In contrast, STAT3 staining
was absent in cells that are positive for insulin in islets of
RIP-Cre/STAT3'¥* mice but remained in glucagon-positive
cells in the periphery, demonstrating that STAT3 has been
efficiently and selectively deleted from the B cells in RIP-Cre/
STAT3'¥'** mice. When islet extracts were blotted for STAT3
protein, signal from RIP-Cre/STAT3'¥!°* mice was barely de-
tectable. This is congruent with the results of immunohisto-
chemical analysis (Fig. 1B). The remaining STAT3 signal was
most likely from non-f cells in the islets of Langerhans, such as
cells that produce glucagon, somatostatin, and pancreatic
polypeptide. When the same filter was blotted for SH2 do-
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FIG. 1. Assessment of STAT3 deletion in pancreatic B cells of RIP-Cre/STAT3'°° mice. (A) Fluorescence immunohistochemical analysis for
STATS3 on serial pancreatic sections of control mice (STAT3"/*) and RIP-Cre/STAT3'*"°* mice (8-cell STAT3 /™). Pancreata from 3-month-old
control or RIP-Cre/STAT3'¥°* mice were used to prepare sections for immunohistochemical analysis. Sections were stained with an antibody
against glucagon (Glucagon), followed by detection with Alexa Fluor 594-conjugated goat anti-guinea pig IgG. The same sections were also stained
with an antibody against STAT3 (STAT3), followed by detection with Alexa Fluor 488-conjugated goat anti-rabbit IgG. Images for STAT3 and
glucagon were superimposed (Superimpose) to reveal costaining of STAT3 and glucagon. Residual staining of STAT3 in the islet of RIP-Cre/
STAT3'¥1°* mice does not overlap with insulin staining. (B) Western blotting of islet extracts from STAT3'“¥"* mice (+/+) and RIP-Cre/
STAT3"*"* mice (STAT3 /). Ten micrograms of islet extract was loaded on each lane and sequentially blotted for STAT3, SHP-2, and a-tubulin.
The control lane contains 10 g of protein from lysate of 293 cells. Islet extract from RIP-Cre/STAT3'¥* mice showed barely detectable STAT3

signal, which arose from non-f cells in the islets.

main-containing protein tyrosine phosphatase 2 or a-tubulin,
equivalent signal intensity was observed in all lanes, demon-
strating that samples were loaded evenly.

Activity of RIP-Cre transgene outside pancreatic 3 cells.
The RIP-Cre transgenic mouse line used in the present study
has been used in other instances to delete several other genes
from the pancreatic B cells, such as those encoding glucoki-
nase, the insulin receptor, and the receptor for insulinlike
growth factor 1 (21, 22, 32). In all cases, the RIP-Cre-mediated
gene knockout was clearly demonstrated to have occurred in 3
cells. However, because several recent studies have shown that
the RIP-driven transgene also expresses outside islets (44, 45),
we determined whether RIP-Cre activity could be found out-
side B cells in RIP-Cre/STAT3¥1°* mice by using STAT3!o¥/1ox
mice as a negative control group. This is a necessary control
because of the two common pitfalls of conditional-knockout
experiments: that gene deletion in a given tissue is rarely com-
plete and that the tissue specificity of a promoter is always
relative. If deletion of a gene occurs outside of the tissue
intended, then the possibility that such deletion may contribute
to the observed phenotype needs to be considered.

To determine the extraislet expression of the RIP-Cre trans-
gene and whether it causes STAT3 deletion at these sites
during mouse ontogeny, we performed genomic DNA PCR,
Western blotting, Cre reporter staining, and immunohisto-
chemical analysis (Fig. 2 and data not shown). As illustrated in
Fig. 2A, primers used for PCR analyses were designed to
surround both LoxP sequences on STAT3 genomic DNA

(primers a and c) so that amplification is easily achieved only
when RIP-Cre-mediated recombination has occurred (3.45 kb
without recombination versus 0.75 kb after recombination). By
preparing genomic DNA from the cerebrum, hypothalamus,
fat, liver, skeletal muscle, and pancreas, STAT3 deletion from
the pancreas of RIP-Cre/STAT3'¥'°* mice was readily de-
tected, as expected. Unexpectedly, STAT3 deletion was also
detectable in the hypothalamus but not in any other tissues
examined (Fig. 2B).

To further confirm that STAT3 deletion in the hypothala-
mus has occurred, we performed Cre reporter staining (Fig.
2C) and Western blotting of hypothalamic extracts for STAT3
protein (Fig. 2D). Immunohistochemical analysis of brain
slices (sectioned through the hypothalamus) for STAT3 did
not reveal distinguishable differences between STAT3!o¥lox
and RIP-Cre/STAT3'*'°* mice (data not shown). Western
blotting of hypothalamic extract from STAT3'¥'** and RIP-
Cre/STAT3'*"°* mice (Fig. 2D) also revealed no distinguish-
able differences. However, when lacZ staining was performed
on whole-brain sections to detect Cre activity in RIP-Cre/
ROSA26 mice, diffuse staining was observed throughout the
hypothalamus but not in other brain regions, a finding that was
in agreement with the genomic DNA PCR result (Fig. 2B).
These results suggest that the phenotype of RIP-Cre/
STAT3'¥'** mice may arise from STAT3 deletion from both
the B cells and the hypothalamus.

RIP-Cre/STAT3'"** mice exhibit mild hyperglycemia, hy-
perinsulinemia, and impaired glucose disposal. Earlier studies
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FIG. 2. Assessment of STAT3 deletion in extrapancreatic cells of RIP-Cre/STAT3'°* mice. (A) Schematic illustration of genomic DNA PCR
strategy to detect Cre recombinase-mediated deletion of STAT3 genomic DNA. Genomic DNA structure of exons 21 and 22 of the STAT3 gene
is shown, with the LoxP sequences indicated by an empty arrowhead. Cre action removes exon 22 and other sequences between the two LoxP sites.
(B) Survey of tissues from STAT3'¥'* (Lox/Lox) and RIP-Cre/STAT3'¥"°* mice (RIP-Cre; Lox/Lox) to detect Cre activity outside of pancreatic
{3 cells. Shown is the result of PCR product amplified from genomic DNA of indicated tissues from 3-month-old mice and run on agarose gel.
Deletion of STAT3 is detected in the pancreas and hypothalamus of RIP-Cre/STAT3'¥"°* mice (RIP-Cre; Lox/Lox) but not in any other tissues,
nor was deletion detected in any tissue from STAT3'9¥1°% (Lox/Lox) mice. Note that 35 cycles of PCR are required to detect STAT3 deletion from
the hypothalamus. (C) lacZ staining of brain sections from RIP-Cre; ROSA26, RIP-Cre; +/+, or +/+; ROSA26 mice. lacZ staining was found
throughout the hypothalamus in RIP-Cre; ROSA26 mice but not in RIP-Cre; +/4 or +/+; ROSA26 mice. The midline in each panel shows the
third ventricle. (D) Western blotting to determine STAT3 protein levels in the hypothalamus (H) and cerebrum (C) of STAT3'¥1°* (Lox/Lox) mice
and RIP-Cre/STAT3'*¥"* (RIP-Cre; Lox/Lox) mice. Tubulin staining was performed on the same filter to show equal loading of proteins in all
lanes. No decrease of STAT3 protein levels was detected from the hypothalamus of RIP-Cre/STAT3'¥* mice.

in other laboratories have demonstrated that STAT3 DNA lated islets from RIP-Cre/STAT3'“¥'°* mice showed enhanced
binding activity in B cells can be activated by leptin and other insulin release at stimulating glucose concentrations (15.8

cytokines (29, 30). To determine the consequences of RIP-Cre- mM) but not under basal glucose concentrations (3.5 mM)
mediated STAT3 deletion in vivo on B-cell function, we first (Fig. 3C). While the number of islets obtained per mouse was
measured plasma immunoreactive insulin and glucose levels. similar, islets from RIP-Cre/STAT3'*¥'** mice appeared to be
Figure 3A shows that in newly weaned mice, the fasting plasma larger than those from control littermates. Insulin content was

insulin level more than doubled in RIP-Cre/STAT3'*** mice  also increased in RIP-Cre/STAT3'*'* mice (data not shown).
compared with that of control STAT3'¥'* littermates (0.48 + Taken together, these results suggest that in the absence of
0.02 versus 0.21 = 0.01 ng/ml, P = 0.0001). Fasting-state STAT3 caused by RIP-Cre-mediated recombination, both in-
plasma  glucose levels were also elevated in sulin synthesis and glucose-stimulated secretion are increased

RIP-Cre/STAT3'¥°* mice (118 + 11 versus 77 = 8 mg/dl, P = in vivo.
0.01) (Fig. 3B). Fasting-state hyperglycemia and hyperinsulinemia levels in
To determine if there were changes in the size and/or num- RIP-Cre/STAT3"¥* mice suggested that these mice might be

ber of islets between RIP-Cre/STAT3'“'* mice and control insulin resistant. To test this possibility further, we performed
littermates, we assayed the insulin content of islets as well as the glucose tolerance test on 1-month-old fasted mice. Com-
their insulin secretion profiles upon glucose stimulation. Iso- pared with littermate controls, RIP-Cre/STAT3'¥'** mice ex-
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RIP-Cre/STAT3'¥'* mice. Fasting-state levels of plasma insulin (A) and glucose (B) were both increased in RIP-Cre/STAT3'“¥"* mice. Insulin
secretion of isolated islets from RIP-Cre/STAT3'¥1°* mice was also significantly increased at stimulating glucose concentration (15.8 mM) but not
under basal glucose concentration (3.7 mM) (C). RIP-Cre/STAT3"¥'* mice exhibited reduced glucose tolerance (D), as revealed by delayed
glucose disposal at the indicated time points. WT, wild-type STAT3'9¥'%% mice; KO, RIP-Cre/STAT3'¥X mice. *, P < 0.05; ***, P < 0.0001.

hibited delayed clearance of glucose at all time points after
glucose injection (Fig. 3D), demonstrating that RIP-Cre-me-
diated conditional STAT3 deletion causes impaired glucose
disposal and insulin resistance.

RIP-Cre/STAT3'°¥'°* mice are hyperphagic and develop ear-
ly-onset obesity. The evidence of a hypothalamic deletion of
STATS3 led us to study body weight regulation. Although the
body weights of both genotypes were not significantly different
at weaning, increased adiposity was already evident before
weaning, as assessed by mouse NMR analyzer measurement
(data not shown). Immediately after mice were weaned, food
intake of the RIP-Cre/STAT3'°¥°* mice was higher than that
of STAT3"¥'** littermates (Fig. 4A). Increased food intake
persists well into adulthood (data not shown). Correspond-
ingly, at 1 and 7 months of age, body weight of RIP-Cre/
STAT3'¥1°% mice was 30 and 35% higher than that of the
STAT3''* controls (15.06 + 0.60 g versus 11.54 * 0.80 g [P
= 0.0055] at 1 month; 37.38 = 0.60 g versus 25.33 = 1.00 g [P
< 0.0001] at 7 months) (Fig. 4B), respectively.

To determine if increased body weight was due to an in-
crease in the weight of all organs in the mouse or to increased
adiposity, we measured the percentage of body fat of
STAT3!¥°* and RIP-Cre/STAT3'*¥'°* mice. These parame-

ters were obtained by the use of a PIXImus mouse densitom-
eter (Lunar Corporation) that measured body composition by
using DEXA (31). We determined the percentage of body fat
of mice at different ages. Figure 4C shows that at 1 and 7
months of age, the fat content levels of RIP-Cre/STAT3!o¥1ox
mice were also statistically significantly higher than those of
the STAT3'¥'* controls at both time points. At 1 month, the
percentage of body fat was 10.54% = 0.32% for STAT3'*¥/°x
mice and 20.38% =+ 0.34% for RIP-Cre/STAT3'¥°* mice,
respectively; at 7 months of age, STAT3''°* mice had 17.78%
+ 0.20% of body fat, while RIP-Cre/STAT3'¥°* mice con-
tained 45.44% = 1.90% of body fat—levels which were signif-
icantly higher than those of STAT3'"¥'** mice (P < 0.001%).
Both values were, however, lower than those of the Lepr®
mice, which are deficient in leptin signaling (20).
RIP-Cre/STAT3'°¥'"* mice show increased leptin expres-
sion. The increased body weight and adiposity are indications
that are reminiscent of the syndromes associated with defective
leptin signaling, such as those shown in Lep®” and Lepr™ mice.
We compared plasma leptin levels as well as leptin gene ex-
pression in the adipose tissue of STAT3'*¥'** mice and RIP-
Cre/STAT3'¥°* mice. At 1 month of age, the plasma leptin
level of RIP-Cre/STAT3'¥'* mice is more than fourfold



264 CUI ET AL.

A.

MoL. CELL. BIOL.

6 -
oWT
51 =Ko
4 4
3
2 J
1 -
o T
3-4weeks 4-5weeks 5-6weeks
Age
B. C.
50+ *%
40+ %% 2
] c—=wr 0] =
S ] =Ko ;; ] == KO
= 307 - 8
= J - m
% ] P 3D:
20 =
E 0: B 209 x* s
| .. T o
m 107 10 —
0 c:
1 month 7 months 1 month 7 months
Age Age

FIG. 4. Increased food intake (A; units are grams per day per mouse), body weight (B), and adiposity (C) in RIP-Cre/STAT3'*"°* mice. Male
RIP-Cre/STAT3'¥'* mice and control littermates were housed in single cages with free access to food and water. Food intake and body weight
were measured daily. Body weight (B) and body fat (C) of mice at 1 and 7 months are shown. In all cases, the number of mice ranged from six
to eight. WT, wild-type STAT3'°* mice; KO, RIP-Cre/STAT3'¥"* mice. *, P < 0.05; **, P < 0.01. Similar results were observed in female mice.

higher than that in control littermates (6.9 = 2.0 versus 1.6.
0.4 ng/ml). At 7 months of age, the difference was more pro-
nounced, increasing to 26.0 * 6.8 ng/ml compared with that of
controls, 2.3 = 0.3 ng/ml. This increase was mediated, at least
in part, by increased leptin expression: when total RNA from
the adipose tissue was blotted for leptin, significantly increased
mRNA levels were detected in RIP-Cre/STAT3'¥'* mice
(Fig. 5B). While both body weight and percentage of body fat
are lower in RIP-Cre/STAT3'¥'* mice than in Lepr® mice,
leptin mRNA levels in the adipose tissue and circulating leptin
protein levels are comparable (26).

RIP-Cre/STAT3'°¥'* mice are partially resistant to central
leptin action on adiposity. Increases of food intake, body
weight, adiposity, and plasma leptin levels were all suggestive
of a defect in central leptin action. To address this eventuality,
we tested whether centrally administered leptin could reduce
body fat content in RIP-Cre/STAT3'¥'°* mice. When given via
ICV infusion into Lep®” mice or wild-type mice, leptin induced
a complete disappearance of body fat. Both male and female

RIP-Cre/STAT3'°¥°% mice at 2 months of age as well as their
STAT3'¥!°* Jittermates were tested for their ability to respond
to centrally administered leptin through ICV infusion. Lep®”
mice were included as a control. As shown in Fig. 6A, leptin
infusion into Lep®” mice results in a decrease of body weight by
more than half, similar to previous results reported by other
groups (15). The percentage of body fat of treated Lep®” mice
was also decreased from 53 to 4%, as measured by NMR (Fig.
6B). The 4% remaining body fat in Lep®” mice after leptin
treatment may reflect residual body fat in nonadipose tissues
or baseline reading of the instrument, since dissection of sac-
rificed mice at the end of 4-week ICV leptin treatment did not
reveal any visible fat depot (data not shown). Similar loss of
body fat was also observed in STAT3'¥'°* mice, as assessed by
both NMR measurement and dissection (Fig. 6B and data not
shown), though body weight remained essentially unchanged.
However, ICV leptin treatment of RIP-Cre/STAT3'¥'** mice
failed to achieve the complete loss of body fat (Fig. 6B). In
agreement with the NMR measurement, sacrificed RIP-Cre/
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FIG. 5. Increased circulating leptin (A) and mRNA (B) levels in RIP-Cre/STAT3'¥'* mice. Plasma was obtained from mice at 1 or 7 months
of age. Circulating leptin levels were measured with a radioimmunoassay kit. There were five to eight mice in each group. Elevated plasma leptin
is observed in RIP-Cre/STAT3'¥'** mice (KO) at both time points (panel A). Panel B shows a Northern blot for leptin mRNA from the white
adipose tissue of wild-type littermates (WT) or RIP-Cre/STAT3'°* mice (KO). RNA loading is shown in the bottom by ethidium bromide

staining. **, P < 0.01; ***, P < 0.0001.

STAT3"¥'** mice showed an abundance of adipose tissue in
the abdominal cavity (data not shown). These results demon-
strate that centrally administered leptin is only partially active
in RIP-Cre/STAT3''** mice.

Because STAT3 is a downstream effector of leptin (43), we
determined whether STAT3 deletion had occurred in OB-Rb-
positive neurons. Double immunostaining of hypothalamic
slices with antibodies against OB-Rb and STAT3 revealed that
STATS3 is deleted in a subset of OB-Rb-positive neurons (Fig.
6C). We also performed quantitative real-time PCR analysis
for brain neuropeptides that are known to be involved in lep-
tin-regulated feeding behavior (Fig. 6D). Consistent with the
phenotype of RIP-Cre/STAT3'¥'°* mice, expression levels of
NPY showed a trend toward being increased in RIP-Cre/
STAT3"** mice, while those of other neuropeptides were not
significantly altered.

Increased leptin mRNA transcription and protein synthesis
observed in RIP-Cre/STAT3'¥'* mice might be a feedback
mechanism in response to the impairment of central leptin
action. Litter size or nursing of the young is similar to that
found in STAT3'** mice (data not shown). Even though
central leptin action with regard to adiposity is impaired, fur-
ther studies are required to elucidate the mechanism underly-
ing the obesity phenotype in RIP-Cre/STAT3'¥'°* mice, since
other factors, such as CNTF, also cause weight reduction
through activation of the STAT3 pathway (28).

Transplantation of islets from control mice fails to correct
the phenotypes of RIP-Cre/STAT3''** mice. To address
whether the obesity and insulin resistance phenotypes in RIP-
Cre/STAT3'¥"* mice were due to the loss of STAT3 function in
pancreatic B cells or in hypothalamic neurons, we performed an
islet transplantation experiment on 12-week-old RIP-Cre/
STAT3'¥'°* mice. Islets from C57BL/6J mice were isolated and
transplanted under the kidney capsule of recipients, per published
protocols (27). Because RIP-Cre/STAT3'¥'* mice are on a

mixed C57BL/6 X 129/SV background, STAT3'¥'°* littermates
of RIP-Cre/STAT3'*"* mice were treated with STZ and used as
islet recipients to monitor survival and functionality of islets under
such mixed background. CS7BL/6-Ins2**/* mice, a new mouse
model of insulin-dependent diabetes mellitus, were also trans-
planted as a positive control (27). RIP-Cre/STAT3"¥'* mice
were implanted with 400 islets or were treated with PBS. Food
intake, body weight, body fat, and levels of glucose, insulin, and
leptin in plasma were measured weekly for 3 weeks before all
mice were sacrificed for histological examination. While blood
glucose levels remained stable and at a normal range for CS7BL/
6-Ins2 @/ and STZ-treated STAT3'¥'°* littermates, no statis-
tically significant correction was detected in RIP-Cre/STAT3'¥/1x
islet recipients compared with those receiving PBS (data not
shown). Fasting-state plasma glucose levels (islet group, 73.88 +
5.55 mg/dl; PBS group, 92.31 = 12.86 mg/dl) and insulin levels
(islet group, 0.488 = 0.055 ng/ml; PBS group, 0.559 = 0.084
ng/ml) remained similar between RIP-Cre/STAT3'¥'* mice that
received islets or PBS, as did food intake (islet group, 8.55 * 0.85
g/mouse/3 days; PBS group, 9.35 + 0.30 g/mouse/3 days) and body
weight (islet group, 27.68 * 0.86 g; PBS group, 27.50 * 0.32 g).
Hematoxylin and eosin staining as well as immunohistochemical
analysis of kidney sections at the implantation site demonstrated
that implanted islets were well granulated and positively stained
for both insulin and glucagon (Fig. 7A and B). However, body fat,
plasma leptin (Fig. 7C), and other hormonal and metabolic pro-
files showed no statistically significant improvement over sham-
operated PBS controls. Even though both body fat and plasma
leptin levels tended to decrease compared to those of controls,
the absolute values are still much higher than those for control
littermates (Fig. 6B and 5A). Taken together, these results sug-
gest that transplantation of wild-type islets fails to reverse the
obese and insulin-resistant phenotype of RIP-Cre/STAT3'¥/x
mice.
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FIG. 6. RIP-Cre/STAT3'¥°* mice are resistant to central leptin action on adiposity. STAT3'°'°* mice (Lox/Lox), RIP-Cre/STAT3'*¥°* mice
(RIP-Cre/Lox/Lox), or ob/ob mice were infused with recombinant leptin into the third ventricle. Body weight (A) and body fat levels (B) before
and after a 4-week leptin infusion are shown. ICV-administered leptin caused a reduction of body weight by more than half in ob/ob mice, and
the percentage of body fat decreased to less than 5%, as determined by NMR. ICV-administered leptin has no appreciable effect on the body
weight of 2-month-old STAT3'“¥'°* mice or RIP-Cre/STAT3!°¥'°* mice, but it does reduce the body fat of STAT3'¥'°* mice to visually undetectable
levels (data not shown), with a reading of less than 4% as determined by NMR. In contrast, RIP-Cre/STAT3"'°* mice after 4 weeks of leptin
infusion still have 13% body fat as determined by NMR. There were six mice per group for STAT3'¥"°* mice or RIP-Cre/STAT3'°¥'* mice; there
were two ob/ob mice. **, P < 0.01; ***, P < 0.0001. (C) Deletion of STAT3 from OB-Rb-positive neurons. Sections were stained with a rabbit
polyclonal antibody against OB-Rb (red) and a monoclonal antibody against STAT3 (green) and then superimposed. Arrows point to OB-Rb
neurons (red) where STAT3 protein is absent. (D) Real-time PCR analysis of expression levels of NPY, AGRP, POMC, and CART. Expression
levels are normalized to cyclophilin. There were four mice each for STAT3'¥'* mice (WT) and RIP-Cre/STAT3'¥'* mice (KO). Mice were 2
months old at the time of sacrifice.

DISCUSSION tation of wild-type islets into RIP-Cre/STAT3'¥!°* mice failed
to reverse their phenotypes, STAT3 deletion in the hypothal-
amus is likely responsible for the obese and insulin-resistant
phenotype present in our mouse model. Interestingly, Western
blotting of hypothalamic extracts did not reveal a decrease of
STAT3 protein levels in RIP-Cre/STAT3'*'°* mice, suggest-
ing that STAT3 action in a subset of cells is critical to the
maintenance of normal body weight and glucose homeostasis.

By performing conditional gene targeting with the Cre-Lox
technology, we demonstrate that the transcription factor
STATS3 plays crucial roles in the control of food intake, body
weight, insulin sensitivity, and leptin sensitivity. RIP-Cre/
STAT3"¥'** mice exhibit increased adiposity before weaning
and increased food intake immediately after weaning, when
they are also mildly hyperglycemic and hyperinsulinemic com-

pared to STAT3°¥x littermates. Adult RIP-Cre/STAT3!o¥/1ox Our initial intent was to determine the function of STAT3 in
mice are obese and hyperleptinemic, showing impaired glucose B cells by the selective deletion of STAT3 in this cell type.
tolerance and impaired response to central leptin action upon Earlier studies in other laboratories have demonstrated that
reduction of body fat. STAT3 DNA binding activity in B cells can be activated by

This study demonstrates that RIP-Cre caused quantitative  leptin and other cytokines (29, 30). Since the target genes of
STATS3 deletion in B cells and in a subset of neurons in the ~ STAT3 in this cell type are not very well defined, deletion of
hypothalamus. Because RIP-Cre/STAT3'¥'°* mice are par- STATS3 from this site was performed in the present study in
tially resistant to central leptin infusion, and since transplan- order to elucidate the functional significance of STAT3 acti-
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FIG. 7. Transplantation of islets from control mice failed to correct the phenotypes of RIP-Cre/STAT3'¥'°* mice. Transplanted islets were
examined postmortem by hematoxylin and eosin staining (A) and immunohistochemical analysis (B). Intact islets were found beneath the kidney
capsule at the site of transplantation and stained positively for both insulin and glucagon (panel B). However, neither body fat nor plasma leptin
levels were reduced in RIP-Cre/STAT3'¥°* recipients (C). Islet functionality was confirmed by transplantation into C57BL/6-Ins2"*/* mice and
STZ-treated STAT3'*"** mice (data not shown). Arrow from the boxed area in panel A shows the same area at a higher magnification.

vation in 3 cells. This goal was achieved by our demonstration
that STATS3 protein is indeed diminished in islets of RIP-Cre/
STAT3'¥'** mice by independent criteria, i.e., immunocyto-
chemical analysis for STAT3 in pancreas sections and Western
blotting of islet extracts. Islets from RIP-Cre/STAT3'¥'** mice
harbor altered glucose-stimulated insulin secretion as well as
increased triglyceride content (Fig. 3C and data not shown).
The unexpected obesity and central leptin resistance in RIP-
Cre/STAT3'*°* mice led us to further examine the potential
involvement of STAT3 deletion in extraislet sites that may
have accounted for the observed phenotype. Genomic DNA
PCR performed on tissues of RIP-Cre/STAT3'°¥!°* mice and
B-galactosidase staining of progenies between RIP-Cre mice
and the reporter strain Rosa 26 mice both revealed that
STAT3 deletion had also occurred in the hypothalamus but in
no other tissues. The elevated leptin mRNA and protein levels
in RIP-Cre/STAT3'¥"°* mice are consistent with a defect in
central leptin action, a finding confirmed by the impairment of
ICV-delivered leptin to completely reduce body fat (Fig. 6).
That the leptin pathway of STAT3 activation, but not those of
other growth factors or cytokines, is impaired in
RIP-Cre/STAT3!°¥1°% mice is further supported by the recent

finding that mice defective for STAT3 binding to the leptin
receptor are also obese (7).

We performed islet transplantation experiments in an at-
tempt to rescue the obese and other phenotypes of RIP-Cre/
STAT3'¥'** mice and to test whether STAT3 deletion from
this site alone is responsible for the phenotypes that we ob-
served. There are precedents that defects in certain pathways
at one site can affect actions of insulin and other hormones at
different sites. One example is the muscle and liver insulin
resistance in mice with selective GLUT-4 deletion from the
adipose tissue (1). However, in the present study, RIP-Cre/
STAT3'¥'* recipients of wild-type islets did not show im-
provement compared to sham-operated controls in all param-
eters measured, supporting the notion that STAT3 deletion in
the islets may not be the cause of the obese and insulin-
resistant phenotype of RIP-Cre/STAT3'¥"** mice. However, if
deletion of STAT3 in the islets early in life prior to islet
transplantation caused irreversible hormonal and metabolic
changes in RIP-Cre/STAT3'¥'°* mice, rescue by wild-type is-
lets would not be possible at a later stage. Because the in-
creased adiposity phenotype of RIP-Cre/STAT3'¥'°* mice oc-
curs before weaning, as determined by NMR analyzer
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measurement (data not shown), this possibility cannot be ex-
cluded. Alternatively, STAT3 deletion in other cryptic sites in
the body due to leaky Cre expression could also contribute to
the phenotype observed.

In summary, we have demonstrated, by using conditional
STATS3 deletion with RIP-Cre mice, that STATS3 is essential in
the regulation of food intake, body weight, and metabolism
and that STAT3 deletion in the pancreas may not be involved
in the phenotypic abnormalities of RIP-Cre/STAT3'¥°* mice.
Our findings thus indicate that STAT3 activity in hypothalamic
neurons might be a useful target for future study in the phar-
macological management of obesity, diabetes, and related met-
abolic disorders.
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