J c I The Journal of Clinical Investigation

Amendment history:
o Expression of Concern (January 2019)

Brown adipose tissue—specific insulin receptor knockout shows
diabetic phenotype without insulin resistance

Carmen Guerra, ..., C. Ronald Kahn, Manuel Benito

J Clin Invest. 2001;108(8):1205-1213. https://doi.org/10.1172/JCI13103.

Although insulin regulates metabolism in both brown and white adipocytes, the role of these tissues in energy storage and
utilization is quite different. Recombination technology using the Cre-/loxP approach allows inactivation of the insulin
receptor in a tissue-specific manner. Mice lacking insulin receptors in brown adipocytes show an age-dependent loss of
interscapular brown fat but increased expression of uncoupling protein-1 and -2. In parallel, these mice develop an
insulin-secretion defect resulting in a progressive glucose intolerance, without insulin resistance. This model provides
direct evidence for not only a role for the insulin receptors in brown fat adipogenesis, the data also suggest a novel role of
brown adipose tissue in the regulation of insulin secretion and glucose homeostasis.

Find the latest version:

https://jci.me/13103/pdf



http://www.jci.org
file:///articles/view/126191
http://www.jci.org/108/8?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI13103
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/13103/pdf
https://jci.me/13103/pdf?utm_content=qrcode

Brown adipose tissue-specific insulin receptor knockout
shows diabetic phenotype without insulin resistance

Carmen Guerra,! Paloma Navarro,? Angela M. Valverde,? Monica Arribas,?
Jens Briining,3 Leslie P. Kozak,! C. Ronald Kahn,?> and Manuel Benito?

Jackson Laboratory, Bar Harbor, Maine, USA
ZDepartamento de Bioquimica y Biologia Molecular, Facultad de Farmacia, Universidad Complutense, Madrid, Spain
3Joslin Diabetes Center, Harvard Medical School, Boston, Massachusetts, USA

Address correspondence to: Manuel Benito, Departamento de Bioquimica y Biologia Molecular,
Facultad de Farmacia, Universidad Complutense, Madrid 28040, Spain.
Phone: 34-91-3941777; Fax: 34-91-3941779; E-mail: benito@eucmax.sim.ucm.es.

Carmen Guerra and Paloma Navarro contributed equally to this work.

Received for publication April 23,2001, and accepted in revised form September 5, 2001.

Although insulin regulates metabolism in both brown and white adipocytes, the role of these tissues
in energy storage and utilization is quite different. Recombination technology using the Cre-loxP
approach allows inactivation of the insulin receptor in a tissue-specific manner. Mice lacking insulin
receptors in brown adipocytes show an age-dependent loss of interscapular brown fat but increased
expression of uncoupling protein-1 and -2. In parallel, these mice develop an insulin-secretion defect
resulting in a progressive glucose intolerance, without insulin resistance. This model provides direct
evidence for not only a role for the insulin receptors in brown fat adipogenesis, the data also suggest
a novel role of brown adipose tissue in the regulation of insulin secretion and glucose homeostasis.
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Introduction

Type 2 diabetes (non-insulin-dependent diabetes mel-
litus or NIDDM) is a polygenic disease affecting over
5% of the population in Western societies and is char-
acterized by defects in both insulin secretion and
insulin action (1, 2). The first detectable defect in type
2 diabetes is peripheral insulin resistance in muscle, fat,
and liver (3, 4). Several acquired molecular alterations
have been shown to contribute to insulin resistance,
including a widespread decrease in the insulin receptor
number, a decrease in receptor tyrosine kinase activity,
low expression of insulin receptor substrate-1 (IRS-1),
decreases of IRS-1 phosphorylation, and defects in glu-
cose transporter translocation (5-8).

The ability to modify genes in a mouse has allowed us
and others to create, in a general and a tissue-specific
fashion, animal models in which we can assess the role
of insulin receptor-mediated (IR-mediated) signaling.
Mice with a global knockout of the IR die within 4-5
days after birth due to a severe ketosis (9, 10), while
IRS-1 knockout mice exhibit a moderate growth retar-
dation and mild glucose intolerance (11, 12) and IRS-2
knockout mice are of normal weight but exhibit severe
glucose intolerance and impaired insulin secretion due
to a beta-islet hypoplasia (13, 14). Doubly heterozygous
IR/IRS-1*/- show insulin resistance, and about 50%
develop diabetes at 6 months (15).This phenotype is
further exaggerated in the triple heterozygous
IR/IRS-1/IRS-2*/~ knockout mouse (16).

Inactivation of a gene by the standard homologous
recombination technology produces deletion of a func-

tional gene in all cells of the body. Use of the Cre-loxP
system to produce a conditional mouse allows devel-
opment of mice with tissue- or cell-specific gene inac-
tivation, as well as with other types of regulated gene
inactivation. The Cre-loxP system involves an enzyme
of 38 kDa called Cre recombinase from bacteriophage
P1. This enzyme removes the DNA between 34-bp
short recognition sequences called loxP sites. The avail-
ability of transgenic mice with cell- or tissue-specific
promoters is the only limitation for this achievement.

Several tissue-specific expressions of Cre in trans-
genic mice have already been used to inactivate the IR
in a tissue-specific manner. The muscle-specific IR
knockout (MIRKO) mouse exhibits several of the
metabolic alterations seen in NIDDM, such as elevated
triglycerides and free fatty acids, without displaying
glucose intolerance (17), while mice with a tissue-spe-
cific knockout of the IR in the liver exhibit hyper-
glycemia at a young age and alterations in liver growth
and function (18). Mice with a tissue-specific knockout
of the IR in pancreatic B cells exhibit an insulin secre-
tory defect similar to that observed in type 2 diabetes,
resulting in a progressive impairment of glucose toler-
ance (19), while mice with a tissue-specific knockout in
the brain exhibit hyperphagia, mild obesity, and
reduced fertility (20). In the present study, we have
assessed the role of functional IRs in brown adipose tis-
sue (BAT) using the Cre under the uncoupling protein-
1 (UCP-1) promoter. Mice lacking IRs in this tissue
show a decrease in interscapular brown fat mass and a
progressive decrease in glucose tolerance due to an
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insulin-secretion defect. This model not only provides
direct evidence for the role of the IR in the adipogene-
sis of brown fat, but also points out a previously unrec-
ognized role of BAT in control of insulin secretion and
glucose homeostasis.

Methods

UCP-1-Cre transgenic mice generation. The UCP-1-Cre
transgene vector was constructed by inserting the 2.4-
kb EcoRI fragment of the pTZCreN, which includes the
Cre cDNA and the nuclear localization signals, close to
the PstI (Bgll) site of the first exon of the UCP-1 gene;
8.4 kb of the 5’ UTR from the UCP-1 gene was includ-
ed in the construct to assure specificity, noradrenergic
regulation, and a high level of expression. We also
included a 4.3-kb HindIII fragment of the UCP-1 gene
that includes part of the exon 3 and the exons 4, 5, and
6 downstream of the Cre cDNA. The UCP-1-Cre trans-
gene was verified by sequencing.

The 15-kb linearized UCP-1-Cre DNA construct was
isolated from the pBS SK* vector by digestion with
Notl/Xhol and purified by electrophoresis. The trans-
genic UCP-1-Cre mouse was generated by pronuclear
microinjection of the linear DNA into FVB/NJ zygotes
at The Jackson Laboratory (Bar Harbor, Maine, USA).

The genotypes of the offspring were analyzed from
tail DNA by Southern blot analysis or PCR. For South-
ern blot analysis, tail DNA was digested with EcoRI
and processed as described (21). The Cre cDNA and
the 780-bp Pstl fragment for UCP-1 were used as 32P-
probes in the hybridization. The hybridization was car-
ried out as previously indicated (22). For PCR,
100-200 ng of tail DNA were amplified through 30
cycles (40 seconds, 94°C; 40 seconds, 60°C; and 1
minute, 75°C) on a thermal cycler. Three primers were
used for the UCP-1-Cre mice. A forward 5" UCP-1
primer on exon 1 (7,496 bp) (5’-GTCTGCACTGGCAC-
TACCTA-3’) and two reverse 3’ primers, one specific for
Cre (5’-CCATCGCTCGACCAGTTTAGT-3") and the other
for the intron 1 on the UCP-1 gene (7,782 bp) (5’-GGA-
GAAGCCTCATCA ATGTCA-3).

Genotyping of the IRloxP transgenic mice. Genotyping of
the mice was done by PCR. Tail DNA (100-200 ng) was
amplified 30 cycles (40 seconds, 94°C; 40 seconds,
60°C; and 1 minute, 75°C) on a thermal cycler. Two
primers flanking the loxP site behind exon 4 of the IR
were used: the forward primer (5’-GATGTACACCCCAT-
GTCTG-3) and the reverse primer (5-CTGAATAGCTGA-
GACCACAG-3’). A 320-bp band was obtained for the
floxed allele or a 280-bp band for the wild-type allele.

RT-PCR analysis of IR gene expression. Total RNA (2 ug)
isolated from BAT or isolated islets was used as tem-
plate for the RT-PCR assay using the following primers.
The reverse transcriptase was carried out using a reverse
primer specific for IR on exon 6: 5-GTGATGGTGAG-
GTTGTGTTTGCTC-3". The reaction was performed at
48°C for 30 minutes using the TagMan Gold RT-PCR
Kit from Applied Biosystems (Branchburg, New Jersey,
USA). The PCR was performed with 5 pl from the reac-

tion mixture with the following set of primers: a for-
ward primer on exon 3, 5-GCTGCACAGCTGAAGGCCT-
GT-3’, and a reverse primer on exon S, 5-CTCCTC-
GAATCAGATGTAGCT-3". The PCR cycling used was
58°C for annealing, a 72°C extension, and 34 cycles.

Northern blot analysis. Mice were sacrificed by cervical
dislocation, and the tissues were frozen immediately in
liquid nitrogen. Total RNA from different tissues or iso-
lated islets obtained by the guanidinium-thiocyanate
method (21) was analyzed as previously described (22).
The membranes were hybridized overnight at 42°C
with different cDNA 32P-probes — UCP-1, UCP-2, fatty
acid synthase (FAS), glycerol 3-phosphate dehydroge-
nase (GP3D), malic enzyme (ME), glucose transporter
Glut-4, CEBP-o, PPARY, insulin, 18S rRNA — and
exposed to film in intensifying plate screens. Densito-
metric analysis of the autoradiograms were performed
using a GS-710 Imaging Densitometer (Bio-Rad Labo-
ratories, Hercules, California, USA).

Immunoprecipitations, Western blot analysis, and phos-
phatidylinositol 3-kinase activity. Five units of regular
human insulin (Novo Nordisk A/S, Bagsvaerd, Den-
mark) were injected as a bolus into the inferior vena
cava of anesthetized mice. The liver was removed 1
minute after insulin injection. WAT, BAT, and the
quadriceps muscle were removed at 2.5, 3, and 3.5 min
after injection, respectively. Tissues were homogenized
as described (17). Equal amounts of protein (3-5 mg)
were immunoprecipitated at 4°C with the anti-IR
B-chain or anti-phospho tyrosine (anti-Tyr (P)) mAb,
and the immune complexes were collected on anti-
mouse Ig agarose beads. Immunoprecipitates were ana-
lyzed by SDS-PAGE followed by Western blot analysis
(23). Phosphatidylinositol (PI) 3-kinase activity was
measured in the anti-Tyr (P) immunoprecipitates by in
vitro phosphorylation of phosphatidylinositol (23).

Analytical procedures. Serum obtained from fasted or
fed animals was analyzed for insulin by radioim-
munoassay using rat insulin as the standard (Linco
Research Co., St. Charles, Missouri, USA), triglyceride
using a colorimetric enzyme assay kit (Boehringer-
Mannheim GmbH, Mannheim, Germany), and free
fatty acid using the free fatty acids, half-micro test
(Boehringer-Mannheim GmbH). Blood glucose level
was determined in fed and fasted control and BAT-spe-
cific IR knockout (BATIRKO) mice using an automat-
ic monitor (Boehringer-Mannheim GmbH).

Glucose tolerance tests were performed on animals
that had been fasted overnight, using an intraperitoneal
glucose injection of 2 g/kg body weight. Blood glucose
values were determined from whole blood obtained
from the tail at 0, 30, 60, and 120 minutes, using an
automatic monitor (Boehringer-Mannheim GmbH).

Insulin-tolerance tests were performed on fed animals
injected with 1 U/kg body weight of human insulin
(Novo Nordisk A/B) into the peritoneal cavity. Blood glu-
cose values were measured at 0, 15, 30, and 60 minutes,
using an automatic monitor. Results were expressed as
percentage of initial blood glucose concentration.
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For acute insulin release experiments, mice were fast-
ed overnight, and then injected intraperitoneally with
glucose (3 g/kg body weight). Whole blood was collect-
ed from the tail vein at 0, 5, and 10 minutes and imme-
diately centrifuged. Insulin content in plasma was
determined by ELISA with a mouse insulin standard
(Crystal Chem, Chicago, Illinois, USA).

Islet isolation, insulin secretion, and islet insulin content. For
insulin-secretion experiments in vitro, islets were iso-
lated using the intraductal collagenase technique. Islets
were handpicked under a stereomicroscope (Wild M3B,
Heerbrugg, Switzerland) and used for RNA extraction
or insulin-secretion experiments. For secretion experi-
ments, islets of similar sizes (100-150 mm) were hand-
picked from control and BATIRKO mice. All experi-
ments were carried out with islets from a single harvest
pool. Islets were incubated in 1 ml of a basal buffer (115
mM NaCl, 24 mM NaHCO;, 5 mM KCl, 1 mM
MgCl,-6H,0, 1 mM CaCl,-2H,0, with 5 mg/ml BSA)
supplemented with glucose 16.7 mM. After the incu-
bation, the medium was collected and stored at -20°C
for RIA of insulin. The islets were extracted in acid
ethanol and stored at -20°C for measurement of
insulin content by RIA.

Immunobistochemical analysis. Pancreata were rapidly
dissected, fixed in Bouin’s solution for several hours,
and then placed in PBS, pH 7.4. Paraffin-embedded
pancreata were sectioned and stained for B cells using
guinea pig anti-insulin Ab (1:100, DAKO Corp.,
Carpinteria, California, USA) and incubated
overnight at 4°C. Secondary Ab (1:500, rabbit anti-
guinea pig IgG heavy and light chains; Zymed Labo-
ratories Inc., San Francisco, California, USA) was
incubated for 30 minutes at room temperature. The
detection of B cells was done using a ABC peroxidase

staining and 3,3-diaminobenzidine (DAB) substrate
kit (Pierce Chemical Co., Rockford, Illinois, USA).

Statistical analysis. All values are expressed as mean
plus or minus SEM. Statistical analyses were carried
out using a two-tailed Student’s unpaired ¢ test, and the
null hypothesis was rejected at the 0.05 level.

Results

Creation of the UCP 1-Cre transgenic mice. To produce a
mouse in which IR was selectively inactivated in BAT,
we have used the UCP-1 gene promoter, a gene that is
expressed exclusively in BAT, to direct the expression of
the Cre cDNA. The UCP-1-Cre transgene vector was
constructed as described in Methods, and its sequence
was verified by complete sequencing (Figure 1a). Two
transgenic lines (lines 13 and 14) of UCP-1-Cre mice
with a similar copy number of the transgene were iden-
tified by Southern blot and PCR analysis. Analysis of
the mRNA for the Cre recombinase by Northern blot-
ting revealed that both lines had a restricted expression
of Cre in BAT as compared with brain, white adipose
tissue, liver, or skeletal muscle (Figure 1b), although the
levels of the Cre mRNA were much lower in line 13
than in line 14. For efficient production of the knock-
out mice, we therefore used line 14 of the UCP-1-Cre
mice and always as hemizygous (T/+).

Creation of the BAT-specific IR knockout mice. To create
specific BAT inactivation of the IR, we bred IRL¥/*
(17-20) and UCP-1-Cre (T/+) obtaining the F; out of
four individual crosses at the expected ratio [nine
IR"%/*;UCP-1-Cre (T/+), ten IR'¥*, eight UCP-1-Cre
(T/+), and nine wild-type]. Interbreeding of the F; gen-
eration IRMY*;UCP-1-Cre (T/+) and IRMY* was per-
formed to create a BATIRKO mouse. These mice [F,
generation IRF¥/Lox; UCP-1-Cre (T/+)] were obtained at
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was 8.4 kb. Exons 3, 4, 5, and 6 of the
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BAT content and IR expression. Interscapular brown fat was obtained from WT, Cre, IRloxP, and
BATIRKO mice at 3, 6, and 12 months of age. (a) BAT weight vs. body weight is represented.
Results are expressed as a mean + SEM (n = 10-20). #P < 0.00001, BATIRKO vs. IR/oxP;
**P < 0.0001, BATIRKO vs. IRloxP or Cre; *P < 0.01, BATIRKO vs. IRloxP or Cre or WT. Repre-
sentative interscapular BAT from IR/oxP and BATIRKO mice at 6 months of age (b) (upper panel).
Hematoxylin and eosin stain of BAT from IR/oxP and BATIRKO mice at 6 months of age (b) (lower
panel). RT-PCR analysis of RNA prepared from BAT from BATIRKO mice at different ages (1 day
and 1, 3, 6, and 12 months) and IR/oxP at 6 months of age, to study IR expression. The RT reac-
tion was carried out as described in Methods. A larger band (585 bp) was observed in the IR/oxP
lane, while a smaller band of 435 bp was observed in BATIRKO mice lanes, suggesting a recom-
bination event (c) (upper panel). Protein extracts of BAT from IR/oxP and BATIRKO mice at dif-
ferentages (1, 3, and 6 months) were subjected to immunoprecipitation with an mAb against IR
B-chain and analyzed by Western blot. This is representative of three experiments (c) (lower
panel). Protein extracts from different tissues of 6-month-old WT, IR/oxP, Cre, and BATIRKO mice
were immunoprecipitated with the same Ab and analyzed by Western blot. This is representative

panel). These data are fully
consistent with the marked
interscapular BAT lipoatrophy
induced in  6-month-old
BATIRKO mice as compared
with controls (Figure 2b,
upper panel). However, no
apoptosis was visualized by
TUNEL assay in BAT sections
as compared with controls
(results not shown).

To assess the degree of
recombination of the IR due
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the expected ratio of 12.5% for a trait determined by two
independent loci. This strategy of breeding [IR-*/*;UCP-
1-Cre (T/+) x IRL/*] was required to obtain all the con-
trol littermates necessary for the study [UCP-1-Cre
(T/+), wild-type (WT), and IRL¥Lox]. To obtain enough
numbers of mice with the same age and gender to carry
out all these studies with BATIRKO and their three con-
trol mice, it was necessary to work with 12 individual
crosses [IRL¥/LosUCP-1-Cre (T/+) x IRL¥/* mice] during
the 3 years of the study. All the mice used were in a mix-
ture background of FVB/NJ, C57BL/6], and 129 sv.
Although newborn BATIRKO mice were indistin-
guishable from the IRL¥ox (IRloxP), UCP-1-Cre (Cre),
and WT littermates, grew normally, and no differences
were seen in young mice after weaning (data not
shown), in adult BATIRKO mice the BAT appeared
reduced in an age-dependent manner. Thus, the
amount of interscapular BAT normalized by body

to the excision by Cre recom-

binase of exon 4 (149 bp)

floxed by loxP sequences, an
age-dependent study by RT-PCR was performed. These
data revealed that in control mice (IRloxP) only one
band of larger size was observed. Conversely, in
BATIRKO mice throughout development (from 1 day
to 12 months) only one band of smaller size was visu-
alized, a faint band of larger size due to the presence on
non-brown adipocytes in the tissue also being present
(Figure 2c, upper panel). Our data strongly suggest that
the UCPI-Cre transgene is regulated in a very similar
developmental fashion to the endogenous gene.

To validate the effect of the IR gene knockout on IR
protein expression, protein extracts from BAT were sub-
jected to immunoprecipitation with a monoclonal IR-
specific antiserum, followed by Western blot analysis
using a polyclonal IR-specific antiserum. IR expression
was unaltered in BAT from the control IRJoxP mice as
compared with that from the WT animal, indicating
that the introduction of the loxP sites in the IR allele or
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Figure 3

Gene expression throughout development. Skeletal muscle (Muscle), interscapular BAT, and WAT were obtained at 3 (a) (upper panel),
6 (b) (upper panel), and 12 months (c) (upper panel) of age from IR/oxP, Cre, and BATIRKO mice. Total RNA was submitted to Northern
blot analysis and hybridized with labeled UCP-1, UCP-2, ME, FAS, G3PD, PPARY, C/EBP-0., or Glut-4. A final hybridization with 18S ribo-
somal RNA (rRNA) cDNA was performed for normalization. Densitometric analysis of the autoradiograms corresponding to BAT from
controls (filled bars) and BATIRKO mice (open bars) after normalization of arbitrary units with the amount of 18S rRNA detected is shown
in lower panels. Results are expressed as mean + SEM (n = 5-6). *P < 0.05; **P < 0.005; ***P < 0.001 BATIRKO vs control. Autoradi-
ograms are representative of five experiments.

Cre transgene under the UCP-1 promoter did not inter-
fere with the endogenous IR expression (Figure 2d). By
contrast, IR expression was reduced by 95% in BAT from
BATIRKO mice (Figure 2d). The levels of IR protein in
other tissues (liver, skeletal muscle, WAT, or pancreas)
in 6-month-old BATIRKO mice as determined by West-
ern blot analysis ranged from 83% to 120% of levels
observed in WT, IRJoxP, and Cre controls (Figure 2d). In
addition, a time-course study showed the lack of expres-
sion of IR in BATIRKO mice at 1, 3, and 6 months,
respectively, as compared with the corresponding con-
trol mice. (Figure 2c, lower panel). Thus, expression of
the Cre transgene under control of the UCP-1 promot-
er was sufficient to direct recombination between the
loxP sites flanking exon 4 (149 bp) of the IR with high
efficiency in BAT and was highly effective in abolishing
IR expression specifically in this tissue.

To assess the effect of IR on the expression of genes
related to thermogenesis and lipogenesis, we per-
formed Northern blot analysis on RNA from BAT,
WAT, or skeletal muscle of BATIRKO mice and from
IRloxP and Cre controls. A densitometric analysis was
performed in mRNA expression of BAT from several
genotypes throughout development (Figure 3, lower
panels). Interestingly, at 3 months of age, expression of
the major thermogenic protein, UCP-1, was normal in
BAT of BATIRKO mice, despite the reduced BAT mass.
Furthermore, as the BATIRKO mice aged, the expres-
sion of UCP-1 remained high as compared with IRJoxP
and Cre controls in which UCP-1 expression per micro-
gram of RNA tended to decrease (Figure 3, a-c, lower
panels). The expression of UCP-2 was also higher in
brown fat of the BATIRKO mice as compared with con-
trols throughout development and was even more evi-
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Insulin-stimulated tyrosine phosphorylation of the IR B-chain and PI
3-kinase activity. Six-month-old mice were anesthetized by intraperi-
toneal injection of pentobarbital and injected with either saline (-) or
insulin (+) via the inferior vena cava. Protein extracts from liver, mus-
cle, and BAT were subjected to immunoprecipitation with the mono-
clonal anti-IR Ab (a) or with a monoclonal anti-Tyr (P) Ab (b). The
resulting immune complexes were separated by SDS-PAGE and ana-
lyzed by Western blot with the anti-Tyr (P) Ab or with the polyclonal
anti-IR Ab (a), or washed and immediately used for an in vitro Pl 3-
kinase assay (b). This is representative of three experiments. WB, West-
ern blot; pY, phospho-tyrosine; PIP, phosphatidylinositol phosphate.

dent in 12-month-old than in 3- to 6-month-old mice
(Figure 3c, lower panel). We have shown previously that
BAT undergoes a complete adipogenic program of gene
expression in which insulin is the main signal involved
in induction of lipogenic genes, such as FAS, glycerol-
3-phosphate dehydrogenase (G3PD), ME, and the
Glut-4 (21). Densitometric analysis also revealed a
marked decrease in FAS expression in remnant BAT
from 3- to 12-month old BATIRKO mice as compared
to controls. A decrease was also observed in ME and to
a lesser extent in G3PD and Glut-4 expression in
BATIRKO mice as compared with controls (Figure 3,

lower panels). These changes in gene expression were
age dependent, with the largest effect being observed in
6- to 12-month-old mice (Figure 3, b and c, lower pan-
els). There was also a slight decrease in the expression
of PPARY and a marked decrease in the
CCAAT /enhancer-binding protein-a (C/EBP-a) in 6-
and 12-month old BATIRKO mice as compared with
controls (Figure 3, b and ¢, lower panels).

Insulin-stimulated signaling events in liver, muscle, and BAT
from WT, IRloxP, Cre, and BATIRKO mice. To assess the
molecular consequences of BAT-specific knockout of
IR on insulin signaling, we compared the early steps of
insulin signaling in liver, skeletal muscle, and BAT of
WT, IRloxP, Cre, and BATIRKO mice. To investigate IR
phosphorylation, mice were starved overnight and
injected with either saline or insulin (5 U) via the infe-
rior vena cava. Protein extracts were prepared from
liver, muscle, and BAT and subjected to immunopre-
cipitation with a monoclonal anti-IR Ab followed by
Western blot analysis with an anti-Tyr (P) Ab. Insulin
rapidly stimulated tyrosine phosphorylation of the IR
in liver and muscle from the WT, IRloxP, Cre, and
BATIRKO mice (Figure 4a). In contrast, no insulin-
induced tyrosine phosphorylation of the IR was
observed in the BAT of BATIRKO mice. Reblotting of
these membranes with an anti-IR Ab revealed that, as
expected, IR expression was absent in the BAT of
BATIRKO mice, but remained normally expressed in
liver and muscle of these animals (Figure 4a).

To determine the effect of IR deletion on the activa-
tion of phosphatidylinositol (PI) 3-kinase, WT, IRloxP,
Cre, and BATIRKO mice were injected with insulin. Pro-
tein extracts from various tissues were immunoprecipi-
tated with an anti-Tyr (P) Ab and immediately used for
an in vitro PI 3-kinase assay as described in Methods.
Insulin-stimulated PI 3-kinase activation was normal in
liver, muscle, and BAT from WT, IRloxP, and Cre mice
(Figure 4b). Again, as expected, BAT from BATIRKO
mice did not show PI 3-kinase activity in response to
insulin, while insulin-induced PI 3-kinase activity in
liver and muscle of these animals remained normal as
compared with WT, IRloxP, and Cre controls (Figure
4b). These data reinforce the fact that the knockout of
the IR was both tissue specific and quite complete.

BATIRKO mice exhibited an age-dependent impaired glucose
tolerance, without insulin resistance. To determine the phys-
iological consequence of tissue-specific inactivation of
the IR in brown fat, glucose disposal was assessed by
intraperitoneal injection of glucose (2 g/kg body
weight) following an overnight fast. Upon glucose chal-
lenge, at 3 months of age both male and female
BATIRKO mice showed a normal fasting blood glucose
concentration and normal glucose tolerance as com-
pared with their controls (Figure 5, a and b). However,
beyond 6 months of age BATIRKO males showed fast-
ing hyperglycemia. In addition, glucose tolerance was
severely impaired in BATIRKO males at 6 months of age
as compared with their controls, and by 12 months of
age glucose levels following intraperitoneal glucose
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BATIRKO mice demonstrate a progressive glucose intolerance. The ability to handle a glucose load
was assessed by carrying out a glucose tolerance test at 3, 6, and 12 months of age in WT (x), Cre
(triangles), IR/oxP (diamonds), and BATIRKO (squares) male (a, ¢, and e) and female (b, d, and f)
mice. An age-dependent glucose intolerance was observed in both male and female mice. Results
are expressed as mean + SEM (n = 10-20). ***P < 0.0005; *P < 0.001; **P < 0.005; *P < 0.05;
BATIRKO vs. WT or IR/oxP or Cre.

BATIRKO nondiabetic mice
as compared with controls
(Figure 6c, upper panels).
Overall, quantitative analysis
of pancreatic sections revealed
that male BATIRKO mice
showed around 35% decrease
in beta islet mass (area) as
compared with controls (Fig-
ure 6¢, lower panel). In addi-
tion, TUNEL assay revealed
the absence of apoptotic B
cells in BATIRKO pancreatic
sections as compared with
controls (results not shown).

A 1-hour time course of
insulin secretion in isolated
islets upon 16.7 mM glucose
stimulation was also studied
(Figure 6d). Thus, insulin
secretion was blunted in iso-
lated islets from BATIRKO
male mice as compared with

challenge were from to 1.5-fold to twofold higher in
BATIRKO mice than in controls (Figure 5, ¢ and e).
BATIRKO females beyond 6 months of age also showed
mild hyperglycemia and moderately impaired glucose
tolerance as compared with controls. By 12 months of
age, glucose levels 30 minutes after intraperitoneal glu-
cose were 1.5-fold higher in BATIRKO mice than in
their controls (Figure 5, d and f). Overall, this diabetic
phenotype was shown by 60% of BATIRKO mice. Intra-
venous insulin tolerance (ITT) testing (1 U/kg body
weight), on the other hand, indicated that both 6-
month-old male and female BATIRKO mice showed the
same glucose disposal rate in response to insulin than
controls (results not shown).

BATIRKO mice exhibited an insulin-secretion defect. The
normal ITT, but abnormal glucose tolerance test, sug-
gested that the defect in glucose homeostasis might be
secondary to altered insulin secretion, rather than
altered insulin action. Indeed, acute glucose-stimulated
insulin secretion (3 g of glucose/kg body weight) was
dramatically impaired in fasted 6-month-old male
BATIRKO mice as compared with controls (Figure 6a).
At this stage, fasted male BATIRKO mice were hyper-
glycemic (Figure 6b, upper panel) and showed a marked
hypoinsulinemia (Figure 6b, lower panel), without sig-
nificantly altered levels of free fatty acids (0.52 = 0.07
mM in BATIRKO vs. 0.43 + 0.07 mM in controls) and
triglycerides (87.8 + 4.4 mg/dl in BATIRKO vs. 96.5 + 5.8
mg/dl in controls). However, fed male BATIRKO mice
showed similar blood glucose concentration to controls,
plasma insulinemia being slightly lower (Figure 6b).

Histologic examination of islet morphology revealed
that BATIRKO diabetic mice showed a decrease in the
islet size. However, islet size was quite similar in

controls. This effect is entire-

ly consistent with data from
the acute insulin-secretion test seen above. However, the
Lox-P-IR recombination assay performed by RT-PCR
showed no recombination in islet RNA from BATIRKO
mice as compared with controls (Figure 6e, left panel),
suggesting that the defect in the insulin secretion in
BATIRKO mice seems to be an indirect effect. Northern
blot analysis of islet RNA, normalized by 18S rRNA
expression, pointed out that the insulin mRNA expres-
sion was quite similar in BATIRKO mice as compared
with control. More importantly, the UCP-2 mRNA
expression did not show significant differences between
BATIRKO and control mice (Figure 6e, right panels).

Discussion

Type 2 diabetes is characterized by defects in both
insulin action and in insulin secretion (1, 2). The periph-
eral insulin resistance has been demonstrated in mus-
cle, WAT, and liver; however, little is known about the
potential role of insulin action or insulin resistance in
BAT in type 2 diabetes. Development of BATIRKO mice
has revealed two potentially important aspects of
insulin resistance in this tissue with respect to whole
body glucose homeostasis. First, insulin plays an impor-
tant role in development or maintenance of BAT. Thus,
mice lacking IR in BAT exhibit profound brown fat
atrophy in an age-dependent manner. This phenotype
is further reflected by a profound reduction in the
expression of the lipogenic genes seen in the remnant
interscapular BAT. Although the exact signaling path-
way by which IR signaling plays a role in adipogenesis
in brown fat is probably multifold, our data indicate
that the expression of C/EBP-a. in BAT is strongly
dependent on the IR signaling throughout develop-
ment. By contrast, expression of PPARY, the other tran-
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BATIRKO male mice show an insulin-secretion defect. A representative insulin-secretion test is shown. Results are expressed as mean + SEM
(n=7-12). *P < 0.001; ¥P < 0.005 (a). Blood glucose level (b) (upper panel) and blood insulin level (b) (lower panel) were determined in
fasted and fed control and BATIRKO mice. Results are expressed as mean + SEM (n = 25-30), *P < 0.000001, #P < 0.01 BATIRKO vs. con-
trol. Islet morphology was studied by immunohistochemical analysis in BATIRKO and control mice, as shown in Methods. Representative
pancreatic sections from control and diabetic and nondiabetic 6-month-old BATIRKO mice stained for insulin are shown (c) (upper pan-
els). B-cell area was measured by immunohistochemical analysis. Results are expressed as the percentage of the total surveyed area con-
taining cells positive for insulin and are mean + SEM (n = 10). *P < 0.01. Both diabetic and nondiabetic animals were studied (c) (lower
panel). Insulin secretion in control and BATIRKO isolated islets is shown. Results are expressed as mean + SEM (n = 4). *P < 0.05 (d).
RT-PCR analysis of total RNA from BAT of BATIRKO mice (BB) and islets from control (Cl) and BATIRKO mice (Bl) was performed, and IR
expression was studied (e) (left panel). Total islet RNA from control (C) and BATIRKO (B) mice was submitted to Northern blot analysis
and hybridized with labeled insulin and UCP-2 cDNAs. A representative experiment out of three is shown. Densitometric analysis was per-

formed using 18S ribosomal rRNA for normalization (e) (right panels).
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scriptional factor essential for induction of the
adipocyte phenotype (24-27), is only minimally reduced
in BATIRKO adipose tissue. The loss of brown fat mass
might also be due to an increase in the rate of apoptosis
related to the lack of IR and its PI 3-kinase/Akt down-
stream survival signaling. However, our data rule out
this possibility. Interestingly, the lack of IR leads to the
overexpression of the UCP-1 and also UCP-2 in the rem-
nant BAT from BATIRKO as compared with controls.
These data could be interpreted as a form of compensa-
tory mechanism for the brown fat lipid content and
mass loss observed in BATIRKO and may result in a
potential increase in the thermogenic capacity of the
remnant BAT that may account for the lean phenotype
of BATIRKO mice compared with controls.

The second phenotype observed in the BATIRKO
mice is an altered regulation of glucose homeostasis.
Thus, the lack of IR in the BAT leads to an overall mod-
erate reduced percentage of beta cell mass, a significant
decrease in basal insulin, and a marked insulin-secre-
tion defect in response to glucose in vivo and in isolat-
ed islets. This leads to a diabetic phenotype with fast-

ing hyperglycemia and impaired glucose tolerance.
This phenotype becomes apparent in an age-dependent
manner, suggesting that the diabetic phenotype be
related to brown fat atrophy. Exactly what accounts for
the moderate decrease in beta cell mass and insulin lev-
els is unclear. A defect in insulin secretion and progres-
sive glucose intolerance is observed in mice with a B-
cell-specific knockout of the IR (19). However, UCP-1
is not expressed in islets, so this is unlikely to represent
some nonspecificity of the knockout itself. In fact, the
recombination assay proved that the expression of IR
in B islets from BATIRKO mice was unaltered, strong-
ly suggesting an indirect mechanism. This also occurs
with no change in the levels of triglycerides and free
fatty acids as compared with controls, suggesting this
is not some form of lipotoxicity. Even further, the
expression of UCP-2, a mitochondrial protein that reg-
ulates the insulin secretion through ATP/ADP cellular
content (28), does not change in P islets from
BATIRKO mice. However, an alteration in the bio-
chemical machinery involved in the insulin secretion
response to glucose cannot be totally ruled out. In addi-
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tion, high UCP-2 content in BATIRKO mice islets
might protect these cells against oxidants and apopto-
sis (29). Rather, our data suggest a direct or indirect
functional link between brown fat and beta cell devel-
opment. Thus, the reduction in the beta cell mass and
the defect in the insulin secretion in response to glu-
cose, might be related to the dysregulation of an
adipoinsular axis due to the lack of IR in BAT and its
atrophy. In fact, mice lacking 3; adrenoceptors in white
and brown adipose tissues failed to respond to Ps-ago-
nist treatment in increasing insulin secretion. Howev-
er, the transgenic re-expression of §; adrenoceptors in
BAT only failed to restore the Bs-agonist-mediated
insulin secretion, indicating that the role of WAT is
critical (30). This situation is somewhat different from
that which occurs in A-ZIP-F-1 transgenic mice, where
the lack of white fat can cause diabetes (31). Thus,
BATIRKO mice show brown fat atrophy and also a dia-
betic phenotype without implying insulin resistance,
whereas in A-ZIP-F-1 mice the lack of white fat leads to
an accumulation of triglyceride in muscle and liver,
resulting in a severe insulin resistance in those tissues
and hyperinsulinemia (32). More importantly,
A-ZIP/F-1 lipoatrophic mice lack the Bs-agonist-medi-
ated insulin secretion. These data also suggest a link
between adipocytes and B-cell function (33).

Whatever the mechanism, BATIRKO mice reveal two
previously unrecognized aspects of the physiological
brown fat homeostasis: first, the leading role played by
IR in the adipogenesis of brown fat throughout devel-
opment and, second, the role of BAT in the regulation
of insulin secretion and glucose homeostasis.
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