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Adipocyte death has been reported in both obese humans and
rodents. However, its role in metabolic disorders, including insulin
resistance, hepatic steatosis, and inflammation associated with
obesity has not been studied. We now show using real-time reverse
transcription-PCR arrays that adipose tissue of obese mice display
a pro-apoptotic phenotype. Moreover, caspase activation and adi-
pocyte apoptosis were markedly increased in adipose tissue from
both mice with diet-induced obesity and obese humans. These
changes were associated with activation of both the extrinsic, death
receptor-mediated, and intrinsic, mitochondrial-mediated path-
ways of apoptosis. Genetic inactivation of Bid, a key pro-apoptotic
molecule that serves as a link between these two cell death path-
ways, significantly reduced caspase activation, adipocyte apoptosis,
prevented adipose tissue macrophage infiltration, and protected
against the development of systemic insulin resistance and hepatic
steatosis independent of body weight. These data strongly suggest
that adipocyte apoptosis is a key initial event that contributes to
macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis associated with obesity in both mice and
humans. Inhibition of adipocyte apoptosis may be a new thera-
peutic strategy for the treatment of obesity-associated meta-
bolic complications.

Obesity has reached epidemic proportions in most of the
Western World. With obesity comes a variety of adverse health
outcome such as dyslipidemia, hypertension, glucose intoler-
ance, and hepatic steatosis, which are grouped into the so-call
metabolic syndrome (1-3). Insulin resistance is a common cen-
tral feature of this syndrome (4 —6). It has become clear that a
state of low grade chronic inflammation typically associated
with obesity and characterized by macrophage infiltration of
adipose tissue (AT)? and increased production of pro-inflam-
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matory cytokines plays a crucial role in the development of
insulin resistance (7-9). Indeed, in both humans and rodents,
adipose tissue macrophages (ATM) accumulate in AT with
increasing body weight, and preventing the accumulation of
ATM protects against the obesity-associated inflammatory
state and development of insulin resistance (10-13).

The pathogenic mechanisms resulting in ATM recruit-
ment are under intense investigation and remain incom-
pletely understood. Increased production and release of cer-
tain chemokines by adipocytes potentially as a result of local
hypoxia in an expanding adipose tissue bed has been implicated
(14, 15). More recently, adipocyte necrotic cell death with for-
mation of “crown-like structures” characterized by dead adipo-
cytes surrounded by macrophages has been described in both
adipose tissue from obese mice and humans (16 —18). However,
whether adipocyte necrosis is a late consequence of the adipose
tissue expansion and inflammation or an upstream event that
initiates ATM recruitment remain unanswered. Moreover, the
molecular signaling events resulting in adipocyte cell death, and
the occurrence and significance of apoptosis in this context,
remain completely unknown. Here, we tested the hypothesis
that increased adipocyte apoptosis results in recruitment of
macrophages to adipose tissue and is a key link between obesity,
insulin resistance, and hepatic steatosis.

EXPERIMENTAL PROCEDURES

Animal Studies—These experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee
at the Cleveland Clinic. Male C57BL/6 mice, 20 to 25 g of
body weight, were purchased from Jackson Laboratory.
C57BL/6 Bid knockout (generously provided by Dr. Xiao-Ming
Yin from the University of Pittsburgh) mice were described
previously (19). Mice were placed on two different diets that
allow us to study the spectrum of human obesity. Mice were
fed either a high fat (HFAT) diet (consisting of 42% Kcal
from fat, 42.7% carbohydrate, 15.2% protein, 4% mineral
mixture, TD 88137, Teklad Mills, Madison, WI), or a high
sucrose (HSD) diet (consisting of 65% sucrose, 20% casein,
5% corn oil, 4% mineral mixture, TD 98090, Teklad Mills,
Madison, WI) (n = 5— 6 in each group) that result in obesity,
hepatic steatosis, and systemic insulin resistance (20-22).
Control mice were fed a standard diet consisting of 5% fat
(TD 2918, Teklad Mills, Madison, WI) (n = 6). Total body
weight was measured weekly. Animals in each group were
sacrified after 6 weeks on respective diets.
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FIGURE 1. Adipose tissue expansion, macrophage infiltration, and inflammation during diet-induced obesity are associated with a pro-apoptotic
phenotype. A, growth curves of mice on either an HFAT diet, an HSD diet, or a CTL diet (n = 5-6 in each group). B, representative microphotograph of H&E
staining of adipose depots from the three groups of animals (magnification X40). The scale bar represents 100 um. C, adipocyte size was calculated by
determining the mean adipocyte cross-sectional area in adipose tissue depots for each mouse in this study. D, immunohistochemical detection of the
macrophage-specific marker Mac3 in epididymal adipose tissue of mice on the CTL and HFAT diet (magnification X40). E, macrophage infiltration in AT of CTL
and HFAT-fed mice was quantitated as the ratio of Mac3-positive cells to total cells. F, expression of genes related to macrophage activation and polarization
was measured by quantitative RT-PCR in the AT of CTL and HFAT-fed mice. Results are expressed as mean = S.D.*, p < 0.001 compared with control diet group.
G, protein levels of two key inflammatory cytokines, TNF-«, and IL-6, were measured in adipose tissue lysates from the two groups of mice. Results are expressed
asmean = S.D.*, p < 0.05 compared with control diet group. H, total RNA isolated from adipose tissue of mice on either an HFAT or CTL diet was analyzed using
real-time RT-PCR microarrays. Genes related to apoptosis are highlighted in green. Genes associated with anti-apoptotic signaling are highlighted in red. Data
are presented as the fold difference from mice on the CTL diet, calculated from average ACT normalized to housekeeping genes (B-actin, GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase), HPRT1, HSP90AB1). Columns pointing up (with z axis values >1) indicate an up-regulation of gene expression, and
columns pointing down (with z axis values <1) indicate a down-regulation of gene expression in the test sample relative to the control sample.

TGF$

Human Subjects and Materials—The study was approved by
the Cleveland Clinic Institutional Review Board, and all
patients gave written informed consent for participation in
medical research. We examined omental fat biopsies from
obese subjects (n = 8) undergoing laparoscopic bariatric sur-
gery at the Cleveland Clinic Bariatric and Metabolic Institute
and from lean healthy controls (n = 7) undergoing abdominal
surgery for unrelated reasons. Adipose tissue was cut into small
pieces and either snap-frozen in liquid nitrogen and stored at
—80 °C or fixed in freshly prepared 4% paraformaldehyde in
phosphate-buffered saline for 24 h at 4 °C for histological,
immunohistochemical analysis. Adipose tissue apoptosis was
determined by TUNEL assay, and macrophage infiltration was
assessed by CD68 immunostaining. The percentage of TUNEL-
positive cells and CD68-positive cells in adipose tissue were
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determined for each patient and related to the presence of insu-
lin resistance syndrome (BMI, hypertension, hyperlipidemia,
and glucose intolerance).

Histopathology, Oil Red O Staining, and Immunohisto-
chemistry—Adipose (epididymal) and liver tissue were col-
lected under deep anesthesia after a 6-h fast as previously
described in detail (23). The tissue was fixed in 4% paraformal-
dehyde and embedded in Tissue Path (Fisher Scientific). Tissue
sections (4 um) were prepared, and hematoxylin and eosin
(H&E) staining of adipose and liver sections, as well as Oil Red
O-stained liver specimens were evaluated by light microsco-
py(24). The presence of macrophage infiltration was assessed
by immunohistochemistry F4/80 and Mac3 antibodies, two
known markers of activated macrophages (10, 11, 25). The total
number of nuclei and the number of nuclei of F4/80- and
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FIGURE 1—continued

MAC3-expressing cells were counted in 4 random fields (X10)
for each adipose specimen. The fraction of F4/80-Mac3-ex-
pressing cells was calculated for each sample. Double immuno-
staining was performed to enable simultaneous detection of
apoptotic cells (TUNEL assay) and adipocytes (perilipin).
Apoptotic cells were identified using the in situ cell death
detection kit (Roche Molecular Biochemicals, Mannheim, Ger-
many) as detailed below. Sections were stained for perilipin A
and B using a rabbit anti-perilipin A/B antibody.

Adipocyte Isolation—The epididymal fat pad was isolated
and placed in warm (37 °C) KRH/BSA buffer, pH 7.4 (1 mm
CaCl,, 1.2 mm MgSO,, 1.2 mm KH,PO,, 1.4 mm KCI, 2 mMm
pyruvic acid, 20 mm HEPES, 24 mm NaHCO3, 130 mm NaCl, 1%
BSA). The tissue was minced until homogenous. The lower
medium containing nonfat tissue was removed. Minced fat tis-
sue was placed in KRH/BSA buffer containing 1 mg/ml of CLS
type 1 collagenase (Worthington Biochemical Corp, cat.
LS004194) and incubated at 37 °C for 20 min. Digested fat tissue
was filtered using nylon cloth filter (Fisher Scientific). Filtered
adipocytes were washed with KRH/BSA buffer and centrifuged.
Cells were then lysed in radioimmune precipitation assay buffer
(Cell Signaling, Danvers, MA) containing protease inhibitors
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(Promega, Madison, WI). Protein
concentration was subsequently
measured using the BCA protein
assay (Pierce).

Real-time PCR Microarrays—Af-
ter homogenization by TRIzol
(Invitrogen) and sonication, total
RNA was isolated from adipose tis-
sue of mice on either control or
HFAT diet. cDNA was transcribed
using an RT? Reaction Ready First
Strand Synthesis kit (SuperArray
Bioscience) and was analyzed using
the mouse apoptosis PCR array (cat.
no. APM-012A, SuperArray Bio-
science, Frederick, MD) focusing on
gene families relevant to the induc-
tion and inhibition of apoptosis, and
the RT? SYBR Green/Rox PCR mas-
ter mix (cat. no. PA-012, SuperAr-
ray Bioscience) on a 7300 Real-time
PCR System (Applied Biosystems).
Data were normalized using multi-
ple housekeeping genes (B-actin,
GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), HPRTI,
HSP90ABI1), and analyzed by com-
paring 2AACt of the normalized
sample.

Apoptosis Assessment—The TUNEL
assay was performed in each sam-
ple following the manufacturer’s
instructions (in situ cell death
detection kit; Roche Molecular Bio-
chemicals). Adipocyte apoptosis in
adipose tissue sections was quanti-
tated by counting the number of TUNEL-positive cells in 10
random microscopic fields (X40), as previously described (26).

Immunoblot Analysis—Immunoblot analysis was performed
using whole cell lysates. Samples were resolved by 12% SDS-
PAGE, transferred to nitrocellulose membrane, and blotted
with appropriate primary antibodies. The membrane was incu-
bated with peroxidase-conjugated secondary antibody
(1:10,000 dilution, BIOSOURCE International, Camarillo, CA),
and the bound antibody was visualized using a chemilumines-
cent substrate (ECL, Amersham Biosciences) and Kodak
X-OMAT film (Eastman Kodak, Rochester, NY). The antibod-
ies used included: rabbit anti-Bid (cat. 2003, dilution 1:1000),
rabbit anti-caspase 8 (cat. 4927, dilution 1:1000), rabbit anti-
Bax (cat. 2772, dilution 1:1000) were purchased from Cell Sig-
naling Technology. Rabbit polyclonal anti-FAS (X-20, dilution
1:1000), goat polyclonal anti-actin (C-11, dilution 1:1000) were
purchased from Santa Cruz Biochemicals (Santa Cruz, CA).
Rabbit polyclonal anti-FasL (ab15285, dilution 1:1000) was
from Abcam (Cambridge, MA). Mouse monoclonal anti-
BCL-X, (cat. 556499, dilution 1:1000) was from BD Biosciences
(San Jose, CA). Rabbit polyclonal anti-cleaved Bid (Ab-1, cat.
PC645, dilution 1:1000) was from EMD Calbiochem.

HFAT
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FIGURE 3. Adipocyte apoptosis in diet-induced obesity. A, TUNEL staining of adipose tissue sections from C57BL/6 mice on HFAT, HSD, or control diet. The
nuclear binding dye DAPI was performed to determine the total number of cells per X40 field. B, quantitation of TUNEL staining in adipose sections from the
three groups of mice by counting the number of TUNEL-positive cells in 10 random microscopic fields. Results are expressed as mean = S.D. C, representative
immunohistochemistry microphotograph of activated caspase 3 in adipose tissue from the three groups of mice. Quantification of caspase activity was
determined with Apo-ONE homogeneous caspase 3 fluorometric assay in either (D) whole adipose tissue lysates or (E) lysates from adipocyte fractions
following adipocyte isolation as detailed under “Experimental Procedures.” Results are expressed as mean = S.D.*, p < 0.05 compared with control diet group.
F, adipose tissue adipocyte apoptosis was further evaluated in epididymal adipose tissue sections from mice on either CTL or HFAT diet by double immuno-
staining with perilipin A/B (brown) and with the TUNEL assay to identify apoptotic cells (green).

Real-time PCR—Total RNA was isolated from adipose tissue
using RNeasy Lipid Tissue Mini kit (Qiagen, Valencia, CA). The
reverse transcript (the cDNA) was synthesized from 1 pg of
total RNA using the iScript cDNA Synthesis kit (Bio-Rad). Real-
time PCR quantification was performed. Briefly, 25 ul of reac-
tion mix contained: cDNA, Syber Green buffer, Gold Taq poly-
merase, dNTPs, and primers at final concentrations of 200 um.
The sequences of the primers used for quantitative PCR were as
follows: TNF-« 5'-CCCTCACACTCAGATCATCTTCT and
5'-GCTACGACGTGGGCTACAG; IL-6 5-TAGTCCTTC-
CTACCCCAATTTCC and 5-TTGGTCCTTAGCCACTC-
CTTC; IL-1B 5-GCAACTGTTCCTGAACTCAACT and
5-ATCTTTTGGGGTCCGTCAACT; iNOS 5'-GTTCT-
CAGCCCAACAATACAAGA and 5'-GTGGACGGGTC-
GATGTCAG; Arginase-1 5'-CTCCAAGCCAAAGTCCTTA-

GAG and 5-AGGAGCTGTCATTAGGGACATC; TGF-B
5'-CTCCCGTGGCTTCTAGTGC and 5'-GCCTTAGTTTG-
GACAGGATCTG. RT-PCR was performed in the Mx3000P
cycler (Stratagene): 95 °C for 10 min, 40 cycles of 15 s at 95 °C,
30 s at 60 °C, 30 s at 72 °C followed by 1 min at 95 °C, 30 s at
55°C and 30 s at 95 °C. The fold change over control samples
was calculated using CT, ACT, and AACT values using MxPro
software (Stratagene). 18 S ribosomal RNA (Ambion Inc, Aus-
tin, TX) was used as an endogenous control.

Metabolic Studies—Mice were fasted overnight and then
received an intraperitoneal injection of 2 mg of glucose/g of
body weight. Blood was collected from the tail vein in conscious
mice at 0-, 15-, 45-, and 120-min postinjection. Glucose was
measured using a One Touch Ultra2 blood glucose monitoring
system (Johnson & Johnson, Langhorne, PA).

FIGURE 2. Metabolic abnormalities associated with diet-induced obesity. Metabolic parameters were measured after a 6-h fasting in mice on either an
HFAT, HSD, or CTL diet (n = 5 in each group) including: (A) plasma glucose and insulin concentrations; (B) triglycerides, and free fatty acid levels; (C) plasma
glucose levels during glucose tolerance test in mice on the CTL and HFAT diet (n = 5 in each group). Data are expressed as mean * S.D.*, p < 0.01 compared
with the control diet group. D, representative microphotograph of H&E staining, and E, Oil Red O staining from mice on the CTL and HFAT diet. F, hepatic
triglyceride content was determined in livers from mice on the CTL and HFAT diet and expressed as milligrams per gram of liver tissue.
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“crown-like structures” were noted
in AT of animals on HFAT but not
in those on the CTL diet (Fig. 1, C
and D). The increase in ATM was
also associated with macrophage
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FIGURE 4. Extrinsic and intrinsic pathways of apoptosis are activated in adipose tissue from obese mice.
A, representative immunoblot analysis for key proteins involved in the signal transduction of the two main
apoptotic pathways (extrinsic and intrinsic) in adipose tissue from obese (HFAT) and lean (CTL) mice. B-Actin
served as a control for protein loading. B, protein levels were quantified by densitometry analysis and normal-
ized to B-actin. C, BAX/Bcl-X, ratio was calculated (n = 4in each group of mice) based on the densitometry data.

Results are represented as mean £ S.D. *, p < 0.01 compared with CTL.

Protein and Lipid Analyses—Serum assays of metabolic and
inflammatory mediators, including serum insulin, IL-6, and
TNE-a levels (plasma and tissue lysates) were measured after a
6-hour fast using commercially available mouse insulin (Crystal
Chem Inc, Downers Grove, IL), IL-6, and TNF-a (R&D Systems
Inc, Minneapolis, MN) ELISA kits, respectively. Serum fasting
glucose concentrations were measured using a gluco-analyzer
(Roche) whereas liver and plasma triglyceride and free fatty acid
levels were measured using commercially available assays: trig-
lyceride-SL assay (Diagnostic Chemicals Ltd), and NEFA C
(Wako Chemicals).

Data Analysis—All data are expressed as the mean * S.D.
unless otherwise indicated. Differences between groups were
compared by analysis of variance (ANOVA). Tukey’s adjust-
ment was used for multiple comparisons. Spearman’s correla-
tion coefficient was used to estimate the association of TUNEL-
positive cells and degree of insulin resistance, steatosis, and
ATM infiltration. A type I error rate of 0.05 was used for all
analyses. SAS version 9.1 software (SAS Institute, Cary, NC)
was used to perform all analyses, and R 2.0.1 software (The R
Foundation for Statistical Computing) was used to construct all
graphs.

RESULTS

Adipocyte Hypertrophy and ATM Recruitment during Weight
Gain Is Associated with a Pro-apoptotic Phenotype in Diet-in-
duced Obesity—Mice fed either an HFAT or an HSD for 6
weeks developed marked obesity compared with animals kept
on a standard control diet (37.3 = 1.5 versus 31 = 0.9 versus
28.7 = 0.8 g body weight, respectively, p < 0.01; Fig. 1A). His-
tological examination of adipose tissue showed a correlation
between the magnitude of weight gain and adipocyte hypertro-
phy with the mean adipocyte cross-sectional area being signif-
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polarization toward a pro-inflam-
matory M1 phenotype character-
ized by a significant increase in
production of pro-inflammatory
cytokines including TNF-«, IL-6,
and IL-1B (Fig. 1, Fand G), as well as
an increase in the ratio of inducible
nitric-oxide synthase (iNOS) to arginase 1 (ARG1) (Fig. 1F). We
did not detect changes in the expression levels of IL-10; how-
ever, TGF-3 expression was increased in adipose tissue from
mice on the HFD compared with the CTL diet (Fig. 1F). To
explore the impact of the changes observed in adipose tissue in
obese animals on the transcriptional profile of genes involved in
cell survival, proliferation, and apoptosis, we used quantitative
real-time PCR microarrays to catalog gene expression levels of
a total of 84 genes in epididymal adipose tissue from mice on
either the CTL or HFAT diet. Strikingly, mice on the HFAT diet
demonstrated a pro-apoptotic gene expression profile charac-
terized by a marked down-regulation of anti-apoptotic genes
and up-regulation of pro-apoptotic genes compared with mice
on the CTL diet (Fig. 1G). Supplemental Table S1 shows the
fold difference in the expression of each gene analyzed between
the HFAT and CTL mice. We next examined the effects of the
different diets on systemic insulin resistance, lipid profile, and
hepatic steatosis. Although the fasting plasma glucose levels
were similar in the three groups of mice, the fasting insulin
levels were markedly increased in mice on either HFAT or HSD
compared with mice on the control diet (HFAT > HSD > CTL)
(Fig. 2A). The serum TG and FFA levels were also significantly
increased compared with controls (Fig. 2B). The animals on the
HFAT manifested glucose intolerance in glucose tolerance tests
(Fig. 2C). Finally, the animals on both the HFAT and HSD diets
developed marked hepatic steatosis, with increases in hepatic
TG levels compared with the mice on the control diet (Fig. 2,
D-F).

Adipocyte Apoptosis Is Markedly Increased in Diet-induced
Obesity—The transcriptional profiling of adipose tissue sug-
gested that during weight gain, adipocytes are subjected to a
“pro-apoptotic pressure.” To identify and quantitate the pres-
ence of adipocyte apoptosis, we initially performed TUNEL

HFAT
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FIGURE 5. Inactivation of Bid protects from caspase 3 activation, adipocyte apoptosis, and metabolic complications from diet-induced obesity.
A, growth curves of Bid~’~ and Bid*/* mice HFAT diet (n = 5-6 in each group). B, representative microphotograph of TUNEL staining of liver section from
Bid /" and Bid ™" mice on either the HFAT or control diet. C, quantification of caspase activity was determined with Apo-ONE homogeneous caspase 3
fluorometric assay in adipose tissue lysates. Results are expressed as mean = S.D.*, p < 0.01 compared with Bid ™. D, quantification of immunohistochemical
detection of the macrophage-specific marker Mac3 in epididymal adipose tissue of Bid ~/~ and Bid ™" mice on the HFAT diet. Results are expressed as mean +
S.D.*,p < 0.01 compared with Bid™/*. E, TNF-a and IL-6 protein levels were measured in adipose tissue lysates from Bid ~/~ and Bid */* mice on the HFAT diet.
Results are expressed as mean + S.D.*, p < 0.05 compared with Bid */*. F, plasma glucose and insulin concentrations from Bid ~/~ and Bid */* mice on the HFAT
diet. G, plasma glucose levels during glucose tolerance test in mice on the CTL and HFAT diet (n = 5 in each group). Data are expressed as mean = S.D.*, p <
0.01 compared with Bid*/* on the CTL diet. #, p < 0.01 compared with Bid~/~ on HFAT diet. Representative microphotograph of (H) H&E staining, and (/) Oil
Red O staining from Bid ~/~ and Bid */* mice on HFAT diet. J, hepatic triglyceride content was determined in livers from Bid~/~ and Bid*/* mice on CTL and

HFAT diets and expressed as milligrams per gram of liver tissue. Results are expressed as mean = S.D. *, p < 0.01 compared with Bid*/* on HFAT diet.

assays in adipose tissue specimens from the three groups of
animals. In adipose tissue specimens from lean mice on the
CTL diet, only a few isolated TUNEL-positive cells were iden-
tified (Fig. 3A). In sharp contrast, TUNEL-positive cells were
readily observed in adipose tissue from both HFAT- and HSD-
fed animals (Fig. 3A). Quantitation of TUNEL-positive cells
showed an 8-fold increase of apoptotic cells in these mice com-
pared with the lean mice on the CTL diet (HFAT: 42 = 4.9
versus HSD: 38 = 10.6 versus CTL 6 = 5% positive cells, p <
0.001) (Fig. 3B). To confirm the presence of apoptosis, we next
examined the expression and degree of activation of caspase 3,
a key effector caspase that executes the apoptotic program.
Immunohistochemistry for activated caspase 3 showed that the
immunoreactive product for activated caspase 3 was readily
identified in adipocytes from obese animals on both HFAT and
HSD but not in lean mice on the CTL diet (Fig. 3C). Caspase 3
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activity was also increased by more than 2-fold in the obese
animals compared with the lean controls (Fig. 3D).

The morphologic appearance and distribution of TUNEL-
positive cells suggested that these were predominantly adi-
pocytes. To further establish adipocyte apoptosis versus apo-
ptosis occurring in other cell types in adipose tissue, we used
two different approaches. First, in selective experiments, the
epididymal fat pad from CTL and HFAT-fed animals was
fractionated into adipocytes and nonadipocytes fractions.
Consistent with the results shown above for whole adipose
tissue, caspase 3 activity was markedly increased in adipocyte
fractions from HFAT-fed animals compared with the CTL mice
(Fig. 3E). Second, we performed double staining experiments to
identify simultaneously apoptotic cells and adipocytes in epi-
didymal fat sections from mice on the CTL or HFAT diet. Mice
on the HFAT diet showed significantly increased apoptosis
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FIGURE 5—continued

(Fig. 3F) compared with controls that were mainly adipocyte in
origin.

Fas (CD95) and Mitochondrial Pathways of Apoptosis Are
Activated in Adipocytes from Obese Mice—To gain insight into
the mechanisms responsible for the increased apoptosis
observed in the adipose tissue of obese mice, the expression of
key proteins involved in the signal transduction of the two main
apoptotic pathways were evaluated in obese and lean mice. By
Western blot analysis, we found that Fas and FasL protein
expression was significantly increased in the AT of obese ani-
mals compared with lean mice (Fig. 44). This observation was
further supported by Fas and FasL immunostaining in adipose
tissue of mice on the HFAT and HSD diet (data not shown).
These changes were associated with activation of Fas signaling
as shown by detection of the activated form of caspase 8 and a
marked increase in the cleaved, truncated Bid (tBid), a BH3-
only protein of the Bcl-2 family that plays a central role as a
regulator of the interaction between the extrinsic (death-recep-
tor mediated) and the intrinsic (mitochondrial) pathways of
apoptosis (Fig. 44). Finally, we also noted changes in two other
Bcl-2 family members that play a key role in the initiation of the
mitochondrial pathway of apoptosis, including Bax and Bcl-X;,
(Fig. 4B). We observed a significant increase in the Bax/Bcl-X;
ratio (Fig. 4C), which has been shown in various experimental
models to result in mitochondrial permeabilization as well as
increased sensitivity to Fas-mediated apoptosis (27).

Inhibition of Adipocyte Apoptosis Protects Obese Animals
against ATM Recruitment, Development of Fatty Liver, and
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Insulin Resistance—The findings of marked increased adipo-
cyte apoptosis in two models of diet-induced obesity in mice
and the activation of two key signaling pathways of apoptosis in
these animals led us to further examine the role of adipocyte
apoptosis by using Bid-null mice. Bid /" mice and their wild-
type controls were placed on either HFAT or control diet for 6
weeks. Bid knockouts showed similar weight gain as their wild-
type littermates when placed on the HFAT diet (Fig. 54). How-
ever, genetic inactivation of Bid proved to protect from caspase
3 activation in adipocytes and significantly reduced the number
of apoptotic cells detected in the adipose tissue of these mice
(Fig. 5, Band C). These changes were associated with a marked
decreased in ATM (Fig. 5D) and inflammatory cytokines (Fig.
5E). Moreover, Bid knockouts were resistant to diet-induced
hepatic steatosis and insulin resistance (Fig. 5, F-J). Collec-
tively, these data strongly suggest that adipocyte apoptosis is an
early event that results in ATM recruitment and development
of hepatic steatosis and insulin resistance.

Adipocyte Apoptosis Is Present in Obese Humans and Corre-
lates with ATM Number and Markers of Insulin Resistance—
Next, we investigated whether human obesity is also associated
with increased adipocyte apoptosis. We assessed apoptosis in
AT from a well-characterized group of obese subjects undergo-
ing bariatric surgery and lean controls by TUNEL staining and
immunohistochemistry for activated caspase 3. In adipose tis-
sue from control patients, only a few isolated TUNEL-positive
cells were noted (Fig. 6A4). In contrast, TUNEL-positive cells
were readily observed in adipose tissue from obese subjects
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(Fig. 6A). Quantification of TUNEL-positive cells showed a
marked increase in TUNEL-positive cells in obese subjects
compared with controls (39.6 = 25 versus 9.8 = 10% positive
cells p = 0.01) (Fig. 6B). Consistent with previous reports, we
found increased infiltration of adipose tissue of obese subjects
with macrophages as demonstrated by immunohistochemistry
with the macrophage marker CD68 (31 = 10 versus 6 = 5%
positive cells, p < 0.05). The presence of TUNEL-positive cells
positively correlated with percentage of CD68-positive cells
(r* = 0.36, p < 0.05), as well as fasting glucose levels (+* = 0.35,
p = 0.04).

DISCUSSION

The principal findings of this study relate to the mechanisms
linking adipose tissue expansion associated with obesity to
ATM recruitment, hepatic steatosis, and insulin resistance.
Results demonstrate that adipocyte apoptosis is prominent in
both obese mice and humans. Two fundamental pathways of
apoptosis are activated in adipose tissue of two dietary models
of obesity and inhibition of these pathways prevents adipocyte
apoptosis and results in protection from macrophage infiltra-
tion of adipose tissue, hepatic steatosis, and insulin resistance.

Obesity has reached epidemic proportions in most of the
Western World and is strongly associated with insulin resist-
ance and nonalcoholic fatty liver disease (28, 29). Many lines of
evidence have shown that a state of chronic low grade inflam-
mation is a key link between obesity and the associated meta-
bolic dysregulation (5, 10, 13, 30). An important initiator of this
inflammatory response is the adipose tissue, which actively
secretes a variety of products such as cytokines, adipokines, and
fatty acids into the circulation (7). Macrophages, that infiltrate
the adipose tissue of obese mice and humans, are a major source
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I cially of pro-inflammatory cyto-
kines such as TNF-« and IL-6 (7-9).
ATM has been proposed as a link
between obesity and insulin resist-
ance; however, the mechanisms that
initiate macrophage recruitment to
adipose tissue and inflammation
remain incompletely understood. In
the setting of obesity, the inability to
appropriately expand adipose tissue
may be a key mechanism responsi-
ble for development of inflamma-
tion and insulin resistance (31).
Increased production and release of
certain chemokines by hypertro-
phied adipocytes potentially as a
result of local hypoxia in an expand-
ing adipose tissue bed has been
implicated (14,15). Additionally,
dying cells might display attraction
signals to induce the migration of
phagocytes to the site of cell death
(32). Consistent with this concept,
recent studies have reported the
presence of crown-like structures in
adipose tissue of obese mice and humans that are formed by
clusters of macrophages surrounding what morphologically
appeared as “necrotic” adipocytes (16—18). However, it has
remained unclear whether adipocyte cell death is a late event
and a consequence of inflammation or a process that can actu-
ally initiate ATM recruitment. Moreover, the molecular, sig-
naling events resulting in adipocyte cell death remained com-
pletely unknown. This issue is of outmost importance as it has
become clear that cell death represents a highly heterogeneous
process that can follow the activation of distinct biochemical
pathways, and thus classical morphologic criteria cannot be
used in isolation to classify cell death into clear cut categories
(33) We have now shown that the diet-induced hypertrophied
adipose tissue of obese C57BL6 mice is under apoptotic pres-
sure as evidenced by a marked pro-apoptotic gene expression
profile. The importance of the changes in gene expression
observed is supported by the findings that inhibition of adipo-
cyte cell death in Bid knockout mice was sufficient to prevent
macrophage infiltration of adipose tissue, and protected against
development of insulin resistance and hepatic steatosis associ-
ated with diet-induced obesity. The precise contribution to the
changes observed in gene expression of the different compo-
nents of the diet, such as fat amount or composition versus
other components of the diet versus genetic susceptibility, will
require further study.

We found that feeding mice either a high saturated fat diet or
a high sucrose diet, which typically results in obesity, insulin
resistance, abnormal lipid profiles, and hepatic steatosis, were
also associated with a marked increase in caspase 3 activation in
adipocytes and apoptotic cell death. Moreover, we observed
increased expression of several proteins that are involved in the
two fundamental pathways of apoptosis (27): the extrinsic path-
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way mediated by death receptors at the cell surface, and the
intrinsic or mitochondrial-mediated pathway (34). Indeed, we
observed enhanced Fas (CD95 or APO-1), a key death receptor
belonging to the TNF receptor family, as well as its specific
ligand (FasL). Recent studies have also associated both Fas and
FasL with the metabolic state in humans (35, 36). Fas expression
is increased in the liver of patients with nonalcoholic fatty liver
disease (22, 26, 37). In addition, the serum concentrations of
both Fas and FasL were associated with presence of type 2 di-
abetes, hypertension, and cardiovascular disease (35). Engage-
ment of Fas by FasL triggers the cleavage and activation of the
initiator caspase 8, which will then cleave and activate the effec-
tor caspases mainly caspase 3 either directly or indirectly
through a mitochondrial amplification loop (38). This loop is
initiated by caspase 8 cleavage of Bid to generate truncated Bid
or tBid. Our results with various mouse models of obesity have
shown that Fas signaling pathway is activated in the adipose
tissue of these mice. The presence of tBid made us hypothesize
that mitochondrial dysfunction plays a role in the apoptotic
process observed in the adipose tissue of obese animals. This
was further confirmed by the studies on the Bid knockout mice
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showing almost complete suppression of adipocyte apoptosis
associated with both HFAT and HSD diets. Although based on
observations on developing animals and in vitro studies in
immortalized cell lines, apoptosis has been perceived to be non-
inflammatory, it has become apparent that pathological
increases in apoptosis in the context of chronic diseases may
directly or indirectly promote inflammation (32, 39). The cur-
rent data extend these observations and demonstrate that the
protection from adipocyte apoptosis seen on the Bid knockout
mice was associated with a marked decrease in macrophage
infiltration and pro-inflammatory cytokines levels in adipose
tissue. Because the Bid knockouts used in our studies is a global
knockout rather than tissue specific, the possibility that
decreases in apoptosis in other tissues may also contribute to
the protection observed in these animals cannot be completely
ruled out. However, consistent with what has been reported in
the literature (21) and with our long experience with these diets
as models of hepatic steatosis, no caspase activation or cell
death was detected in the livers of our mice on either HFAT or
HSD throughout the duration of the experiments. The precise
cellular and molecular mechanisms responsible for up-regula-
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tion and activation of the apoptotic signaling pathways in adi-
pocytes require further investigation.

The observations in mouse models can be extrapolated to
human obesity. Indeed, our results indicate that adipocyte
apoptosis was markedly increased in omental fat from obese
subjects. Moreover, we further identified a relationship
between adipocyte apoptosis, the magnitude of adipose tis-
sue infiltration by macrophages, and systemic markers of
insulin resistance.

In summary, current studies uncover a key pathogenic role
for adipocyte apoptosis in the recruitment of macrophages to
adipose tissue, inflammation, and subsequent metabolic dis-
ruption resulting in insulin resistance and hepatic lipid accu-
mulation. Results support a model (Fig. 7) in which during the
development of obesity, the inability to adequately expand the
adipose tissue triggers adipocyte apoptosis, ATM recruitment,
and development of insulin resistance, dyslipidemia, and
hepatic steatosis. Anti-apoptotic therapy target at inhibiting
either the Fas- or mitochondrial-mediated pathways may be a
new therapeutic strategy for treatment of obesity-associated
metabolic complications.
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