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Adipose	tissue	inflammation	is	linked	to	the	pathogenesis	of	insulin	resistance.	In	addition	to	exerting	death-
promoting	effects,	the	death	receptor	Fas	(also	known	as	CD95)	can	activate	inflammatory	pathways	in	several	
cell	lines	and	tissues,	although	little	is	known	about	the	metabolic	consequence	of	Fas	activation	in	adipose	
tissue.	We	therefore	sought	to	investigate	the	contribution	of	Fas	in	adipocytes	to	obesity-associated	metabolic	
dysregulation.	Fas	expression	was	markedly	increased	in	the	adipocytes	of	common	genetic	and	diet-induced	
mouse	models	of	obesity	and	insulin	resistance,	as	well	as	in	the	adipose	tissue	of	obese	and	type	2	diabetic	
patients.	Mice	with	Fas	deficiency	either	in	all	cells	or	specifically	in	adipocytes	(the	latter	are	referred	to	herein	
as	AFasKO	mice)	were	protected	from	deterioration	of	glucose	homeostasis	induced	by	high-fat	diet	(HFD).	
Adipocytes	in	AFasKO	mice	were	more	insulin	sensitive	than	those	in	wild-type	mice,	and	mRNA	levels	of	pro-
inflammatory	factors	were	reduced	in	white	adipose	tissue.	Moreover,	AFasKO	mice	were	protected	against	
hepatic	steatosis	and	were	more	insulin	sensitive,	both	at	the	whole-body	level	and	in	the	liver.	Thus,	Fas	in	adi-
pocytes	contributes	to	adipose	tissue	inflammation,	hepatic	steatosis,	and	insulin	resistance	induced	by	obesity	
and	may	constitute	a	potential	therapeutic	target	for	the	treatment	of	insulin	resistance	and	type	2	diabetes.

Introduction
White adipose tissue (WAT) has been recognized as an important 
endocrine organ secreting different hormone-like factors (adipo-
kines), FFAs, and cytokines, thereby regulating metabolism locally 
and systemically (1). In obesity, excess adipose tissue accumulation 
is accompanied by local inflammation, characterized by infiltra-
tion of inflammatory cells (2) and by elevated production of proin-
flammatory cytokines, jointly activating inflammatory pathways 
in adipocytes. It is proposed that the consequent alteration in the 
composition of secreted products from adipocytes contributes 
to both local and systemic insulin resistance (3–5). Particularly, 
liver insulin sensitivity can be impaired by obesity-induced altera-
tions in adipokine secretion and by elevation in fat tissue–derived 
cytokines and fatty acids (6–9).

Fas (CD95), a member of the TNF receptor family, plays an 
important role in the regulation of programmed cell death (apop-
tosis). FasL binding to Fas assembles the death-inducing signaling 
complex (DISC). In turn, DISC formation leads to the activation 
of caspase-8 and caspase-3 and finally to apoptosis. However, like 
TNF-α, Fas activation can also induce non-apoptotic signaling 
pathways (10–12). For example, in different cell lines and tissues, 
Fas activation was shown to induce secretion of proinflamma-
tory cytokines such as IL-1α, IL-1β, IL-6, IL-8 (KC), and MCP-1 
(13–17), rendering it a potential key component of the inflamma-
tory response. Although Fas was shown to be expressed in preadi-
pocytes and adipocytes (18), little is known about non-apoptotic 

consequences of Fas activation in adipocytes and, particularly, its 
role in mediating the dysregulated metabolism that accompanies 
obesity, potentially via adipose tissue inflammation.

In the present study, we hypothesized that Fas mediates inflam-
matory signals in obesity, particularly in adipocytes, thereby con-
tributing to adipose tissue inflammation and to metabolic dysreg-
ulation. We demonstrate that Fas expression is elevated in adipose 
tissue in both genetic and nutritional models of obesity in mice, as 
well as in patients with obesity and type 2 diabetes. Moreover, total 
body Fas-deficient (Fas-def) and adipocyte-specific Fas-KO (AFas-
KO) mice were partly protected from HFD-induced adipocyte and 
whole-body insulin resistance. In particular, AFasKO mice showed 
reduced adipose tissue inflammation and were protected from 
liver steatosis and hepatic insulin resistance, with only minimal 
effects on fat tissue mass and adipocyte hypertrophy. Our find-
ings point toward an important role of adipocyte Fas expression 
in the development of obesity-associated fat tissue inflammation 
and insulin resistance.

Results
Fas expression is increased in adipocytes isolated from insulin-resistant mice 
and in adipose tissue of obese and diabetic patients. Fas was shown to acti-
vate inflammatory pathways in several tissues and cell lines. Since 
Fas is expressed in preadipocytes and adipocytes (18), and since 
adipose tissue inflammation may be causatively linked to insulin 
resistance, we hypothesized that Fas expression might modulate 
obesity-related fat and whole-body insulin responsiveness. First, 
Fas expression was determined in isolated adipocytes from insulin-
resistant mice. Adipocytes were isolated from perigonadal fat pads 
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of 3-month-old ob/ob and db/db mice and their WT controls. Fas 
protein expression was determined and normalized to actin expres-
sion (19) (Figure 1A). Fas protein levels were significantly increased 
in ob/ob as well as db/db mice compared with their WT controls. 
Similarly, Fas protein expression was increased in adipocytes iso-
lated from perigonadal fat pads of high-fat diet–fed (HFD-fed) 
C57BL/6J mice compared with regular chow–fed controls (Figure 
1B). In addition to Fas, we also found Fasl, Tnfa, and Il1b mRNA 
levels elevated in adipose tissue of ob/ob mice (Figure 1C).

In order to determine the potential relevance of increased Fas 
expression in adipose tissue of patients with insulin resistance, we 
determined Fas protein levels in adipose tissue of lean, obese, and 
obese type 2 diabetic patients. None of the examined patients was 
treated with any medications that might affect inflammatory path-
ways in adipose tissue or modulate insulin sensitivity (further basic 
clinical characteristics of the patients are provided in Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI38388DS1). Fas expression was increased in fat tis-
sue of obese (body mass index, >30 kg/m2) compared with lean per-
sons. Interestingly, Fas was further elevated in obese patient with 
type 2 diabetes (Figure 1D). Collectively, these data demonstrate 
that Fas expression is upregulated in isolated adipocytes of common 
genetic and nutritional mouse models of obesity and insulin resis-
tance and in adipose tissue of obese and obese diabetic humans.

Fas-def mice are protected against HFD-induced insulin resistance. To 
start assessing a putative metabolic role for increased adipocyte 
Fas expression under insulin-resistant conditions, we analyzed glu-
cose tolerance in total body Fas-def mice (20). Fas-def or WT mice 
were fed regular chow or HFD for 6 weeks. Total body weight gain 
on HFD was similar in Fas-def and WT mice (Figure 2A). However, 
perigonadal fat pad weight was significantly lower in HFD-fed Fas-
def mice compared with WT mice (Figure 2B), and adipocyte size 
distribution was shifted to the left, reflecting smaller mean adipo-
cyte size in Fas-def mice (Figure 2C). Adipocyte number was simi-
lar in HFD-fed WT and Fas-def mice (data not shown), suggesting 
that fat pads in Fas-def mice are smaller due to the smaller size of 
adipocytes. Six weeks of HFD was sufficient to significantly impair 
glucose tolerance in WT mice (Figure 2D), though the degree of 
impairment was less than reported following a longer duration 
of HFD feeding (20 weeks), reflecting early metabolic adaptation 
to HFD feeding. Remarkably, Fas-def mice were protected against 
HFD-induced glucose intolerance (Figure 2D). Further, consis-
tent with Fas involvement in the induction of insulin resistance, 
fasting insulin levels increased significantly in WT mice fed HFD 
compared with chow-fed controls, whereas in Fas-def mice, there 
was no diet-induced change in fasting insulin levels (Figure 2E). 
Concurrently, isolated adipocytes from HFD-fed WT mice exhib-
ited a marked reduction in insulin-stimulated glucose incorpora-

Figure 1
Fas expression is increased in adipocytes isolated from insulin-resistant mice and in adipose tissue of obese and diabetic patients. (A) Total 
cell lysates were prepared from isolated perigonadal adipocytes harvested from db/db, ob/ob, and WT control mice. Lysates were resolved by 
LDS-PAGE and immunoblotted with anti-Fas or anti-actin antibody. Results are mean ± SEM of 3 mice per group and normalized to actin expres-
sion. *P < 0.05 (Student’s t test). (B) Total cell lysates were prepared from isolated adipocytes of perigonadal fat pads of chow-fed and HFD-fed  
(8 weeks of HFD) mice. Lysates were resolved by LDS-PAGE and immunoblotted with anti-Fas or anti-actin antibody. Results are mean ± SEM 
of 3 mice per group and normalized to actin expression. *P < 0.05 (1-sample t test). (C) Total RNA was extracted from perigonadal fat pads, and 
quantitative RT-PCR was performed. The level of mRNA expression was normalized to 18S RNA. Results represent mean ± SEM of 3 animals 
per group. *P < 0.05, **P < 0.01 (Student’s t test). (D) Tissue lysates from subcutaneous fat biopsies of lean, obese, and diabetic patients were 
prepared and immunoblotted with anti-Fas or anti-actin antibody. Results are mean ± SEM of 5–10 patients per group and normalized to actin 
expression. *P < 0.05 (ANOVA).
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Figure 2
Fas-def mice are protected from 
HFD-induced changes in adipose 
tissue and glucose homeostasis. 
(A) Weight gain was analyzed in 
HFD-fed WT and Fas-def mice. 
Results are mean ± SEM of 10 
animals per group. (B) Perigonad-
al fat pads were harvested and 
weighed. Results are expressed 
relative to total body weight and 
represent mean ± SEM of 10–15 
mice group. *P < 0.05 (Student’s 
t test). (C) Left: Relative size dis-
tribution of adipocyte diameter 
after 6 weeks of HFD. Results 
represent mean ± SEM of 6 mice 
per group. Right: Mean adipocyte 
diameter of chow- or HFD-fed 
Fas-def and WT mice. Results 
represent mean ± SEM of 6 mice 
per group. *P < 0.05 (Student’s  
t test). (D) Intraperitoneal glucose 
tolerance tests in WT (left) and 
Fas-def (right) mice. Results are 
mean ± SEM of 12–18 animals 
per group. *P < 0.05, **P < 0.01 
(Student’s t test). (E) Fasting 
insulin levels were determined in 
WT (left) and Fas-def (right) mice 
after 8 hours of food withdrawal. 
Results are mean ± SEM of 4–5 
animals per group. *P < 0.05 
(Student’s t test). (F) 14C-d-glu-
cose incorporation into isolated 
adipocytes from chow- and HFD-
fed mice was determined in the 
absence or presence of insulin. 
Left: Fold glucose incorporation 
in WT mice. Right: Fold glucose 
incorporation in Fas-def mice. 
Results represent mean ± SEM 
of 6 experiments. **P < 0.01 (Stu-
dent’s t test).
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tion (largely reflecting lipogenic glucose flux; ref. 21) compared 
with chow-fed mice, whereas adipocytes from Fas-def mice were 
almost entirely protected against diet-induced adipocyte insulin 
resistance (Figure 2F). Similarly, insulin significantly reduced FFA 
release in adipocytes isolated from Fas-def mice, whereas it had 
no effect in WT adipocytes (Supplemental Figure 1). Thus, total 
body deficiency of Fas resulted in protection against adipose tissue 
expansion and adipocyte hypertrophy as well as whole-body and 
adipocyte insulin resistance induced by 6 weeks of HFD feeding.

Given the seemingly complex effect of Fas on adipose tissue devel-
opment and on fat cell metabolism in response to HFD, we wanted 
to verify that Fas activation, even as an isolated factor, modulates 
insulin sensitivity in adipocytes. 3T3-L1 adipocytes were stimulated  
with 2 ng/ml membrane-bound FasL for 12 hours. Such treat-
ment had no negative effect on cell viability and did not increase 
apoptosis rate as assessed by MTT and TUNEL assays, respectively 
(Supplemental Figure 2 and data not shown). Yet Fas activation sig-
nificantly reduced insulin-stimulated glucose uptake (Figure 3A) 
and stimulated lipolysis (Figure 3B). Lower FasL concentrations 
(0.02, 0.5, and 1.0 ng/ml) had no effect on insulin-stimulated glu-
cose uptake (Supplemental Figure 3). These findings support the 
proposition that adipocyte Fas may regulate fat cell metabolism by 
mechanisms unrelated to Fas-induced cell death, potentially con-
tributing to obesity-related insulin resistance.

AFasKO mice are protected against HFD-induced adipocyte insulin resis-
tance and total body insulin resistance. To better investigate the specific 
role of Fas expression in adipocytes in the development of insulin 
resistance in response to HFD feeding, we generated an adipocyte-
specific Fas-KO mouse (AFasKO) using the Cre-lox system (Fasfl/fl; 
Fabp4-Cre+/–). As a control, floxed Fas mice that do not express Cre 
recombinase (Cre) were used (Fasfl/fl;Fabp4-Cre–/–), referred to below as 
WT. As expected, Fas expression was greatly diminished in isolated  
white adipocytes of AFasKO mice (Figure 4A); decreased in white 
and brown adipose tissue, which also includes non-adipocyte cell 
types (Figure 4B); but was not decreased in other tissues (Figure 4C) 
(an unexplained consistent increase in Fas expression was observed 
in lysates from lung tissue).

It  was  previously  claimed  that  fatty  acid  binding  protein  4 
(Fabp4)/aP2 expression was induced in activated macrophages 
(22). Given the fact that Cre expression in our mice is under the 

regulation of the Fabp4 pro-
moter, Fas expression might 
have been decreased  in acti-
vated  macrophages  in  addi-
tion  to  adipocytes,  thereby 
influencing  adipose  tissue 
biology.  However,  Cre  was 
expressed  in  adipocytes  of 
AFasKO mice, whereas it was 
undetectable in macrophages 
(Figure 4D), consistent with 
previous  studies  using  the 
same Fabp4-Cre strain (19, 23). 
Moreover,  in  both  resident 
(naive) macrophages isolated 
from the spleen and  in acti-
vated peritoneal macrophages 
harvested after thioglycollate 
injection, Fas protein expres-
sion  was  not  decreased  in 

AFasKO mice (Figure 4E). Although it still remains possible that a 
small subpopulation of activated macrophages within adipose tis-
sue express decreased levels of Fas in the AFasKO mice, this novel 
mouse model exhibits greatly diminished Fas expression in adi-
pocytes but not in other tissues and cell types, including resident 
and activated peritoneal macrophages. Moreover, since previous 
studies using the same Fabp4-Cre mouse line found no effect of the 
Cre allele in the first 6 months of life (23), AFasKO mice seemed 
to be a useful model to study the in vivo role of Fas expression 
specifically in adipocytes.

To investigate the functional significance of adipocyte-specific 
Fas deletion, AFasKO mice were fed normal chow or HFD for up 
to 6 weeks. Total body weight gain was similar in AFasKO and 
Cre-negative littermates fed normal chow (data not shown) and 
HFD (Figure 4F). After 6 weeks of HFD, inguinal, perigonadal, 
and retroperitoneal fat pad weights in the AFasKO mice were com-
parable to those in WT mice, whereas mesenteric fat pad weight 
was slightly, but significantly, lower in AFasKO mice (Figure 4G). 
Importantly, and in contrast to total body Fas-def mice, adipocyte 
size was similar in the 2 groups (Figure 4H).

Blood glucose levels were significantly higher in WT mice after 
a 7-hour fasting period, whereas insulin, FFA, triglyceride (TG), 
and glycerol levels did not differ between WT and AFasKO mice 
(Table 1). Moreover, adipocytes isolated from AFasKO mice exhib-
ited improved insulin-stimulated glucose incorporation, compared 
with adipocytes from WT mice after 6 weeks of HFD (Figure 5A). 
Further, consistent with improved adipocyte insulin sensitivity 
in the absence of Fas expression in adipocytes, insulin still had a 
significant antilipolytic effect in isolated adipocytes of HFD-fed 
AFasKO mice, compared with adipocytes of WT mice (49% ± 19% 
vs. 26% ± 7%), whereas basal FFA release was not different in the 2 
groups. Thus, specific ablation of Fas expression in adipocytes was 
associated with protection against the metabolic effects of HFD 
feeding in adipocytes, without affecting adipocyte size.

To examine whether improved insulin responsiveness of adipo-
cytes conferred by adipocyte-specific Fas deletion had systemic 
consequences, we assessed glucose metabolism. There were no dif-
ferences in glucose and insulin tolerance test results between chow-
fed 3-month-old AFasKO and WT littermates (data not shown). In 
contrast, after 6 weeks of HFD, AFasKO mice exhibited mildly but 

Figure 3
Fas activation in 3T3-L1 adipocytes decreases insulin sensitivity and stimulates lipolysis. Mature 3T3-L1 adipo-
cytes were incubated with 2 ng/ml FasL for 12 hours. (A) 3H-2dG glucose uptake was determined after treatment 
with or without insulin at different concentrations. Shown are absolute values of 3H-2dG uptake in untreated or 
FasL-treated 3T3-L1 adipocytes. Results are mean ± SEM of 5–9 independent experiments. *P < 0.05 (ANOVA). 
(B) Glycerol release was determined after medium was removed and cells were incubated with KREBS buffer for 
another hour. Results represent mean ± SEM of 4 independent experiments. **P < 0.01 (1-sample t test).
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significantly improved glucose tolerance compared with Cre-nega-
tive littermates (Figure 5B). Moreover, AFasKO mice were signifi-
cantly more insulin sensitive as assessed by insulin tolerance test 
(Figure 5C). Finally, under hyperinsulinemic-euglycemic clamp, 
glucose infusion rate was significantly increased in AFasKO mice 
compared with WT littermates (see Figure 5D for the steady-state 
glucose infusion rates and Supplemental Figure 4 for the detailed 
time course), confirming improved whole-body insulin sensitivity. 
In vivo lipolysis determined during hyperinsulinemic-euglycemic 
clamp showed no difference in basal FFA levels, but insulin had 
a significant effect in reducing circulating FFA in AFasKO mice, 
while this effect was blunted in WT littermates (Figure 5E). Based 
on the results presented herein, we describe an adipocyte-specific  
Fas-KO mouse model  that  is protected against adipocyte and 
whole-body insulin resistance induced by HFD feeding.

Fas deletion in adipocytes may prevent adipocyte and whole-body insulin 
resistance by interfering with adipose tissue inflammatory circuits induced 
by HFD feeding. Given that Fas may be involved in inflammatory 
processes, we next assessed its potential involvement in adipose 
tissue inflammation. mRNA levels of major inflammatory mark-
ers were assessed in adipose tissue of HFD-fed WT versus AFasKO 

mice. In the KO mice, fat mRNA levels of Il6, Cd11b, Mcp1, and 
resistin were significantly decreased, whereas Il10 and arginase 1 
levels were increased (Figure 6A and Supplemental Table 2). Since 
adipose tissue is proposed to be a major source of circulating levels 
of cytokines such as MCP-1 and IL-6 (24, 25), we measured their 
levels in the circulation. Whereas circulating MCP-1 levels were not 
significantly different between WT and AFasKO mice after 6 weeks 
of HFD, IL-6 levels were approximately 40% lower in the KO mice 
(Figure 6B and Table 1), and KC levels (murine IL-8 equivalent) 
tended to be decreased (Table 1). Circulating levels of the adipo-
kines adiponectin, resistin, and leptin were not affected (Table 1), 
the latter finding being further consistent with a lack of a signifi-
cant effect of adipocyte-specific Fas deletion on whole-body fat 
mass. These results suggest that the proinflammatory profile of 
secreted products from adipose tissue of AFasKO mice in response 
to HFD feeding is diminished compared with WT mice.

To further confirm a role for Fas activation, even as an isolated 
factor, in propagating adipocyte inflammatory response, we used 
3T3-L1 adipocytes. Fas activation by incubation of cells for 12 
hours with FasL increased the release of IL-6 and KC into the medi-
um by 1.5 ± 0.1–fold and 2.8 ± 0.5, respectively (P < 0.05 for both 

Figure 4
Characterization of AFasKO mice. (A) Total cell lysates were prepared from isolated adipocytes of WT (Fasfl/fl;Fabp4-Cre–/–) and AFasKO (Fasfl/fl; 
Fabp4-Cre+/–) mice. Lysates were resolved by LDS-PAGE and immunoblotted with anti-Fas or anti-actin antibody. (B and C) Tissue lysates 
were prepared and resolved by LDS-PAGE and immunoblotted with anti-Fas or anti-actin antibody. (D) Total cell lysates (80 μg) from adipocytes 
and macrophages were prepared, resolved by LDS-PAGE, and immunoblotted with anti-Cre or anti-actin antibody. (E) Total cell lysates from 
resident and activated macrophages were prepared, resolved by LDS-PAGE, and immunoblotted with anti-Fas or anti-actin antibody. (F) Weight 
gain was analyzed in WT and AFasKO mice. Results are mean ± SEM of 14–15 animals per group. (G) Different fat pads were harvested and 
weighed. Results are expressed relative to total body weight and represent mean ± SEM of 14 mice per group. *P < 0.05. peri, perigonadal; retro, 
retroperitoneal; mes, mesenteric. (H) The size of isolated perigonadal adipocytes was analyzed. For each mouse, at least 100 adipocytes were 
analyzed. Images were analyzed using NIH ImageJ software for quantification. Results represent mean ± SEM of 4–5 mice per group.
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cytokines compared with unstimulated cells; Figure 7A). Moreover, 
according to an in vitro macrophage-adipocyte adherence assay, 
macrophages adhered significantly more readily to FasL-treated 
3T3-L1 adipocytes (25% ± 9% increase in macrophages adherent 
to adipocytes, P < 0.05; Figure 7B). These findings are consistent 
with the observation that AFasKO mice on a HFD had decreased 
expression of adipose tissue CD11b (probably reflecting decreased 
infiltrating leukocytes) (Figure 6A and Supplemental Table 2) and 
collectively suggest a role for Fas as an activator of adipocyte-
derived inflammation under HFD.

Fas ablation in adipocytes protects against liver steatosis and insu-
lin resistance induced by HFD. Adipose tissue inflammation has 
been linked to hepatic manifestations of obesity. In particular, 
the degree of adipose tissue macrophage infiltration correlated 
with histopathological changes in the liver (26). Moreover, JNK1 
deficiency specifically in adipocytes was recently shown to cause 
increased hepatic insulin sensitivity (19). Hence, we next addressed 
the possibility that adipocyte Fas deletion protects from hepatic 
insulin resistance and steatosis along with diminished adipose 
tissue inflammation. Histological examinations and biochemi-
cal determination of total hepatic lipid content revealed that 
the livers of AFasKO mice were protected against liver steatosis 
induced by HFD (Figure 8A). Furthermore, AFasKO mice had sig-
nificantly decreased liver ceramide levels, whereas diacylglycerol 
levels were similar in AFasKO and WT mice (Figure 8B and data 
not shown). Moreover, mRNA levels of the fatty acid transporter 
Cd36 were reduced by 27% (P < 0.05) in livers of AFasKO mice, 
whereas mRNA levels of genes involved in gluconeogenesis, β-oxi-
dation, and lipogenesis were similar (Figure 8C). Consistent with 
decreased steatosis in AFasKO livers, protein content of the lipid 
droplet protein adipose differentiation related protein (ADRP) 
and the lipogenic transcription factor PPARγ were decreased in 
AFasKO compared with WT mice (Figure 8D) (27). In addition, 
liver steatosis was associated with activation of the NF-κB signal-
ing pathway (28). Intriguingly, activation of NF-κB was reduced to 
35% in livers of AFasKO mice compared with WT mice, as assessed 
by phosphorylation of the p65 subunit of NF-κB (Figure 8E).

Molecularly, liver resistance to insulin actions was suggested to 
be mediated by increased Ser307 phosphorylation on IRS1 and 

by increased expression of SOCS3 (19). Interestingly, AFasKO 
mice had 50% lower levels of IRS1 phosphorylation on Ser307 
(Figure 9A). In addition, expression of Socs3 mRNA levels (relative 
to 18S) was reduced by 25%. Circulating glucose levels following 
a pyruvate load suggested that AFasKO mice had lower gluconeo-
genic flux compared with WT mice on HFD (Supplemental Fig-
ure 5). Moreover, during a hyperinsulinemic-euglycemic clamp, 
insulin-induced suppression of hepatic glucose production was 
blunted in HFD-fed WT mice but was clearly evident in AFasKO 
mice (Figure 9B).

To further support a role for adipocyte-expressed Fas in the 
development of HFD-induced liver insulin resistance, we per-
formed experiments with conditioned medium. 3T3-L1 adipo-
cytes were treated with or without FasL, and conditioned medium 
was then collected. Hepatocytes incubated with FasL-conditioned 
medium developed insulin resistance, as shown by decreased insu-
lin-stimulated phosphorylation of Akt (Figure 9C).

Collectively, these studies demonstrate that in the absence of Fas 
in adipocytes, mice are protected against hepatic steatosis and liver 
insulin resistance induced by HFD.

Discussion
In the present study, we demonstrate that both total body Fas-
deficient mice and a novel adipocyte-specific Fas-KO model were 
significantly protected against insulin resistance induced by HFD 
feeding, at the adipocyte, liver, and whole-body levels. Our find-
ings suggest that Fas-mediated pathways in adipocytes play a role 
in obesity-associated insulin resistance by modulating adipose tis-
sue inflammatory cascades.

Our finding of reduced fat pad weight and lack of an increase in 
adipocyte size under HFD in Fas-def mice (Figure 2C) hints at a 
role of Fas in modulating adipocyte development and/or differen-
tiation, as Fas is not expressed in preadipocytes and adipocytes of 
Fas-def mice. Thus, the metabolic effect of Fas may be secondary 
to its effect on adipocyte differentiation. In contrast, since Fabp4 
is downstream of PPARγ, Cre is only expressed during late stages 
of adipocyte differentiation in the AFasKO mice, as was previ-
ously shown (23). Consistent with such a notion, adipocyte size of 
AFasKO mice did not differ from WT mice after 6 weeks of HFD 
(Figure 4H). Thus, early adipocyte development was unlikely to 
be affected in AFasKO mice, as opposed to Fas-def mice, and the 
hypertrophic response of adipocytes to HFD remained similar to 
that in control mice. Moreover, we assessed the potential influence 
of Fas stimulation on preadipocyte differentiation by treating 3T3-
L1 (pre)adipocytes with FasL during differentiation. We found that 
markers of differentiation such as C/EBPβ, C/EBPα, and PPARγ 
were reduced (Supplemental Figure 6). Furthermore, it is possible 
that Fas expression in other cells is indirectly involved in adipocyte 
growth/differentiation, as was previously shown for macrophages 
(29), explaining the observation that adipocytes were affected to 
a greater extent in the Fas-def model than in the AFasKO model. 
Similar to the reduction in markers of differentiation in FasL-treat-
ed 3T3-L1 adipocytes (Supplemental Figure 6), PPARγ was signifi-
cantly reduced in WAT of WT compared with AFasKO mice upon 
6 weeks of HFD, whereas C/EBPα showed a trend toward lower 
expression levels in WT mice (Supplemental Figure 7).

Additional support for the involvement of Fas in obesity-relat-
ed adipose tissue inflammation was initially gained by finding 
increased expression of Fas in both common genetic and nutri-
tional mouse obesity models and in obese humans. Interestingly, 

Table 1
Plasma levels of glucose, insulin, FFAs, TG, glycerol, adipokines, 
and cytokines of HFD-fed WT and AFasKO mice

	 WT	 AFasKO
Blood glucose (mmol/l) 10.6 ± 0.3 9.4 ± 0.4A

Insulin (pmol/l) 98.5 ± 17.7 89.1 ± 7.8
FFAs (mmol/l) 1.36 ± 0.06 1.33 ± 0.04
TG (mg/dl) 85.9 ± 4.1 85.9 ± 6.5
Glycerol (mg/dl) 6.72 ± 0.37 6.52 ± 0.38
Adiponectin (μg/ml) 52.9 ± 5.7 56.4 ± 4.4
Resistin (pg/ml) 4,465 ± 516 5,251 ± 730
Leptin (pg/ml) 1,270 ± 305 1,240 ± 209
MCP-1 (pg/ml) 47.5 ± 12.9 35.1 ± 7.8
IL-6 (pg/ml) 7.6 ± 0.9 4.6 ± 1.0A

KC (pg/ml) 481 ± 139 278 ± 54
TNF-α ND ND

Results are mean ± SEM of 5–9 independent experiments. ND, not 
detectable (limit of detection, 3 pg/ml). AP < 0.05 (Student’s t test).
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4 days of HFD feeding was sufficient to upregulate Fas expression 
in adipocytes (Supplemental Figure 8). This finding suggests that 
upregulation of Fas in adipocytes reflects an early adaptation 
step to HFD. To further establish a functional role for adipocyte 
Fas in adipose tissue inflammation in obesity, we established the 
AFasKO mouse, which displays a specific deletion of Fas in adi-
pocytes. Adipose tissue inflammation in obesity is characterized 
by increased infiltration of bone-derived immune cells, particu-

larly proinflammatory macrophages, and elevated expression and 
secretion of proinflammatory cytokines, with decreases in IL-10 
and arginase 1 (30). Intriguingly, HFD-fed AFasKO mice exhibited 
decreased leukocyte infiltration (evidenced by lower expression of 
CD11b), diminished expression of IL-6, and increased expression 
of IL-10 and arginase 1 compared with WT controls (Figure 6A 
and Supplemental Table 2). Moreover, in support of the hypothe-
sis that Fas acts as an isolated factor to promote macrophage infil-

Figure 5
AFasKO mice are protected from HFD-induced deteriorations in glucose metabolism. (A) 14C-d-glucose incorporation into isolated perigonadal 
adipocytes from WT (Fasfl/fl;Fabp4-Cre–/–) and AFasKO (Fasfl/fl;Fabp4-Cre+/–) mice was determined in the absence or presence of insulin. Results 
are expressed relative to basal uptake and represent mean ± SEM of 5 independent experiments performed in triplicate. *P < 0.05 (Student’s 
t test). Intraperitoneal glucose (B) and insulin (C) tolerance tests (ipGTT and ipITT) were performed in WT (filled circles) and AFasKO (open 
circles) mice. Inset graphs in B and C depict the respective analysis of the area under the curve. Results are mean ± SEM of 8–10 animals per 
group. *P < 0.05, **P < 0.01 (Student’s t test). (D) Steady-state glucose infusion rates during hyperinsulinemic-euglycemic clamps. Results are 
mean ± SEM of 3–4 animals per group. **P < 0.01 (Student’s t test). (E) Plasma FFA levels in HFD-fed WT and AFasKO mice before and at the 
end of a euglycemic-hyperinsulinemic clamp are depicted. Results are mean ± SEM of 3 animals per group. *P < 0.05 (Student’s t test).

Figure 6
Reduced inflammatory profile in HFD-fed 
AFasKO mice. (A) Quantitative RT-PCR 
detection of mRNA expression in WAT. The 
level of mRNA expression was normalized 
to 18S RNA. Results are mean ± SEM of 
5–9 animals per group. *P < 0.05, **P < 0.01 
(Student’s t test). (B) Plasma concentration of 
IL-6. Results represent mean ± SEM of 5 ani-
mals per group. *P < 0.05 (Student’s t test).
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tration, macrophages adhered more readily to 3T3-L1 adipocytes 
stimulated with FasL (Figure 7B). Thus, adipocyte Fas plays a role 
in modulating adipose tissue inflammatory response to obesity.

What is the mechanism for increased adipocyte Fas expression 
in obesity? We observed that Fas expression was higher in larg-
er compared with smaller adipocytes isolated from the same fat 
depot of HFD-fed WT mice (Supplemental Figure 9). Yet given 
that adipocyte size in AFasKO mice on HFD was comparable to 
that in controls, it is unlikely that the increased adipose tissue Fas 
expression is the consequence of higher abundance of hypertro-
phied adipocytes in this mouse model. Rather, studies in 3T3-L1 
adipocytes suggest that TNF-α and IL-1β, two key proinflamma-
tory cytokines arising early in the inflammatory process, induce 
Fas expression (see Supplemental Figure 10). Moreover, at later 
stages of adipose tissue inflammation, adipose tissue is infiltrated 
by inflammatory cells, such as T cells and macrophages, which 
express and secrete FasL (10). Intriguingly, we found Fasl mRNA 
to be upregulated in WAT of ob/ob mice (Figure 1C). Thus, it is very 
likely that the trigger to upregulate Fas expression and activation 
in adipose tissue in obesity is the increased production of proin-
flammatory cytokines and FasL. Intriguingly, a similar regulation 
was previously shown for TNF, i.e., expression of TNF receptor 
was shown to be upregulated by different cytokines as well as by 
TNF (31, 32). Thus, like many other inflammatory mediators that 
participate in feed-forward loops to enhance the inflammatory 
response, Fas appears to be both the target and a positive mediator 
of the proinflammatory cascade of adipose tissue in obesity.

Enhanced Fas expression and activation in adipose tissue have 
functional consequences at the level of both adipose tissue and, 
indirectly, the liver. Fas is well characterized as a proapoptotic fac-
tor, and adipocyte hypertrophy in obesity was proposed to pro-
mote adipocyte cell death, possibly with some apoptotic charac-
teristics (33). It is therefore conceivable that enhanced adipocyte 
Fas expression sensitizes adipocytes to FasL-induced apoptosis. 
In addition, Fas activation may exert direct metabolic/endocrine 
effects unrelated to cell death, reminiscent of the metabolic/endo-
crine effects of TNF-α (34).

Adipose tissue inflammation was pre-
viously correlated with hepatic steatosis 
(26). Consistent with this finding, abla-
tion  of  Fas  specifically  in  adipocytes 
was associated with decreased hepatic 
steatosis and hepatic insulin resistance 
(Figures 8 and 9). Moreover, cultured 
medium from FasL-treated 3T3-L1 adi-
pocytes  induced  insulin  resistance  in 
cultured hepatocytes (Figure 9C), sup-
porting a potential  role of adipocyte-
expressed Fas in the induction of per-
turbed adipocyte-hepatocyte crosstalk 
that results in hepatic insulin resistance. 
A possible candidate mediating the link 
between adipose  tissue  inflammation 
and  hepatic  steatosis/insulin  resis-
tance is IL-6. Indeed, IL-6 treatment of 
hepatocytes induced insulin resistance 
in vitro (35), and it seems to be gener-
ally accepted that  IL-6 causes hepatic 
insulin resistance (24). Particularly, IL-6 
was shown to induce phosphorylation 

of IRS1 on Ser307 residue and to activate the negative insulin 
signaling regulator SOCS3 in C57BL/6J mice (36, 37). Accord-
ingly, IL-6 expression in adipose tissue and circulating IL-6 levels 
were reduced in HFD-fed AFasKO mice, and their livers exhibited 
decreased Ser307 phosphorylation of IRS1 and decreased mRNA 
levels of Socs3 compared with those of WT mice.

Besides IL-6, elevated portal delivery of FFAs or resistin may lead 
to hepatic steatosis and/or hepatic insulin resistance in rodents (38, 
39). Of note, insulin-induced inhibition of lipolysis was maintained 
in AFasKO but not in HFD-fed WT mice (in vivo and in vitro), sug-
gesting that postprandial hyperlipidemia could be prevented by 
adipocyte-specific Fas deletion. Likewise, mRNA levels of the fatty 
acid transporter Cd36 were significantly increased in livers of HFD-
fed WT mice, suggesting increased hepatic fatty acid uptake (40). 
In turn, increased delivery of FFAs to the liver might contribute to 
higher ceramide levels in WT compared with AFasKO livers (Figure 
8B) and subsequently to hepatic insulin resistance (41). Moreover, 
hepatic glucose production was lower in HFD-fed AFasKO mice 
(as assessed by hepatic glucose production during clamp studies). 
Interestingly, mRNA expression levels of gluconeogenic enzymes 
were not different in AFasKO and WT mice. This apparent contra-
diction might be due to the fact that liver samples were obtained 
in randomly fed mice. Moreover, similar findings with differences 
in gluconeogenic flux but without differences in mRNA levels of 
Pck1 and G6pc were previously reported by others (42). In addition, 
expression levels of PEPCK and G6Pase may not always accurately 
reflect gluconeogenesis flux (43, 44). Thus, adipocyte-specific Fas 
deletion protects the liver from developing insulin resistance and 
hepatic steatosis by interfering with Fas-mediated adipose tissue 
inflammation and/or metabolic dysregulation.

The relevance of our studies to human obesity are suggested by our 
finding that Fas is upregulated in adipose tissue of obese patients and 
even more so in obese diabetic patients. This finding may hint at a 
role of Fas in the development of obesity-induced insulin resistance in 
humans. Intriguingly, recent studies in humans revealed an associa-
tion of promoter alterations in the Fas and FasL gene with type 2 dia-
betes and insulin resistance (45), further supporting such a notion.

Figure 7
Increased secretion of immunoattractant cytokines and higher macrophage adherence in FasL-
treated 3T3-L1 adipocytes. (A) Fas ligation increases expression of proinflammatory cytokines 
in 3T3-L1 adipocytes. Mature 3T3-L1 adipocytes were incubated in the presence or absence 
of 2 ng/ml FasL for 12 hours. Medium was removed, and cells were incubated with KREBS 
buffer. Cytokine levels were then determined in the supernatant. Shown are results normalized 
to untreated cells. Results represent mean ± SEM of 4–5 independent experiments. *P < 0.05  
(1-sample t test). (B) Mature 3T3-L1 adipocytes were incubated in the presence or absence 
(control [Co]) of 2 ng/ml FasL for 12 hours. Thereafter, adipocytes were incubated with 3H-labeled 
macrophages for 1 hour at 37°C. Cells were washed and lysed (0.05N NaOH). Finally, radioactiv-
ity of lysates was determined by a beta counter. Results represent mean ± SEM of 7 independent 
experiments. *P < 0.05 (1-sample t test).
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In conclusion, our findings suggest that Fas activation in adi-
pocytes contributes to the increased production and secretion 
of inflammatory cytokines in obesity and thus contributes to 
the development of insulin resistance. Based on these findings, 
it would seem important to determine whether inhibition of 
Fas expression/activation in adipocytes constitutes a potential 

new therapeutic target in the treatment of insulin resistance and 
type 2 diabetes.

Methods
Human samples. Fat biopsy samples were taken from women undergoing 
elective laparoscopic abdominal surgery at the Soroka University Medical 

Figure 8
Reduced hepatic steatosis in HFD-fed AFasKO mice. (A) H&E-stained liver sections from WT (Fasfl/fl;Fabp4-Cre–/–) and AFasKO (Fasfl/fl;Fabp4-
Cre+/–) mice (original magnification, ×40). Total liver lipids were determined and expressed relative to lipid content in WT mice. Results repre-
sent mean ± SEM of 8 mice of each group. *P < 0.05 (Student’s t test). (B) Levels of detected liver ceramide species are shown. Results are 
mean ± SEM of 6–8 animals per group and are expressed relative to total lipids in WT mice. *P < 0.05 (Student’s t test). n.d., not detected. (C) 
mRNA expression of indicated markers in liver tissue of WT and AFasKO mice was analyzed. Results are mean ± SEM of 5–9 mice per group, 
expressed relative to WT and normalized to expression of 18S. *P < 0.05 (Student’s t test). (D and E) Liver lysates were prepared from WT and 
AFasKO mice and resolved by LDS-PAGE. (D) Lysates were immunoblotted with ADRP, PPARγ, or actin antibodies. Results are mean ± SEM 
of 4–6 animals per group and expressed relative to protein expression in WT mice. *P < 0.05 (Student’s t test). (E) Lysates were immunoblotted 
with anti–phospho–p65 NF-κB or anti-actin antibody. Expression levels of phospho-p65 are normalized to expression of actin. Results are  
mean ± SEM of 5–6 mice and expressed relative to WT.
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Center (Beer-Sheva, Israel) as described and characterized elsewhere (46, 
47). All procedures were approved in advance by the Soroka University 
Medical Center Institutional Review Committee. Patients gave written 
informed consent for all procedures.

Animals. C57BL/6J WT and Fas-def mice backcrossed for more than 
10 generations onto this same C57BL/6J inbred strain background (B6.
MRLlpr) were obtained from The Jackson Laboratory. Mice with exon 9 
of Fas flanked with loxP sites were produced as described previously (48). 
Animals with Cre recombinase controlled by the Fabp4 promoter [B6.Cg-
Tg(Fabp4-cre)1Rev/J] were purchased from The Jackson Laboratory. All 
mice were genotyped by PCR with primers amplifying the Cre transgene and 
Fas, generating 319-bp WT and 399-bp floxed allele products. C57BL/6J  
WT (C57BL/6JOlaHsd), ob/ob  (C57BL/6OlaHsd-Lep<ob>), and db/db 
(BKS.Cg-+Leprdb/+Leprdb/OlaHsd) mice were purchased from Harlan.

All mice were housed in a specific pathogen–free environment on a 12-hour  
light/12-hour dark cycle and fed ad libitum a regular chow diet (Provimi 
Kliba) or HFD (58 kcal% fat with sucrose Surwit Diet, D12331, Research 
Diets). All protocols conformed to Swiss animal protection laws and were 
approved by the Cantonal Veterinary Office (Zurich, Switzerland).

Harvesting of naive splenic macrophages. Splenocytes were isolated in PBS 
by smashing the spleen through a metal grid with a syringe plunger. After 
removal of residual tissue, cells were washed and resuspended in 0.4 ml 
MACS buffer (1× PBS, 2% FCS, 5 mM EDTA). Twenty microliters of appro-
priate beads (anti-CD11b; Miltenyi Biotec) was added, and the suspension 
was incubated on ice for 15 minutes. Upon washing, cells were applied to 
the MACS magnetic separator according to the manufacturer’s protocol. 
To elute the appropriate cells, MACS buffer was pushed through the col-
umn with a plunger. For FACS analysis (before and after MACS), about  
3 × 106 splenocytes were resuspended in FACS buffer (1× PBS, 2% FCS, 0.2% 
sodium azide, 0.02 M EDTA) and stained with anti-CD11b–PE (BD Biosci-

ences — Pharmingen) labeled antibody. After washing of the cells with FACS 
buffer, cells were analyzed immediately using FlowJo software (Tree Star).

Induction of activated peritoneal macrophages by thioglycollate. Three months 
before use, 30 g thioglycollate medium (Difco, Chemie Brunschwig AG) 
was rehydrated in 1 l H2O and autoclaved. For induction of activated peri-
toneal macrophages, mice were injected i.p. with 1 ml thioglycollate sus-
pension. Seventy-two hours later, the mice were sacrificed, and the perito-
neum was flushed with cold PBS in order to harvest the macrophages.

Intraperitoneal glucose, insulin, and pyruvate tolerance tests. For the intraperitoneal 
glucose tolerance test mice were fasted overnight; for the intraperitoneal insu-
lin and pyruvate tolerance tests, mice were fasted for 3 hours. Glucose (2 g/kg 
body weight), human recombinant insulin (0.75 U/kg or 1 U/kg body weight), 
or pyruvate (2 g/kg body weight) was injected intraperitoneally (49).

Glucose incorporation into isolated white adipocytes. Adipocyte isolation was 
performed as described previously (21, 50). To determine glucose incor-
poration, adipocytes were incubated with d-[U-14C]glucose (final glucose 
concentration, 0.89 mmol/l) for 60 minutes in the presence or absence of 
100 nM insulin. Glucose incorporation was stopped by separating cells 
from the medium by centrifugation through phthalic acid dinonyl ester 
and then subjecting them to liquid scintillation counting.

Adipocyte size determination. Aliquots of adipocyte fractions were used to 
determine mean cell diameters. Photographs of isolated adipocytes in the 
hemocytometer were taken, and images were analyzed using NIH ImageJ 
software for quantification (http://rsbweb.nih.gov/ij/). At least 100 adipo-
cytes per mouse were analyzed.

Determination of plasma insulin, adipokine, FFA, TG, and glycerol levels. Plasma 
insulin and FFA levels were determined as described previously (49). Plas-
ma adipokine and cytokine levels were determined with mouse LINCOplex 
kits from Linco Research Inc. (Labodia). TG and glycerol concentrations 
were determined using a colorimetric assay (Sigma-Aldrich).

Figure 9
Improved hepatic insulin sensitivity in AFasKO mice. (A) Lysates were immunoblotted with anti–phospho-IRS1 (Ser307) and total IRS1 antibody. 
Expression levels of pSer307 are normalized to expression of total IRS1. Results are mean ± SEM of 4 mice and expressed relative to WT. *P < 0.05 
(Student’s t test). (B) Hepatic glucose production was calculated in the basal period and in response to insulin infusion during the hyperinsulinemic-
euglycemic clamp study. Results are mean ± SEM of 3–4 animals per group and expressed relative to basal hepatic glucose production. **P < 0.01 
(Student’s t test). (C) 3T3-L1 adipocytes were incubated with or without FasL for 12 hours, and subsequently, supernatant was collected for 24 hours. 
Hepatoma cells (Fao) were incubated with the conditioned medium for 24 hours. Total cell lysates were prepared and resolved by LDS-PAGE and 
immunoblotted with anti–phospho-Akt or Akt antibody. Results are mean ± SEM of 7–9 independent experiments. **P < 0.01 (ANOVA).
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Total liver lipid extraction. Liver tissue (30 mg) was homogenized in PBS, 
and lipids were extracted in a chloroform/methanol (2:1) mixture. Total 
liver lipids were determined by a sulfo-phospho-vanillin reaction as previ-
ously described (51).

Ceramide and diacylglycerol analysis in liver tissue. Extraction of lipids from 
liver tissue (30 mg) was performed by the method of Bligh and Dyer (52) 
with 50 mM potassium phosphate buffer in the aqueous layer and β-sitos-
terol (2 μg; Sigma-Aldrich) as internal standard. Lipid extracts were ana-
lyzed on a Q-TOF Ultima spectrometer (Waters) equipped with a NanoMate 
HD (Adrion Biosciences Ltd.) by direct infusion of the samples. Ammoni-
um acetate (final concentration, 7.5 mM) was added to the extracts prior to 
analysis to induce ionization. Data were analyzed using MassLynx (version 
4.1, Waters), and targeted lipids were identified based on their exact mass. 
Relative quantities of all lipids were reported as background corrected 
intensity ratios relative to the internal standard β-sitosterol.

RNA extraction and quantitative RT-PCR. Total RNA from fat pads was 
extracted with the RNeasy Lipid Tissue Mini Kit (QIAGEN) and analyzed 
with a Bioanalyzer (Agilent Technologies). RNA (0.75 μg) was reverse tran-
scribed with Superscript III Reverse Transcriptase (Invitrogen) using random 
hexamer primer (Invitrogen). TaqMan system (Applied Biosystems) was used 
for real-time PCR amplification. Relative gene expression was obtained after 
normalization to 18s RNA (Applied Biosystems), using the formula 2–ΔΔcp 
(53). The following primers were used: TNF-α, Mm00443258_m1; IL-6, 
Mm00446190_m1; KC, Mm00433859_m1; IL-1β, Mm0043422/8_m1; FasL, 
Mm00438864_m1; cd11b, Mm00434455_m1; MCP-1, Mm00441242_m1; 
resistin, Mm00445641_m1; SOCS3, Mm00545913_s1; CD36, Mm00432403_
m1;  ArgI,  Mm00475988_m1;  IL-10,  Mm00439614_m1;  adiponectin, 
Mm00456425_m1;  PPARγ,  Mm00440945_m1;  PEPCK,  Mm0044636_
m1;  G6Pase,  Mm00839363_m1;  FAS,  Mm00662319_m1;  ACC-1,  
Mm01304289_m1; SCD-1, Mm01197142_m1; CPT-1, Mm00550438_m1; 
PPARα, Mm00627559_m1; AOX, Mm00443579_m1 (Applied Biosystems).

Glucose clamp studies. Glucose turnover rate was assessed in freely moving 
mice after 6 weeks of HFD during a euglycemic-hyperinsulinemic clamp. 
Briefly, mice were anesthetized with isoflurane, and a catheter (MRE 025, 
Braintree Scientific) was inserted into the left jugular vein and exteriorized 
at the back of the neck. After 7 days of recovery, only mice that had regained 
greater than 95% of their preoperative weight were studied. After a fasting 
period of 5 hours, 3-[3H]glucose (0.1 μCi/min; PerkinElmer) was infused for 
80 minutes, and blood was collected from tail tip for basal turnover calcula-
tion. After basal sampling, insulin (18 mU/kg/min) was infused for 2 hours. 
Euglycemia was maintained by periodically adjusting a variable infusion of 
20% glucose with a syringe pump (TSE Systems). The glucose infusion rate 
was calculated as the mean of the steady-state infusion (60–90 minutes) after 
1 hour of insulin infusion. A blood sample was collected from tail tip after 
steady-state infusion. The glucose turnover rate was calculated by dividing 
the rate of 3-[3H]glucose infusion by the plasma 3-[3H]glucose–specific activ-
ity. Hepatic glucose production was calculated by subtracting the glucose 
infusion rate from the glucose turnover rate.

Western blot analysis. Cell lysates and tissue samples were homogenized in 
a buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 
1% NP-40, 0.25% sodium deoxycholate, 1 mM sodium vanadate, 1 mM NaF, 
10 mM sodium β-glycerophosphate, 100 nM okadaic acid, 0.2 mM PMSF, 
and a 1:1,000 dilution protease inhibitor cocktail (Sigma-Aldrich). For isola-
tion of total membranes, 3T3-L1 adipocytes were lysed and homogenized 
in a buffer containing 20 mM HEPES, 250 mM sucrose, 5 mM NaN3, 1 mM 
EDTA, 0.2 mM PMSF, and a 1:1,000 dilution protease inhibitor cocktail. 
Lysates were centrifuged at 229,000 g for 90 minutes at 4°C, and the pellet 
was resuspended in homogenization buffer.

Protein concentration was determined using BCA assay (Pierce), and 
equivalent amounts of protein (20–50 μg) were resolved by LDS-PAGE 

(4%–12% gel; NuPAGE, Invitrogen). Proteins were transferred to a nitrocel-
lulose membrane (0.2 μm; Bio-Rad) and blocked for 1 hour in 5% nonfat 
dry milk (Bio-Rad) resolved in Tris-buffered saline, containing 1% Tween-
20. Membranes were incubated overnight at 4°C on a rocking platform 
with respective primary antibodies. The following primary antibodies were 
used: anti-GLUT4 (gift of A. Klip, The Hospital for Sick Children, Toronto, 
Ontario, Canada), anti-Fas, anti–phospho-IRS1 (Ser307) (Upstate), anti-
Fas (human), anti-IRS1, anti-PPARγ, anti-C/EBPα and anti-C/EBPβ (Santa 
Cruz Biotechnology Inc.), anti-ADRP (Novus Biologicals), anti-Cre and 
anti-actin (Millipore), anti–phospho-Akt (Ser473), anti-Akt and anti–phos-
pho–NF-κB p65 (Cell Signaling Technology). Subsequently, membranes 
were incubated with secondary antibody (HRP-conjugated; Santa Cruz 
Biotechnology and Alexis Biochemicals) for 1 hour at room temperature. 
Bands were detected after 5-minute incubation with Lumi-Light substrate 
(Roche). Membranes were exposed in an Image Reader and analyzed with 
Image Analyzer (FujiFilm).

Determination of 2-deoxy-3H-d-glucose uptake and lipolysis in 3T3-L1 cells. 3T3-
L1 cells were grown and differentiated into adipocytes as described pre-
viously (50). Uptake and lipolysis of 2-deoxy-3H-d-glucose (3H-2dG) were 
measured in mature 3T3-L1 adipocytes as previously reported (50, 54).

Macrophage adherence assay. Thioglycollate-activated macrophages (as 
described above) were labeled with 3H-2dG (55) by incubation with HEPES-
buffered saline containing 2.5 mM d-glucose and 5 μCi/ml 3H-2dG for  
1 hour at 37°C. Glucose uptake was stopped by 2 washes with cold HEPES-
buffered saline. Labeled macrophages were resuspended in HEPES-buffered 
saline and added to mature 3T3-L1 adipocytes, treated with or without  
2 ng/ml FasL for 12 hours in advance. After 1 hour of incubation at 37°C, 
cells were washed and lysed (0.05N NaOH). Finally, radioactivity of lysates 
was determined by a beta counter.

Experiments with conditioned medium. Mature 3T3-L1 adipocytes were incu-
bated without or with 2 ng/ml FasL for 12 hours. Cells were rinsed with PBS, 
and fresh medium (DMEM) was added and collected after 24 hours. There-
after, hepatoma cells (Fao) were incubated for 24 hours with conditioned 
medium from untreated or FasL-treated adipocytes. Fao cells were rinsed 
and stimulated with insulin (100 nM) for 7 minutes. Lysates were prepared 
and subjected to Western blot analysis using respective antibodies.

Statistics. Data are presented as mean ± SEM and were analyzed by 2-tailed 
Student’s t test, 1-sample t test, or ANOVA with a Tukey correction for mul-
tiple group comparisons. P values less than 0.05 were considered significant.
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