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Cideb Regulates Diet-Induced Obesity, Liver Steatosis,
and Insulin Sensitivity by Controlling Lipogenesis and

Fatty Acid Oxidation
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OBJECTIVE—Our previous study suggests that Cidea, a mem-
ber of Cide family proteins that share sequence homology with
the DNA fragmentation factor and are expressed at high levels in
brown adipose tissue, plays an important role in the development
of obesity. Cideb, another member of Cide family protein, is
highly expressed in the liver. We would like to understand the
physiological role of Cideb in the regulation of energy expendi-
ture and lipid metabolism.

RESEARCH DESIGN AND METHODS—We generated Cideb-
null mice by homolog recombination and then fed both wild-type
and Cideb-null mice with high-fat diet (58% fat). We then char-
acterized the animals’ adiposity index, food intake, whole-body
metabolic rate, liver morphology, rate of fatty acid synthesis and
oxidation, insulin sensitivity, and gene expression profile.

RESULTS—Cideb-null mice had lower levels of plasma triglyc-
erides and free fatty acids and were resistant to high-fat diet—
induced obesity and live steatosis. In addition, Cideb mutant
mice displayed significantly increased insulin sensitivity and
enhanced rate of whole-body metabolism and hepatic fatty acid
oxidation. More importantly, Cideb-null mice showed decreased
lipogenesis and reduced expression levels of acetyl-CoA carbox-
ylase, fatty acid synthase, and stearol-CoA desaturase. We fur-
ther demonstrated that expression levels of sterol response
element binding protein 1c was significantly decreased in Cideb-
deficient mice.

CONCLUSIONS—Our data demonstrate that Cideb is a novel
important regulator in lipid metabolism in the liver. Cideb may
represent a new therapeutic target for the treatment of obesity,
diabetes, and liver steatosis. Diabetes 56:2523-2532, 2007
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besity represents an excessive amount of body

fat and is a result of imbalance between energy

intake and expenditure. It affects a large popu-

lation in the world and is a major risk for many
metabolic diseases, such as hypertension, stroke, liver
steatosis, and even cancer. In particular, obesity has been
closely associated with insulin resistance and the devel-
opment of type 2 diabetes. Liver plays a central role in
energy homeostasis because it is the main organ for lipid
de novo synthesis, lipid uptake and secretion, fatty acid
oxidation, and the production of ketone bodies (1). It is
also an important organ for glucose synthesis (gluconeo-
genesis) and storage (glycogen synthesis). Fatty acid oxi-
dation in the liver begins with the formation of fatty
acyl-CoA, which is subsequently transported into the mi-
tochondria by the carnitine-palmitoyl transferase (CPT)
(CPT1/CPT2) shuttle-system (2). CPT1 activity is inhibited
by malonyl-CoA, the product of acetyl-CoA carboxylase
(ACC)-2 in mitochondria (3). Hepatic mitochondrial -ox-
idation of fatty acids provides energy, especially during
fasting conditions. The regulation of lipid metabolism in
liver is controlled by several classes of transcription
factors, such as peroxisome proliferator—activated recep-
tors (PPARs) (4) and sterol response element binding
proteins (SREBPs) (5). SREBP1c is crucial for triacylglyc-
erol (TAG) synthesis by regulating the expression of
several downstream target genes, such as ACC, fatty acid
synthase (FAS), and stearol-CoA desaturase 1 (SCDI)
(5,6).

Changes of lipid homeostasis in the liver by overexpres-
sion or genetic mutation of a variety of factors often result
in metabolic defects, such as obesity, diabetes, and liver
steatosis. For example, ACC2™/~ mice have a higher rate
of fatty acid oxidation (7) and are resistant to high-fat
diet-induced obesity and diabetes (3). Mice with SCDI
deficiency, an enzyme catalyzing the desatuation process
of palmitic acid to unsaturated fatty acids, have increased
fatty acid oxidation, reduced body adiposity, and in-
creased insulin sensitivity and are resistant to diet-induced
obesity and liver steatosis (8,9). Targeted overexpression
of a constitutively active nuclear form of SREBP-1c in the
liver resulted in the activation of an array of downstream
target genes and fatty liver formation (10).

Cide proteins, including Cidea, Cideb, and Fsp27 (Ci-
dec), share homology with the DNA fragmentation factor
DFF40/45 at the NH,-terminal region (11). Our previous
data revealed that Cidea is expressed at high levels in
brown adipose tissues (BAT) and that Cidea-null mice
exhibit higher energy expenditure and enhanced lipolysis
in BAT and are resistant to high-fat diet—-induced obesity
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FIG. 1. Targeted disruption of Cideb. A: The tissue
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distribution of Cideb mRNA. The result of quantita-
tive real-time PCR analysis showing high levels of
Cideb mRNA in the liver. The rest is the comparison
of levels of Cideb mRNA in other tissues to liver.
SM, skeletal muscle; SI, small intestine. B: Result of
Western blot analysis. The Cideb protein is ex-
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and diabetes (12). Recently, Cidea was shown to mediate
human obesity by regulating human adipocyte lipolysis
(13), and a V115F polymorphism in human was found to be
associated with obesity in certain population (14). Cideb
mRNAs were detected in various other tissues with high
expression levels in the liver previously (11); however, its
biological role is unclear. When overexpressed in heterol-
ogous cells, Cideb proteins can form homo-dimmer and
induce caspase-independent cell death (15). In the present
study, we generated Cideb knockout mice and showed
that mice with Cideb deficiency exhibited increased en-
ergy expenditure and improved insulin sensitivity and are
resistant to high-fat diet-induced obesity, hyperlipidemia,
or liver steatosis. Our data reveal a novel pathway in
controlling lipogenesis and fatty acid oxidation in the liver
by Cideb.
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from wild-type and mutant liver; 100 pg liver lysate
was loaded. 3-Tubulin served as a loading control.

RESEARCH DESIGN AND METHODS

Generation of Cideb-null mice and maintaining animals. Procedures for
the isolation of genomic clones, generation of Cideb-deficient mice, and
routine maintenance of mouse strain were essentially the same as previously
described (12). Animals were fed either normal chow diet (5053, PicoLab
Rodent Diet 20) or high-fat diet (D12331, 58% of kilocalories from fat;
Research Diets). During a high-fat diet treatment, 3-week-old mice were
subjected to high-fat diet feeding for 19 weeks. For fasting and refeeding
experiments, mice in the fasting group were fasted for 24 h and in the
refeeding group were fasted for 24 h and then allowed access to food and
water for 12 h before analysis (16). All mouse research activities were
reviewed and approved by the animal research committee of the Hong Kong
University of Science and Technology and Tsinghua University.

Southern blot, genotyping by PCR analysis, RNA extraction, and
real-time quantitative RT-PCR analysis. Genomic DNA was isolated from
mouse tails and subjected to Southern blot analysis as previously described
(17). The DNA fragment between the AvrIl and Ncol sites (Fig. 1C) of Cideb
genomic DNA were used as a probe. PCR analysis was used as a routine
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TABLE 1
Metabolic parameters of wild-type and Cideb-null mice

Normal diet P High-fat diet P
Parameter Wild type n Cideb null n  value* Wild type n Cideb null n value*
TAG (mmol1) (fed) 0.55 = 0.04 8 0.40 £0.03 7 021 0.82 £ 0.15 8 048 =0.06 8 0.0307+
NEFA (mEq/) (fed) 1.02 £ 0.15 8 0.60 = 0.09 7 0.03% 0.97 £ 0.06 8 074 x0.11 8 0.09
Ketone body (mmol/1)

(fed) 0.10 = 0.01 8 0.10 £ 0.02 7 0.96 0.17 £ 0.05 8 0.18 £0.03 8 0.80
Leptin (ng/ml) (fed) 3.50 £ 0.21 8 0.60 =£0.14 7 0.014% 7.76 + 0.88 8 280 *0.54 8 0.0003%
Glucose (mmol/l) (fed) 941 +046 16 756*0.20 15 0.0011§ 11.04 = 0.63 16 872 £0.29 16 0.0018§
Glucose (mmol/l) (fasted) 733026 16 6.78*025 15 0.15 8.28 £ 0.27 16 739034 16 0.08
Adiponectin (pg/ml) (fed) 9.94 = 0.64 8 11.72 = 0.51 7 0.06 6.62 = 0.61 8 853x0.54 8 0.0466+
Resistin (ng/ml) (fed) 5.92 + 0.74 8 6.17 = 0.66 7 0.81 9.80 + 1.87 8 859 +0.92 8 0.58
Body wt (g) 36.79 = 1.58 8 33.45 +0.54 7 0.08 43.83 = 1.19 8§ 37.05*1.32 8 0.0019§
Food intake (g/day) 441 £0.046 8 5.00=*=0.066 8 0.0206F ND ND
Liver (g) 1.62 + 0.09 8 151 *0.04 7 0.30 1.85 = 0.08 8 1.66 = 0.05 8 0.05
Kidney (g) 0.42 = 0.02 8 0.43 £0.02 7 0.60 0.45 = 0.01 8 047 x0.02 8 0.24
Spleen (g) 0.10 £0.003 8 0.07=0.003 7 0.0002% 0.113 = 0.008 8 0.108 =£0.008 8 0.64
Heart (g) 0.17+0.002 8 0.16+0.007 7 0.12 0.17 £ 0.0067 8 0.17*+0.006 8 0.38
Inguinal fat (g) 0.77 £ 0.14 8 0.39 £0.02 7 0.03F 2.13 £0.11 8 1.08 = 0.17 8 <0.0001%
Gonadal fat (g) 1.06 = 0.19 8 0.46 =0.03 7 0.0137 247 £ 0.16 8 1.23 = 0.17 8 <0.0001%
Retroperitoneal fat (g) 0.57 £ 0.11 8 0.15*0.01 7 0.0037¢ 1.12*£0.13 8 047 *=0.07 8 <0.0001%
Mesenteric fat (g) 0.65 = 0.12 8 0.27 £0.03 7 0.01241 1.15 *=0.06 8 0.45=*=0.05 8 <0.0001%
Subcutaneous fat (g) 0.47 £ 0.09 8 0.22 £0.02 7 0.02757 148 £0.12 8 0.61 £0.08 8 <0.0001%

*P values are the results of nonpaired Student’s ¢ test. TP < 0.05. P < 0.001. §P < 0.01. ND, not determined.

method for genotyping. Total RNA was isolated using the TRIzol reagent
(Invitrogen, Carlsbad, CA). The first-strand cDNA were synthesized from 1 pg
total RNA with oligo-(dT),, primers using Superscript III RT kit (Invitrogen)
according to the manufacturer’s protocol. Real-time PCRs were performed
with ABI SYBR GREEN PCR Master Mix in the MX3000P real-time PCR
system (Stratagene) according to the manufacturer’s instruction. The results
were normalized to B-actin level in each sample. Primer sequences are
available on request.

Whole-body oxygen consumption, food intake, glucose/insulin toler-
ance test, adiposity index, and blood chemistry. Whole-body oxygen
consumption, respiration exchange ratio, daily food intake, glucose and
insulin tolerance tests (GTT and ITT, respectively), and adiposity index were
performed as previously described (12). For blood chemistry, we measured
serum levels of triglycerides (TAG), nonesterified fatty acids (NEFAs), insulin,
leptin, and glucose as previously described (12). We used a commercial kit to
determine serum levels of ketone bodies (Wako Chemical), adiponectin, and
resistin (Linco Research).

Western blot analysis, ACC activity, and insulin infusion. Rabbit poly-
clonal antibody against mouse Cideb was generated by injecting His-tagged
truncated Cideb protein (amino acids 1-176) to rabbit as previously described
(18). Western blot analysis was performed essentially the same as previously
described (12). Liver nuclear and membrane extracts were prepared as
previously described (19). Detailed information of antibodies used for West-
ern blot analysis is shown in an online appendix, which is available at
http://dx.doi.org/10.2337/db07-0040. Western blot signal was quantified by
AlphaEase software (Alpha Innotech, San Leandro, CA). ACC activity was
determined using the [**C]bicarbonate fixation assay (20). Insulin infusion
experiment was performed using mice that were fasted for 4 h through portal
vein for 3 min as previously described (21).

Statistical analysis. All data are presented as means * SE. Differences
between groups were assessed by a two-tailed, nonpaired, or paired Student’s
t test using the Graphpad Prism statistics software (Graphpad Software).

RESULTS

Cideb mRNA is highly enriched in the liver. To char-
acterize the precise tissue distribution pattern of Cideb,
we isolated RNA from various tissues of wild-type mice
and performed semiquantitative PCR analysis. We ob-
served that Cideb is highly expressed in the liver and to a
lesser extent in the kidney (Fig. 1A). Lower expression
levels of Cideb (at least 50-fold lower compared with that
in liver) were also observed in small intestine and colon.
No Cideb mRNA was detected in BAT, white adipose
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tissue (WAT), or skeletal muscle. Western blot analysis
using antibody raised against mouse Cideb further con-
firmed that Cideb protein is present at high levels in the
liver and at moderate levels in the kidney (Fig. 1B).
Generation of Cideb-deficient mice. To elucidate the
physiological role of Cideb, we isolated Cideb genomic
DNA and generated Cideb-null mice by homologous re-
combination. The gene-targeting strategy for Cideb knock-
out is shown in Fig. 1C, in that the three COOH-terminal
exons were replaced with the neomycin-resistant gene as
a positive selection marker (Fig. 1C). A 1.6-kb fragment
(Ncol-Pstl) at the 5'-end of the genomic locus was used as
the short arm and a 7.2-kb fragment (BamHI-HindIIl) of
the 3" end of the genomic locus as the long arm. Southern
blot analysis with probe corresponding to AvrIl and Ncol
fragment revealed a 5.0-kb fragment in Cideb mutant mice
instead of 3.2-kb fragment in the wild-type mice, confirm-
ing that the Cideb locus had been disrupted as planned
(Fig. 1D). As shown in Fig. 1E, no Cideb protein was
detected in the Cideb-null mice. Routine genotyping of
Cideb-null mice was carried by PCR analysis (RESEARCH
DESIGN AND METHODS). These data suggest that Cideb gene
was successfully disrupted, and a functionally null muta-
tion of Cideb was obtained.

Cideb-deficient mice have lean phenotype. Because
our previous study on Cidea-null mice demonstrated that
it plays a crucial role in energy homeostasis, we investi-
gated a potential role of Cideb in regulating body weight
and adiposity index. When fed with a normal chow diet,
Cideb-null mice have a body weight similar to that of
wild-type mice (Table 1). However, after 19 weeks of
high-fat diet feeding, the body weight of Cideb-null mice
was significantly lower than that of wild-type mice (Fig.
2A; P < 0.001). Under high-fat diet feeding conditions,
Cideb-null mice attained an average body weight of 37.05
g compared with 43.83 g for wild-type mice (Table 1; P <
0.01). The weight of various tissues, including liver, kid-
ney, and heart, were similar between Cideb-null and
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FIG. 2. Cideb-null mice have a lean phenotype. A: Body weight of male
wild-type (+/+) (n = 13) and Cideb-null (—/—) mice (n = 12) fed with
a high-fat diet. *P < 0.05, TP < 0.01. B: Adiposity index of mice fed with
either a normal diet (ND) or a high-fat diet for 19 weeks. TP < 0.01,
P < 0.001. C: Food intake of 8-week-old wild-type and Cideb-null male
mice. *P < 0.05. D and E: Levels of plasma TAG and NEFA for wild-type
and Cideb-null male mice under fasting conditions. Number of mice
examined in each group is indicated in the respective bars. *P < 0.05,
P < 0.01, +P < 0.001.

wild-type mice (Table 1). Surprisingly, the weight of spleen
of Cidebnull mice was significantly lower than that of
wild-type mice when fed with normal diet (Table 1). No
obvious morphological difference was observed between
BAT of wild-type and Cideb mutant mice. WAT of Cideb
mutant mice is more compact, and adipocytes were
slightly smaller than those of wild type mice (Supplemen-
tary Fig. A, which is available in an online appendix at
http://dx.doi.org/10.2337/db07-0040).

We then examined the adiposity index of mice fed with
a normal diet. We found that the adiposity index in
Cideb-null mice was 52% lower (4.44 compared with 9.22%
in wild-type mice; Fig. 2B, P < 0.01). After high-fat diet
feeding, wild-type mice became obese with an adiposity
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index of 19.01%, whereas the adiposity index of Cideb-null
mice is 10.10% (Fig. 2B), representing a 46% reduction in
total body fat (P < 0.001). Consistent with the decreased
adiposity index, the weight of fat pads from different
anatomic locations in Cideb-deficient mice was signifi-
cantly reduced under both normal and high-fat diet feeding
conditions (Table 1). In accordance with the presence of a
lower amount of WAT, Cideb-null mice had significantly
lower levels of serum leptin under both normal diet (3.5 =
0.21 vs. 0.6 = 0.14 ng/ml; Table 1; P < 0.05) and high-fat
diet (7.76 = 0.88 vs. 2.80 = 0.54 ng/ml; Table 1; P < 0.001)
feeding conditions. Consequently, food intake, which is
regulated by plasma levels of leptin, was 10% higher in
Cideb-null mice than in wild-type mice (Fig. 2C; 5.00 =
0.066 vs. 4.41 = 0.046 g/day; Table 1; P < 0.05). Further-
more, levels of adiponectin that are inversely correlated
with adiposity index were increased in Cideb-deficient
mice (Table 1), and no difference in the levels of resistin
was observed between wild-type and Cideb-null mice.
When animals were fed with a high-fat diet, levels of
plasma TAG were lower in Cideb-null mice under both
feeding (Table 1; P < 0.05) and fasting (Fig. 2D; P < 0.01)
conditions. When fed with a normal diet, levels of plasma
TAG were lower in Cideb-null mice (Fig. 2D; P < 0.05)
under fasting conditions but were not different from
wild-type mice under normal feeding conditions (Table 1).
When fasted overnight, levels of plasma NEFAs were
significantly lower in Cideb-null mice under both high-fat
diet and normal diet feeding conditions (Fig. 2E). The
reduced adiposity was not due to the reduced adipogene-
sis in Cideb-null mice because the expression levels of
several adipogenic markers, such as PPARvy, adipocyte
fatty acid-binding protein 2, CEBP (CCAAT enhancer
binding protein)/a, CEBP/B, SREBP-1a, SREBP-1¢, and
SREBP-2, were similar in BAT and WAT of wild-type and
Cideb mutant mice (Supplementary Figs. B and C). Our
data clearly suggest that Cideb '~ mice have a lean
phenotype and are resistant to diet-induced obesity.
Cideb-deficient mice are resistant to diet-induced
liver steatosis. Because abnormal lipid metabolism in the
liver could lead to accumulation of TAG and fatty liver
formation, we next measured the amount of TAG in the
liver of Cideb-null mice and examined the liver morphol-
ogy by hemotoxylin and eosin or oil red O staining. Liver
TAG contents of Cideb-null mice were significantly lower
than those of wild-type mice after feeding with a high-fat
diet (Fig. 34; P < 0.01). No difference in the amount of
liver TAG was observed between wild-type and mutant
mice when they were fed with normal diet (Fig. 3B).
Morphologically, the liver of wild-type mice contained
abundant lipid droplets after high-fat diet feeding (Fig. 3C
and E). In contrast, livers of Cideb-null mice contained
significantly fewer lipid droplets (Fig. 3D and F). Electron
microscopy analysis further confirmed that hepatocytes of
wild-type mice contained much larger lipid droplets com-
pared with those of Cideb-null mice (Fig. 3G and H). The
sizes of hepatic glycogen stores, as determined by periodic
acid Schiff staining, were similar between Cideb-null and
wild-type mice (data not shown). No gross morphological
difference was observed in kidney, small intestine, pancre-
ata, WAT, skeletal muscle, or heart of wild-type and Cideb
mutant mice (data not shown). These data suggest that
Cideb-null mice were resistant to high-fat diet-induced liver
steatosis.
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FIG. 3. Cideb-deficient mice are resistant to diet-induced fatty liver. A and B: Liver TAG contents from wild-type and Cideb-null mice after
animals were fed with high-fat diet (HFD; A) or normal diet (ND; B) for a period of 19 weeks. Number of mice examined in each group is indicated
in the respective bars. Each bar represents the mean *+ SE values. *P < 0.01. C-F: Images of liver sections stained with hemotoxylin and eosin
(HE) (C and D) or oil red O (E and F) from wild-type and Cideb-null mice after 19 weeks of high-fat diet treatment. The empty vacuoles in the
hemotoxylin and eosin staining and the red color droplets in oil red O staining represent the lipid droplets in the liver. Scale bars = 100 pm. G
and H: Transmission electron micrograph of liver sections from wild-type and Cideb-null mice after 19 weeks of high-fat diet treatment. N,

nucleus; L, lipid droplets. Scale bars = 4 pm.

Cideb-deficient mice have increased fatty acid oxida-
tion and reduced expression levels of ACC2. We then
evaluated the possibility that the anti-obesity effect of
Cideb-null mice was due to increased energy expenditure
by measuring the whole-body metabolic rate by indirect
calorimetry. The Cideb-null mice exhibited a 10% higher
rate of oxygen consumption than their wild-type litter-
mates when fed with either a high-fat diet or a normal diet
per lean body mass (Fig. 4A; P < 0.05). The derived
respiratory exchange ratio (Vcog,,,/V0,) was slightly
lower in Cidea-null mice but without statistical signifi-
cance (data not shown). Levels of serum ketone bodies
(B-hydroxybutyrate), byproducts of fatty acid oxidation in
the liver, were significantly higher in Cideb-null mice after
16 h of fasting in both normal and high-fat diet conditions
(Fig. 4B; P < 0.01), suggesting an increased fatty acid
oxidation in those mice.

To further evaluate the role of Cideb in regulating fatty
acid oxidation, we examined the rate of fatty acid oxida-
tion in isolated hepatocytes using [*H]palmitic acid as a
substrate. The rate of palmitic acid oxidization in isolated
hepatocytes of Cideb-null mice was 30% higher than that of
the wild-type mice at each time point tested. These data
suggest that the hepatocytes of Cideb-null mice have
increased rates of fatty acid oxidation (Fig. 4C). The
increased fatty acid oxidation in hepatocytes was not due

DIABETES, VOL. 56, OCTOBER 2007

to increased mitochondrial activity or an upregulation of
key enzymes involved in the fatty acid oxidation pathway,
since the expression levels of several key proteins, such as
AMP-activated protein kinase «, CPT1, CPTZ2, PPARS,
PPARYy coactivator (PGC)1, and Cox IV, that are involved
in the regulation of fatty acid oxidation are similar be-
tween wild-type and Cideb-null mice (Fig. 4D). In addition,
the increased fatty acid oxidation was not caused by an
increased rate of fatty acid uptake because both wild-type
and Cideb-null mice have similar rates of fatty acid uptake
(Supplementary Fig. D). It is also important to note that
fatty acid oxidation and mitochondrial activity was not
increased in BAT, heart, and skeletal muscle (Supplemen-
tary Fig. E).

To further explore the mechanism underlying the in-
creased fatty acid oxidation rate in Cideb mutant mice, we
analyzed the expression levels of ACC2 in the liver tissue
of wild-type and Cideb-null mice using quantitative real-
time PCR analysis. The mRNA levels of ACC2 were 80 and
60% lower in Cideb-null mice under normal feeding or
re-fed conditions, respectively (Fig. 4F). In an agreement
with decreased ACC2 mRNA levels, the amount of ACC2
proteins was lower in Cideb mutant mice (Fig. 4F). These
data suggest that expression levels of ACC2, a negative
regulator of CPT1 activity and fatty acid oxidation, were
significantly reduced in Cideb-null mice, providing a mo-

2627



Cideb IS A REGULATOR IN LIVER LIPID METABOLISM

A

2-
I i
5 = 1.5
g °
=) £
= £
£ = 11
8 :
> Q
§ 0.5 -
>
+/+ .I. 0 1 15 1
HFD ND e - e o
HFD ND
C D
Fed Fasted
+/+ /- +/+ -/-
= |-_ ==-| AMPK-a
-g -a .
&) § |_———| PPAR-0®
Q
,,g g) |-=- t — 3 — 4 —| PGC-1
£ £
E g | ————acw-ewe| CPT-1
£ | i CPT-2
|—- — — —| Cox IV
L | | b-Tubulin
2 4 6 8 10 12 14
Time (hr)
E
_ 25. ACC2 O ++
(] ) m-/-
o
<_f. 2.0 Fed Fasted
5 1.5 4 +/+ /- +/+ /-
£ — — - ACC-2
g 1.0 | T ———— - o
= 88 &t 88 «| p-ACC
o 0.51 —}-
(14 .
Fed Fasted Refed
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or after overnight fasting, as stated.
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lecular explanation of increased fatty acid oxidation in
Cideb-null mice.

Cideb-deficient mice have increased insulin sensitiv-
ity. The fall in plasma TAG and NEFAs in Cideb-null mice
and their resistance to high-fat diet-induced obesity raised
the possibility that their insulin sensitivity might also be
increased. To test this, we measured levels of plasma
insulin and glucose in both wild-type and Cideb-null mice.
Levels of plasma glucose in Cideb-null mice under regular
feeding conditions were significantly lower than those in
wild-type mice (Fig. 5A). Surprisingly, we observed an 80%
reduction in the levels of plasma insulin in Cideb-null mice
when fed with high-fat diet and a 50% reduction when fed
with normal diet (Fig. 5B). No difference in insulin levels
was observed when animals were fasted for 16 h. Reduced
insulin levels did not result from impaired -cell function
in Cideb mutant mice, since the stimulated plasma insulin
levels in response to acute glucose loading were similar
(Supplementary Fig. F). We then measured the rate of
glucose disposal and insulin sensitivity in Cideb-null mice
by GTT and ITT. Cideb-null mice had significantly lower
levels of blood glucose after administration of an exoge-
nous load of glucose (Fig. 5C; P < 0.01), suggesting an
enhanced glucose disposal. Cideb-null mice showed dras-
tically reduced levels of blood glucose when injected with
excessive amounts of insulin compared with those of
wild-type mice (ITT; Fig. 5D; P < 0.001). Reduced insulin
levels, improved glucose disposal, and lower blood glu-
cose levels in ITT experiments suggest that Cideb-null
mice have enhanced insulin sensitivity.

To gain mechanistic insight into the enhanced insulin
sensitivity in Cideb-null mice, we measured levels of
tyrosine and serine phosphorylation of insulin receptor
substrate (IRS)1/IRS2; the principal mediators of insulin
signaling pathway in the liver. Levels of IRS-1 tyrosine
phosphorylation were significantly increased in the liver of
Cideb mutant mice after insulin stimulation (Fig. 5F). No
difference in IRS2 phosphorylation was observed in Cideb-
null mice (data not shown). Consistent with the increased
IRS-1 tyrosine phosphorylation, the amount of phosphor-
ylated AKT on residue Serd73, a major target of the insulin
signaling pathway, was also significantly increased in
Cidebnull mice after insulin stimulation (Fig. 5F). How-
ever, levels of IRS-1 tyrosine phosphorylation and AKT
phosphorylation in BAT, WAT, and skeletal muscle are
similar between wild-type and Cideb mutant mice (data
not shown). We then measured the mRNA levels of
gluconeogenic enzymes glucose-6-phosphatase (G6P) and
PEPCK and glycolysis enzyme glucokinase in the appar-
ently hypoinsulinemic Cideb-null mice. We observed no
significant differences in mRNA levels of GG6P, gluco-
kinase, and PEPCK (Supplementary Fig. G). Furthermore,
the rate of glucose production in the liver between wild-
type and mutant mice is similar (data not shown). These
data suggest that insulin sensitivity in the liver was im-
proved in Cideb-null mice. The improved liver insulin
sensitivity in Cideb-null mice is not dependent on adipos-
ity, as Cideb-null mice with 1-month high-fat diet feeding
already show improved insulin sensitivity but no differ-
ence in adiposity (data not shown).

Decreased fatty acid synthesis in Cideb-null mice. To
further study the effect of Cideb on lipid metabolism, we
measured the in vivo fatty acid synthesis rate in wild-type
and Cideb-null mice using *H-labeled water. Cideb-null
mice showed an ~50% reduction in fatty acid synthesis
(Fig. 6A; P < 0.05) compared with that of wild-type mice.
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In the absence of citrate (an activator of ACC), ACC
activity was low and showed no difference between wild-
type and mutant mice (Fig. 6B). In the presence of 20
mmol/l citrate, ACC activities in both wild-type and Cideb
mutant were significantly stimulated, and the stimulated
ACC activity was 40% lower in Cideb-null mice compared
with that in wild-type mice (Fig. 6B; P < 0.001).

To elucidate the molecular basis of reduced fatty acid
synthesis in Cideb-null mice, we measured the mRNA
levels of ACC1, FAS, and SCD1 using quantitative real-time
PCR analysis. The mRNA levels of ACC1, FAS, and SCD1
were significantly lower in Cideb-null mice compared with
those of wild-type mice under both fed and re-fed condi-
tions (Fig. 6C). Because fatty acid synthesis in the liver is
regulated by several classes of transcription factors, such
as SREBPla/lc, PPAR«, Chrebp, and PGCla, we mea-
sured their mRNA levels in both wild-type and Cideb
mutant mice. The mRNA levels of SREBP1c were fivefold
lower in Cideb-null mice than in wild-type mice (Fig. 6D;
P < 0.01). The mRNA levels of SREBP1a, PPAR«, Chrebp,
and PGCla were similar between wild-type and Cideb-null
mice. Consistent with decreased mRNA levels, SREBP1c
precursor in the endoplasmic reticulum or its mature
nuclear form was also significantly decreased (Fig. 6E and
F). Our data thus suggest that Cideb plays an important
and specific role in regulating fatty acid synthesis by
specifically controlling the expression of transcription
factor SREBPlc and its downstream target genes. The
effect of reduced lipogenesis may be due to the alteration
of B-oxidation because these two pathways are linked at
the level of Malonyl-CoA concentration.

DISCUSSION

Using knockout mice as a model system, we demonstrate
here that Cideb, a protein expressed at high levels in the
liver, plays an important role in regulating fatty acid
synthesis, oxidation, and insulin sensitivity. Cideb-null
mice exhibited a typical lean phenotype based on the
following observations. First, mice deficient in Cideb have
significantly lower body weight when fed with a high-fat
diet and reduced adiposity index under both normal and
high-fat diet feeding conditions. Second, levels of plasma
TAG and NEFA in Cideb-null mice are significantly lower
than those in wild-type mice. Third, the amount of high-fat
diet-induced accumulation of TAG in the liver is dramat-
ically reduced in Cideb-null mice. Besides its role in
regulating adiposity, Cideb also plays an important role in
modulating insulin sensitivity. Although Cideb-null mice
had significantly lower levels of plasma insulin, those
animals showed increased glucose disposal rate and im-
proved insulin sensitivity by ITT. Furthermore, levels of
tyrosine phosphorylation of IRS-1 and phosphorylated-
AKT in liver were increased in Cideb-null mice. Levels of
adiponectin, which enhances liver insulin sensitivity and
inversely correlates with adiposity, were higher in Cideb-
null mice. Therefore, Cideb-null mice have improved insu-
lin sensitivity in the liver. The lean and insulin-sensitive
phenotypes of Cideb-null mice are similar to those ob-
served in Cidea-deficient mice, its close homolog ex-
pressed at high levels in BAT (12), pointing to a general
role for Cide proteins in the homeostatic regulation of
energy metabolism and insulin sensitivity. However, the
increased insulin sensitivity in Cidea-null mice is likely
contributed by peripheral tissues, such as BAT and WAT.

The anti-obesity effect of Cideb deficiency is in part due
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FIG. 5. Increased insulin sensitivity in the liver of Cideb-null mice. A: Blood glucose levels of wild-type (+/+) (n = 8) and Cideb-null (—/-) (n =
7) male mice fed with either a normal or a high-fat diet under fed or overnight fasting state. TP < 0.01. B: Serum insulin levels of wild-type and
Cideb-null (n = 13 each) male mice fed with either a normal or a high-fat diet under fed or overnight fasting state. P < 0.01, P < 0.001. C: GTT
on 10-week-old wild-type and Cideb-null male mice. *P < 0.05, 1P < 0.01. D: ITT on 10-week-old wild-type and Cideb-null mice. *P < 0.05. n =
8 each. E: Western blot analysis of insulin-stimulated IRS-1 tyrosine phosphorylation (pY) and total IRS-1 levels in liver extract of wild-type
(+/+) and Cideb-null (—/—) mice. Liver tissues were removed after insulin infusion (1 unit/kg) through portal vein for 3 min. One milligram of
total liver proteins was used for immunoprecipitation (IP) with anti-IRS-1 antibody and subsequently immunoblotted (IB) with antibodies
against phospho-tyrosine (pY) of IRS-1 and IRS-1. Quantification of ratio of insulin-induced IRS-1 phosphorylation to total IRS-1 levels in
wild-type (+/+) and Cideb-null (—/—) mice is displayed (bottom). F: Western blot analysis of phospho-AKT (P-AKT) at Ser473 and total AKT
levels in livers wild-type (+/+) and Cideb-null (—/—) male mice after insulin infusion. Bottom displays the quantification of ratio of
insulin-induced AKT Ser473 phosphorylation to total AKT levels in wild-type (+/+) and Cideb-null (—/—) mice. *P < 0.05. Data are means * SE.
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FIG. 6. Decreased lipogenesis in Cideb-null mice. A: In vivo fatty acid synthesis rate in liver was determined in 3-month-old wild-type (+/+) and
Cideb-null (—/—) mice under normal diet conditions (n = 3). Each mouse was injected intraperitoneally with *H-labeled water (50 mCi in 0.1 ml
isotonic saline) after fasting for 2 h. *P < 0.05. B: ACC activity in liver of wild-type and Cideb-null male mice (n = 3) in the absence (left) or
presence (right) of 20 mmol/l citrate. P < 0.001. C: Relative mRNA levels of ACC1, FAS, and SCD1 in livers of 22-week-old wild-type and
Cideb-null mice (rn = 5 each) in randomly fed state or after fasting with or without refeeding state. *P < 0.05, P < 0.01, 1P < 0.001. Data are
means * SE. D: Relative mRNA levels of SREBP-1a, SREBP-1¢, Chrebp, PGCla, and PPAR« in livers of 22-week-old wild-type (+/+) and
Cideb-null (—/—) mice (n = 5 each) in randomly fed state. E and F: Western blot analysis of SREBP-1c in membrane (E) and nuclear (F) extracts
from livers of wild type (+/+) and Cideb-null (—/—) mice (n = 3 each). The right panels represent quantitative analysis of SREBP-1c protein level
in liver membrane and nuclear extract of Cideb-null (—/—) mice compared with wild-type (+/+) mice. {P < 0.01, P < 0.001. Data are means *

SE. Calnexin and histone 2A (H2A) are loading controls for membrane and nuclear extracts, respectively.

to increased energy expenditure including whole-body
metabolism and fatty acid oxidation. We showed that
ACC2 expression is significantly lower in Cideb-null mice.
It is well known that ACC2 plays a crucial role in fatty acid
oxidation by converting acetyl-CoA into malonyl-CoA that
in turn inhibits CPT1 activity and fatty acid transportation
into mitochondria and hence lower oxidation rates. There-
fore, reduced ACC2 levels could at least in part account for
the increased fatty acid oxidation and energy expenditure
in Cideb-null mice. Although we cannot completely elim-
inate the contribution of other tissues such WAT and
skeletal muscle in the increased energy expenditure in
Cideb-null mice, no difference in gross morphology, rate of
fatty acid oxidation, mitochondrial activity, or expression
levels of enzymes regulating fatty acid oxidation was
observed in these tissues between wild-type and Cideb-
null mice.

The lean phenotype could also be due to the reduced
lipogenesis because we observed significantly reduced in
vivo fatty acid synthesis and decreased ACC activity in the
liver of Cideb-null mice. Cideb regulates lipogenesis at the
level of transcription because the expression levels of
SREBPI1c and its downstream target genes ACC, FAS, and
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SCD1 are downregulated. Therefore, the lean phenotype of
Cideb deficiency might be a combined effect of increased
energy expenditure and decreased lipogenesis in the liver
of Cidebnull mice, which results in the increased con-
sumption of dietary fat and lower levels of lipid secretion.
However, at this point, it is uncertain as to how these liver
effects can lead to such a profound influence on adiposity.
Further work will be needed to clarify whether other
mechanisms could also be involved. Although the precise
molecular basis of Cideb underlying the regulation of gene
expression of SREBPlc and its downstream targets re-
mains to be resolved, our data reveal a novel pathway of
regulating lipid metabolism in the liver that is controlled
by Cideb and provide a promising therapeutic target for
various metabolic disorders, such as obesity, diabetes, and
fatty liver.
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