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 A primary physiological function of the orphan nuclear 
receptor small heterodimer partner (SHP) is in the nega-
tive feedback regulation of  Cyp7A1  gene expression in re-
sponse to elevated bile acids ( 1, 2 ), although SHP 
independent bile acid feedback pathways have also been 
suggested ( 3–5 ). In addition, SHP plays a role in the basal 
bile fl ow rate through regulation of the bile salt export 
pump, BSEP ( 6 ). 

 Interaction of SHP with hepatocyte nuclear factor alpha 
(HNF4 � ), a gene responsible for maturity-onset diabetes 
of the young, suggested possible linkage between  SHP  and 
diabetes ( 7 ). Indeed, several heterozygous mutations in 
the  SHP  gene have been found in mildly obese Japanese 
subjects with maturity-onset diabetes of the young ( 8 ). Ad-
ditional analysis revealed that the  SHP  mutations cosegre-
gated with obesity but not with diabetes. Novel genetic 
variants were also found in UK and Danish populations, 
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caused by enhanced PGC-1 �  expression in brown adipo-
cytes. However, congenic  SHP  � / �    mice on the C57BL/6 
background showed normal expression of  PGC-1 �   and 
other genes involved in brown adipose tissue thermogene-
sis. Thus, we reinvestigated the impact of small heterodimer 
partner (SHP) deletion on diet-induced obesity and insulin 
resistance using congenic  SHP  � / �    mice. Compared with their 
C57BL/6 wild-type counterparts,  SHP  � / �    mice subjected to 
a 6 month challenge with a Western diet (WestD) were leaner 
but more glucose intolerant, showed hepatic insulin resis-
tance despite decreased triglyceride accumulation and in-
creased  � -oxidation, exhibited alterations in peripheral tissue 
uptake of dietary lipids, maintained a higher respiratory 
quotient, which did not decrease even after WestD feeding, 
and displayed islet dysfunction. Hepatic mRNA expression 
analysis revealed that many genes expressed higher in  SHP  � / �    
mice fed WestD were direct peroxisome proliferator-activated 
receptor alpha (PPAR     � ) targets. Indeed, transient transfec-
tion and chromatin immunoprecipitation verifi ed that SHP 
strongly repressed PPAR � -mediated transactivation.   SHP 
is a pivotal metabolic sensor controlling lipid homeostasis in 
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After probing with anti phospho-Akt (Ser473) or Akt antibodies 
(1:1000 dilution, Cell Signaling, Beverly, MA), the specifi c protein 
bands were visualized by a chemiluminescence system (Thermo 
Scientifi c, Rockford, IL) after incubation with HRP-linked second-
ary antibodies (1:5000 dilution, Invitrogen, Carlsbad, CA). The 
same membranes were stripped and reprobed with anti- � -actin 
antibody (1:1000 dilution, Santa Cruz, Santa Cruz, CA). 

 Indirect calorimetry and activity measurement 
 Oxymax system (Columbus Instruments, Columbus, OH) was 

used for indirect calorimetry at the Baylor mouse phenotyping 
core facility. All the parameters were measured every 10 min for 
24 h and normalized to lean mass. Physical activity was measured 
in a separate group of mice (n = 6 per group) using infrared 
photocell-based activity monitor from Columbus Instruments at 
Kent State University. Beam breaks were recorded every 10 s for 
the duration of the 24 h study. 

 Transient transfection and ChIP 
 A luciferase reporter gene driven by three copies of the PPAR 

binding element from the Acox1 (acyl-CoA oxidase) promoter ( 15 ), 
actin- � -galactosidase ( 16 ), PPAR   �  and/or retinoid X receptor 
(RXR � ) expression plasmids were cotransfected into HepG2 cells 
along with cytomegalovirus promoter-driven CDM8 ( 17 ) or 
CDM8mSHP using Fugene reagent (Roche, Indianapolis, IN). After 
overnight culture, cells were replenished with media containing 
charcoal stripped serum plus DMSO, 2 nM GW7647 (PPAR � -specifi c 
agonist, Cayman Chem, Ann Arbor, MI), 1  � M LG1069 (RXR-
specifi c agonist, LC labs, Woburn, MA), or 10  � M 9- cis  retinoic acid 
(Biomol, Farmingdale, NY) and incubated another 24 h before har-
vest for luciferase assy. Dual-light combined reporter gene assay 
system (Applied Biosystems, Carlsbad, CA) was used to measure 
luciferase and  � -galactosidase activities. For chromatin immunopre-
cipitation (ChIP) assay, mouse liver nuclei were isolated and soni-
cated to solubilize chromosomal DNAs and their associated proteins 
after crosslinking with formaldehyde treatment. The extracts were 
incubated with anti-PPAR � , anti-SHP antibodies, or IgG (Santa 
Cruz) overnight and the immunocomplexes were precipitated us-
ing protein A agarose (Millipore, Bedford, MA). After decrosslink-
ing, immunoprecipitated DNA fragments were amplifi ed by PCR 
using primers (forward: 5 ′ -tagccaacgacaatgaacc-3 ′ , reverse: 5 ′ -cg-
gaaaccagaagggaatg-3 ′ ) designed for mouse Acox1 promoter region 
containing two PPAR binding elements. As a negative control, prim-
ers designed for -7.5kb upstream of Acox1 start codon were used. 

 Serum and tissue chemistry 
 Unless otherwise indicated, blood was drawn from orbital 

plexus after overnight fasting and glucose was measured with One 
Touch glucometer. Serum was prepared in Terumo Capiject tube 
(Fisher, Pittsburgh, PA) and stored at  � 80°C until use. Lipids 
were extracted from liver using chloroform-methanol extraction 
( 18 ). Enzymatic assay kits were used for the determination of non-
esterifi ed fatty acids (Wako, Richmond, VA), cholesterol, and trig-
lyceride (TG) (Thermo Scientifi c). Hepatic lipids were normalized 
to the dried liver weight after chloroform-methanol extraction. 
Insulin concentration was measured using a mouse/rat insulin 
ELISA kit (Millipore). Hepatic glycogen content was determined 
using a commercial kit (Biovision, Mountain View, CA). 

 Quantitative real-time PCR 
 Quantitative PCR (qPCR, SYBR green or TaqMan) analysis was 

performed on an ABI prism 7500 sequence detection system (Ap-
plied Biosystems). Expression was normalized to GAPDH and the 
relative quantifi cation was calculated using  � Ct values. The real-
time PCR primer and probe sets were purchased from Qiagen 

but only the variants in UK subjects were linked to obesity 
( 9–11 ). Importantly, all key  SHP  variants were associated 
with loss of the HNF4 �  inhibition. 

 Development of type 2 diabetes is strongly associated 
with obesity and hepatic steatosis ( 12, 13 ). The adverse ef-
fect of liver fat accumulation on glucose homeostasis is 
one of several cornerstones of the metabolic syndrome. 
An earlier study with mixed background  SHP  � / �    mice re-
vealed that they were protected from diet-induced obesity 
(DIO) and showed improved glucose homeostasis and de-
creased hepatic steatosis ( 14 ). These phenotypes were at-
tributed to increased whole-body energy expenditure by 
brown adipose tissue (BAT) where major genes involved 
in energy expenditure were upregulated. However, con-
genic C57BL/6  SHP  � / �    mice ( 6 ) fed the same Western 
diet (WestD) were also resistant to DIO, but the expres-
sion of these genes in BAT was not altered. Therefore, we 
reinvestigated the phenotype of DIO resistance in con-
genic  SHP  � / �    mice and observed a distinctive series of meta-
bolic signatures including whole-body glucose intolerance, 
infl exible RQ, and lipid redistribution. Many strongly up-
regulated genes in  SHP  � / �    mice fed WestD are direct tar-
gets of PPAR �  and HNF  4 � . Thus, the loss of SHP results in 
a disruption of the association between fat accumulation 
and insulin sensitivity. 

 MATERIALS AND METHODS 

 Animals and treatments 
 The congenic  SHP   � / �     mice used for this experiment were gen-

erated by backcrossing to C57BL/6 mice (Harlan, Indianapolis, 
IN  ) for 10 generations ( 6 ) and only male mice were used through-
out experiments. Age-matched male C57BL/6 mice (Harlan) were 
bred and housed in the same room along with  SHP  � / �    mice. The 
mice were fed a WestD [Harlan; 21% (w/w) total lipid (42% calo-
ries from fat), 0.2% (w/w) cholesterol, 4.5 kcal/g] or chow diet 
[CD; Test Diet, Richmond, IN  , 5% (w/w) total lipid (13% calories 
from fat), <0.04% (w/w) cholesterol, 4.07 kcal/g] for 12–24 weeks 
as indicated. All tissues and blood were collected after overnight 
fasting. Glucose tolerance tests (GTT) were performed by intra-
peritoneal injection of glucose (1 g/kg for WestD-fed groups or 
2 g/kg for Chow-fed groups) after overnight fasting. Insulin toler-
ance tests (ITT) were performed by intraperitoneal injection of 
1 U/kg insulin (humulin; Lilly, Indianapolis, IN) 6 h after food 
removal. Blood glucose was measured on tail vein samples using 
One Touch glucometer (LifeScan, Milpitas, CA). Mice were main-
tained in the accredited   pathogen-free facilities at Northeast Ohio 
Medical University, Baylor College of Medicine, or Seoul National 
University Bundang Hospital on a 12 h light/dark cycle and fed a 
standard rodent CD and water was available ad libitum. All animals 
received humane care according to the criteria outlined in the 
“Guide for the Care and Use of Laboratory Animals” prepared by 
the National Academy of Sciences and published by the National 
Institutes of Health (NIH publication 86-23, revised 1985) and all 
protocols for animal use were approved by these institutes. 

 Insulin sensitivity and Western blotting 
 Mice fed WestD for 22 weeks were injected with 5 U/kg of hu-

mulin after overnight fasting. Mice were euthanized 5 min after the 
injection and livers and quadriceps were collected. Twenty micro-
grams of proteins from the tissues were subjected to Western blot. 
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Contrary to previous results, however, expression of major 
energy expenditure genes in BAT was not different be-
tween the two genotypes ( Fig. 1C ) ( 14 ). Moreover, SHP 
expression was not detected in C57BL/6 BAT ( Fig. 1D ), 
which is in accord with previous reports ( 21, 22 ). 

 We examined food intake and physical activity to under-
stand the DIO resistance.  SHP  � / �    mice exhibited compa-
rable caloric intake to those of WT counterparts whether 
on CD or WestD (supplementary  Fig. I ). They also showed 
no signifi cant statistical difference in physical activities, al-
though  SHP  � / �    mice exhibited a trend toward elevated 
locomotor activity in the 24 h measurement but a trend 
toward reduced vertical activity ( Fig. 1E ). 

 Increased oxygen consumption and respiratory quotient 
in  SHP  � / �    mice 

 Indirect calorimetry was used to measure energy expen-
diture of the  SHP  � / �    mice. Even though the function of 
BAT appeared normal compared with wild-type (WT) 
mice,  SHP  � / �    mice consumed signifi cantly more oxygen on 
either diet, especially during the dark cycle (  Fig. 2A  ).  Respi-
ratory quotient (RQ), which measures substrate utilization, 
was higher in  SHP  � / �    mice, suggesting higher carbohydrate 
utilization ( Fig. 2B ). The higher RQ may be accounted for 
by improved muscle insulin sensitivity of the null mice (see 
below). Elevated dietary fat decreases RQ in normal ani-
mals due to higher fat utilization ( 23 ). Although the RQ of 
WT mice fed WestD was decreased as expected, the RQ of 
 SHP  � / �    mice fed WestD did not change compared with the 
CD-fed group, especially during the dark cycle (19:00–
10:00) (supplementary  Fig. II ). This indicates that  SHP  � / �    
mice lack “metabolic fl exibility” ( 23 ). However, the differ-
ence in the RQ between the two genotypes became mini-
mal during fasting conditions (data not shown) or during 
the light cycle (11:00–18:00) in fed conditions. 

 Based on this differential energy utilization, we tested 
the physical endurance of  SHP  � / �    mice. There was no dif-
ference in endurance between the two genotypes as shown 
by comparable running endurance on a treadmill ( Fig. 
2C ). Interestingly, the measured VO 2 max on a treadmill 
was still signifi cantly higher in  SHP  � / �    mice than in WT 
mice ( Fig. 2D ), suggesting that observed higher VO 2  in 
lean  SHP  � / �    mice is from alterations in intrinsic metabolic 
pathways of energy utilization. 

 Elevated hepatic  � -oxidation protects WestD-fed  SHP  � / �    
mice from hepatic steatosis 

 Consistent with earlier results, livers from WestD-fed WT 
mice were enlarged and pale, whereas  SHP  � / �    livers were 
smaller and darker, resulting in a smaller liver to body weight 
ratio. Aged  SHP  � / �    mice also showed smaller livers than age-
matched WT mice (supplementary  Fig. IIIA ). This is due to 
differences in lipid accumulation, as shown in hematoxylin-
eosin staining of the liver sections (supplementary  Fig. IIIB ) 
and hepatic TG and cholesterol levels (supplementary  Fig. 
IIIC ). We also observed moderately decreased serum lipid 
levels in  SHP  � / �    mice (supplementary  Fig. IIID ). 

 To understand why  SHP  � / �    mice accumulate less hepatic 
fat, we examined fatty acid oxidation and TG secretion. 

(SYBR green analysis) or Applied Biosystems (TaqMan analysis) 
except mouse SHP (forward: 5 ′ - tgggtcccaaggagtatgc-3 ′ , reverse: 
5 ′ - gctccaagacttcacacagtg-3 ′ ). 

 Determination of fatty acid oxidation and hepatic TG 
secretion 

 The fatty acid oxidation rate was evaluated by  14 CO 2  genera-
tion from [ 14 C]palmitate (PerkinElmer, Waltham, MA) using 
mouse liver homogenates as previously described ( 19 ) with some 
modifi cations. An amount of 20–25 mg   of liver samples was 
minced and homogenized in 500  � l of sucrose-EDTA buffer by 
thirty strokes with a Tefl on pestle at 1,200 rpm. A total of 50  � l of 
the homogenates was mixed with 150  � l incubation buffer in a 
well adjacent to a well containing 200  � l 1M NaOH. After incuba-
tion for 2 h in a 30°C water bath with constant agitation, the reac-
tion was terminated by addition of 50  � l 4N sulfuric acid. 
Radioactivity of CO 2  trapped in 150  � l NaOH solution was deter-
mined using liquid scintillation counter and normalized to pro-
tein concentration of the initial homogenates. To measure 
hepatic TG   secretion, mice fed either CD or WestD (3 weeks) 
were injected intraperitoneally with 1,000 mg/kg of poloxamer 
407 4 h after food removal as described ( 20 ). Serum TG content 
at each time point was determined by Infi nity TG kit (Thermo 
Scientifi c). 

 Tissue distribution of dietary fat 
 To determine tissue distribution of dietary fat, 2-month-old 

mice were orally challenged with 200  � l olive oil containing 2 � Ci 
[ 14 C]trioleoylglycerol (PerkinElmer) after overnight fasting. 
Four hours later, mice were euthanized to collect liver, quadri-
ceps, and epididymal fat for their radioactivity levels. 

 Islet isolation and insulin secretion in static incubation 
 Islets were isolated using pancreatic perfusion with collage-

nase solution (type XI, Sigma, St. Louis, MO) followed by Neu-
tral Red staining. The stained islets were hand picked under a 
microscope. Ten similar sized islets were used for in vitro glucose-
stimulated insulin secretion (GSIS) after overnight incubation in 
serum free RPMI media containing 11.1 mM glucose. Media were 
collected 30 min after glucose challenge. Insulin contents of the 
islets were measured after acid ethanol lysis and normalized to 
protein concentration. 

 Statistics 
 Data were presented as means ± SEM. All the p-values, if not 

specifi ed, were obtained using 2-way ANOVA with Bonferroni 
posttests. 

 RESULTS 

  SHP  � / �    mice are resistant to WestD-induced obesity with 
normal brown adipocyte function 

 On a control CD, young adult congenic  SHP  � / �    mice 
showed no difference in body weight gain compared with 
WT   mice. However, at 70 weeks, they weighed approxi-
mately 10% less than age-matched WT mice (  Fig. 1A  ).  
When WT and  SHP  � / �    mice were fed WestD, a body weight 
difference was evident as early as 2 weeks, similar to the 
previous study with mixed background  SHP  � / �    mice 
( Fig. 1B ). Analysis of body composition using dual energy 
X-ray absorptiometry revealed a dramatic difference in fat 
mass between WestD-fed WT and  SHP  � / �    mice (  Table 1  ).  
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used a different LPL inhibitor, tyloxapol, and monitored 
only the initial 2 h after injection of the LPL inhibitor. 

 SHP regulates the expression of genes involved in fatty 
acid oxidation upon WestD challenge 

 To determine the role of SHP in regulating fatty acid 
oxidation, we analyzed liver gene expression in WT and 
 SHP  � / �    mice fed CD or WestD. Expression of major genes 
involved in fatty acid oxidation and ketone body forma-
tion was higher in  SHP  � / �    mice fed WestD compared with 
their WT counterparts (  Fig. 4A  ).  The observed higher 

The livers from  SHP  � / �    mice exhibited signifi cantly higher 
fatty acid oxidation than WT counterparts (  Fig. 3A  ),  result-
ing in higher plasma total ketone body level in the WestD-
fed group ( Fig. 3B ). When hepatic TG secretion was 
measured for 20 h after injecting 1,000 mg/kg poloxamer 
407, a strong inhibitor of lipoprotein lipase, we observed 
no difference between  SHP  � / �    and WT mice ( Fig. 3C ). 
This result contrasts with the increased VLDL secretion 
previously described in  SHP  � / �    mice relative to  SHP +/+   con-
trol mice either on ob/ob or C57BL/6 background ( 24 ). It 
should be noted, however, that the previous experiment 

  Fig.   1.  Congenic  SHP  � / �    mice werere protected from diet-induced obesity and maintained normal expres-
sion of genes responsible for energy expenditure in brown adipocytes. A: Growth curve of WT (n = 8) and 
 SHP  � / �    mice (n = 8) fed standard rodent CD (4% fat;  � 0.04% cholesterol) (right panel) and body weights 
of WT (n = 4) and  SHP  � / �    mice (n = 3) at 70 weeks of age fed CD (left panel). *,  P  < 0.05. B: Growth curve 
of 2-month-old WT and  SHP  � / �    mice fed high-fat diet containing high fat and high cholesterol (21% milk 
fat, 0.2% cholesterol) for 22 weeks. Average of eight mice per each group was plotted with standard error. 
For statistics, Student’s  t -test was used at each time point. *,  P  < 0.05. C: Gene expression in BAT of WT and 
 SHP  � / �    fed chow or WestD for 22 wks was determined by Northern blot analysis with indicated radiolabeled 
probes. D: q  PCR amplifi cation of SHP mRNA in BAT. SHP expression in BAT of WT and  SHP  � / �    mice fed 
CD was compared with that in liver from the same animal (n = 4) (left panel). The expression in BAT from 
left panel was scaled up for comparison (right panel). E: Physical activity of the  SHP  � / �    and WT mice fed 
chow. Three-month-old mice fed chow were used for 24 h (from noon on day 1 to noon on day 2) activity 
measurement. Average beam break numbers per minute from six mice were plotted with SEM.   
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tween the two genotypes ( Fig. 4C ). In contrast, expression 
of major lipogenic genes was lower in  SHP  � / �    mice fed 
WestD ( Fig. 4B ), consistent with decreased expression of 
SREBP1 and PPAR �  ( Fig. 4C ). The observed decrease in 

mRNA expression appeared to be due to the lack of down-
regulation response upon WestD challenge in  SHP  � / �    ani-
mals. Expression of PPAR � , a major transcription factor 
regulating  � -oxidation, was not signifi cantly different be-

 TABLE 1. Analysis of body composition by PIXImus Densitometry 

Chow WestD

SHP +/+ SHP  � / �  SHP +/+ SHP  � / �  

Number of mouse 6 4 4 4
Body Weight (g) 30.02 ± 1.49 27.8 ± 0.79 41 ± 0.91  a  28.65 ± 0.7  b  
Lean Mass (g) 19.68 ± 0.79 18.73 ± 0.63 23.73 ± 0.49  a  20.33 ± 0.38  b  
Fat (g) 4.43 ± 0.57 3.48 ± 0.31 10.68 ± 0.31  a  3.73 ± 0.19  b  
% Fat 18.2 ± 1.88 15.6 ± 0.96 30.98 ± 0.71  a  15.36 ± 0.73  b  
BMD (g/cm 2 ) 0.05 ± 0.0012 0.049 ± 0.0005 0.049 ± 0.0008 0.05 ± 0.0009
BMC (g) 0.47 ± 0.021 0.47 ± 0.025 0.39 ± 0.006  a  0.49 ± 0.007  b  
Bone Area (cm 2 ) 9.45 ± 0.37 9.55 ± 0.46 7.87 ± 0.08  a  10.03 ± 0.17  b  

Body compositions of WT and  SHP  � / �    mice after 22 weeks WestD feeding presented as mean ± SEM. BMD, 
bone mineral density; BMC, bone mineral content. Data were obtained from a group of mice used in  Fig. 2 .

  a     P  < 0.009 versus WT fed CD.
  b     P  < 0.002 versus WT fed WestD.

  Fig.   2.  Indirect calorimetry indicates that  SHP  � / �    mice exhibit higher oxygen consumption (VO 2 ) and 
higher respiratory quotient. A, B: Mice fed chow diet (CD) (top panel) or WestD (center and bottom panel) 
were evaluated every 10 min for their VO 2  (A, normalized to lean mass) and RQ (B) in Oxymax chambers 
from Columbus Instruments while they were fed diets and water ad libitum. The average values for 1 h inter-
val were plotted along with standard error. Student’s  t -test was used to compare genotypic signifi cance at 
each time point. WT fed chow (n = 6), all other groups (n = 4), *,  P  < 0.05. C, D: The WestD-fed groups 
(n = 4) were placed in metabolic modular treadmills to measure their running endurance (C) and VO 2 max 
(D). The starting treadmill speed was 6 m/min and speed and incline were raised every 2 min by 2 m/min 
and 5°, respectively. C: Average of their lasting time (left panel) and maximum speed (right panel) before 
fall-off were presented. D: Average VO 2  (normalized to lean mass) of 2 min measurement at each speed 
(m/min) was presented with SEM. P-value presents overall effect of genotype calculated by 2-way ANOVA.   
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repression contributes to the increased hepatic  � -oxidation 
rate in  SHP  � / �    livers fed WestD. 

 Altered mobilization of dietary fat is evident 
in  SHP  � / �    mice 

 Surprisingly, lipid uptake genes were also signifi cantly 
increased in  SHP  � / �    mice ( Fig. 4D ). In order to examine 
hepatic lipid uptake directly, we treated mice by oral gav-
age with oil containing [ 14 C] labeled trioleoylglycerol and 
measured peripheral tissue radioactivity levels 4 h after 
challenge. As shown in  Fig. 4F , signifi cantly smaller 
amounts of labeled lipids were detected in white adipose 
tissue and muscle than in liver of  SHP  � / �    mice compared 
with WT mice. Along with the gene expression result, this 
indicates that  SHP  � / �    mice facilitate higher distribution of 
dietary lipids to liver than to other major peripheral tis-
sues. Interestingly, overall tissue retention of the labeled 
lipids was smaller in  SHP  � / �    mice, suggesting reduced in-
testinal fat absorption. Indeed, intestinal radioactivity lev-
els remained higher in  SHP  � / �    mice 4 h after oil challenge 
(supplementary  Fig. VIB ) and plasma radioactivity at 1 hr 
after the oil challenge was lower in  SHP  � / �    mice (supple-
mentary  Fig. VIA ). 

  SHP  � / �    mice exhibit severe glucose intolerance after 
WestD regimen 

 To assess glucose homeostasis in the  SHP  � / �    mice, we 
performed a GTT after 22 weeks of the WestD regimen. 
The two genotypes fed CD showed no difference in GTT 
(supplementary Fig. VIIA). Surprisingly, the less obese 
 SHP  � / �    mice on the WestD showed signifi cantly impaired 
glucose clearance (  Fig. 5A  ).  Contrary to the glucose intol-
erance,  SHP  � / �    mice had similar levels of baseline fasted 
serum glucose and insulin compared with WT mice 
whether fed CD or WestD (supplementary Fig. VIIB). 
Equally important, the ITT did not reveal differences in 
whole-body insulin sensitivity ( Fig. 5B ). Hepatic insulin 
sensitivity, assessed by levels of phosphorylated Akt upon 
insulin challenge, was decreased in the  SHP  � / �    mice fed 
WestD ( Fig. 5C ), although it was not different when fed 
CD (supplementary Fig. VIII). On the contrary,  SHP  � / �    
skeletal muscle showed an opposite response. Thus, in 
 SHP  � / �    mice, the compromised hepatic insulin sensitivity 
appeared to be compensated for by the muscle to main-
tain normal serum glucose despite apparent glucose 
intolerance in the animals. The observed muscle and he-
patic insulin sensitivities can be supported by a relatively 
sharp decrease of serum glucose at later time point of the 
GTT ( Fig. 5A ) and by decreased glycogen storage and 
gene expression data showing increased gluconeogenesis 
and decreased glycolysis (  Fig. 6A , C ),  respectively. Espe-
cially, higher gene expression of glucose-6-phosphatase 
and phosphoenolpyruvate carboxykinase, direct targets of 
HNF4 �  or PPAR �  transactivation ( 25–28 ), during WestD-
feeding suggests a direct transcriptional regulatory role of 
SHP in the expression of these gluconeogenic genes ( 7 ). 
In addition, increased insulin sensitivity in the muscle re-
sulted in decreased TG and glycogen contents associated 
with the observed lipid redistribution, enhanced glucose 

PPAR �  expression is mostly due to the lack of PPAR � 2 sub-
type (supplementary  Fig. IV ). The contribution of carbo-
hydrate-response element-binding protein, a positive 
regulator of glycolysis and lipogenesis, to the liver pheno-
type of  SHP  � / �    mice appeared minimal. Interestingly, the 
difference in the expression of some major genes was al-
ready noticeable after a 4 week WestD regimen (supple-
mentary  Fig. V ). The higher  � -oxidation rate in  SHP  � / �    
liver prompted us to test a regulatory role of SHP in 
PPAR � -mediated transactivation. In a transient transfec-
tion assay, SHP selectively repressed RXR-ligand-activated 
PPAR �  transactivation of an Acox1 promoter driven lu-
ciferase reporter ( Fig. 4E , top panel). The observed re-
pression on the report gene activity is not mediated 
through possible RXR homodimer. Importantly, PPAR �  
and SHP were corecruited to the Acox1 promoter in WT 
liver ( Fig. 4E , bottom panel). These results suggest that 
SHP normally represses PPAR �  transactivation and target 
gene expression. Although the exact mechanism of how 
or when SHP is recruited to the PPAR �  target genes 
remains to be defi ned, we conclude that the loss of this 

  Fig.   3.  Elevated fatty acid oxidation in  SHP  � / �    liver. A: Fatty acid 
oxidation (FAO  ) of livers from WT and  SHP  � / �    mice (n = 4/
group) fed WestD for 12 weeks was assessed with [ 14 C] labeled 
palmitic acid as described in the Materials and Methods. Radioac-
tivity in reaction buffer after assay was normalized to amount of 
the protein in the liver. B: Total ketone bodies from sera of WT 
and  SHP  � / �    mice (n = 9 to 10) on 22wk-WestD regimen. C: Hepatic 
TG secretion from 4-month-old mice (n = 4) fed CD or WestD. 
Mice in WestD group were fed the diet for 3 weeks and injected i.p. 
1,000 mg/kg poloxamer at 4 h after food removal. Serum TG lev-
els were measured at 0, 1, 2, 4, and 20 h after the injection. A, B: 
Overall effect of genotype (Gen), diet, or their interaction (Int) 
were calculated by 2-way ANOVA. Bonferroni post hoc test results 
(* for genotype effect in the same diet group, # for diet effect of in 
the same genotypes) are as follows. *, #,  P  < 0.05; **,  P  < 0.01; ###, 
 P  < 0.001.   
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duced obesity and hepatic steatosis. Particularly in the 
case of overall energy balance and fat mobilization, how-
ever, the mechanisms are strikingly different. Thus, the 
congenic C57BL/6  SHP  � / �    mice did not exhibit BAT acti-
vation, but did show higher VO 2 . In contrast to the major-
ity of phenotypically lean mice ( 29–33 ), but in accord 
with some exceptions ( 34, 35 ), the  SHP  � / �    mice showed 
elevated RQ, indicating increased carbohydrate oxida-
tion. This increased whole-body RQ contrasts with the 
elevated fatty acid oxidation in the livers of the  SHP  � / �    
mice. Considering muscle as the major determinant for 
whole-body energy expenditure ( 36 ), we postulated that 
the higher RQ is a direct metabolic consequence of en-
ergy utilization as observed previously ( 34, 37, 38 ). This is 
consistent with the increased muscle insulin sensitivity as 
manifested by phospho-Akt levels and the decreased ex-
pression of genes involved in muscle fatty acid utilization 
such as  PGC-1 �  ,  Cpt1b , and  FATP4  in  SHP  � / �    mice. This 
may also explain their metabolic infl exibility, which is rep-
resented by high RQ values regardless of type of diets 
consumed. 

 The lack of lipid accumulation in the  SHP  � / �    livers ap-
pears to be a direct effect of both decreased lipogenesis 

utilization, and decreased expression of genes involved in 
fatty acid utilization ( Fig. 6B, D ). 

 The effects on insulin sensitivity in  SHP  � / �    mice led us 
to explore islet function in GSIS. CD-fed  SHP  � / �    mice 
showed no signifi cant difference in insulin secretion 
compared with WT mice whereas WestD-fed  SHP  � / �    mice 
had lower area under the curve than WT mice (28.9 ± 9.0 
vs. 34.5 ± 10.1 min × ng/ml) (supplementary  Fig. VIC ). 
In order to gain clear insights into their islet function, we 
assessed GSIS with isolated islets from CD- and WestD-fed 
animals. GSIS at higher concentration of glucose was 
strongly compromised in islets from  SHP  � / �    fed the 
WestD ( Fig. 6E ). In addition, insulin content in the iso-
lated islets was also signifi cantly reduced in  SHP  � / �    
mice. 

 DISCUSSION 

 The studies described here present a detailed and com-
prehensive analysis of the metabolic phenotypes of con-
genic C57BL/6  SHP  � / �    mice. These results show some 
general similarities with earlier results with mice on a 
mixed background, including resistance to both diet-in-

  Fig.   4.  Elevated expression of genes involved in 
fatty acid oxidation and uptake in  SHP  � / �    mice fed 
WestD and association of PPAR �  signaling. RNAs iso-
lated from livers of mice on the WestD regimen for 
22 weeks were processed to quantify the expression 
of genes involved in fatty acid oxidation (A), fatty 
acid synthesis (B), responsible transcription factors 
(C), and lipid transporters (D) by quantitative real-
time PCR. Average values of six mice per group ex-
cept WT fed WestD (n = 5) were plotted with standard 
error. Signifi cance of difference between genotype 
and diet were calculated by 2-way ANOVA with Bon-
ferroni post hoc test results (* for genotype effect in 
the same diet group, # for diet effect of in the same 
genotypes). *, #,  P  < 0.05; **,  P  < 0.01; ###,  P  < 0.001. 
E: SHP represses PPAR �  mediated Acox1 expression. 
3xPPRE luc reporter plasmid was cotransfected with 
PPAR �  and RXR �  plasmids (50 ng each) into HepG2 
cells. SHP repression on GW7647 (PPAR �  agonist, 
2 nM), LG1069 (RXR agonist, 1  � M), or 9-cisRA 
(RXR agonist, 10  � M)-mediated PPAR �  transactiva-
tion was tested with cotransfection of CDM8 or 
CDM8mSHP (50 ng each) (top panel). ChIP assay 
was performed on the indicated Acox1 promoter re-
gions in wild-type and  SHP  � / �    mice liver. ChIP signals 
were analyzed using real-time qPCR and plotted as 
means ± SEM (bottom panel). F: Radioactivity levels 
in liver (LV), epididymal fat (WAT), and quadriceps 
(MUS) of 2.5-month-old mice fasted overnight at 4 h 
after oral challenge of radiolabeled TG (n = 5) were 
plotted with SEM. Student’s  t -test was used to calcu-
late p-values between genotypes. *,  P  < 0.05.   
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fatty acid oxidation ( 41 ), is consistent with other observa-
tions ( 42, 43 ). The enhanced fatty acid oxidation in WestD-
fed but not chow-fed  SHP  � / �    mice is associated with 
derepression of PPAR � -mediated transactivation. This raises 
an interesting question of whether SHP itself senses nutri-
tional status to repress  � -oxidation only in the WestD-fed 
condition in the WT mice. This could refl ect direct binding 
of nutritional metabolites to SHP, increased recruitment 
of SHP to the activated target nuclear receptors (espe-
cially RXR) by nutritional metabolites ( 44, 45 ), or in-
creased SHP protein stability in WestD-fed mice ( 46 ). 

and elevated fatty acid  � -oxidation. The decreased ex-
pression of lipogenic genes is very consistent with the in-
crease in hepatic lipogenesis in transgenic mice 
overexpressing SHP in the liver ( 39 ). Higher expression 
of fatty acid and cholesterol transporters such as  FATP5 , 
 SRBI , and  LDLr  correlates with the increased lipid infl ux 
into the  SHP  � / �    liver. The newly transported lipids are 
likely channeled to fatty acid oxidation directly as ob-
served in muscle ( 40 ). The observed repression of fatty 
acid oxidation genes such as Acox1 and Mcad upon WestD 
feeding, which may contribute to the elevated incomplete 

  Fig.   5.  WestD-fed  SHP  � / �    mice exhibit severe whole body glucose intolerance with hepatic insulin resis-
tance and muscle insulin sensitivity. A, B: GTT (A) and ITT (B) were performed with WT (n = 10 for GTT 
and n = 5 for ITT) and  SHP  � / �    (n = 9 for GTT and n = 6 for ITT) mice fed WestD for 22 weeks by perito-
neal injection of glucose (1 g/kg) and recombinant human insulin (1 U/kg), respectively. Values were 
presented as means ± SD. P-values were obtained using Student’s  t -test at each time point. *,  P  < 0.015. C: 
Liver and muscle insulin sensitivities were assessed by Western blot analysis evaluating the ratio of phos-
phoserine Akt to total Akt. Mice fed WestD were challenged intraperitoneally with 5 U/kg of human insu-
lin for 5 min. Liver and muscle were collected and processed for Western blotting with the indicated 
antibodies. Specifi c protein bands were visualized by chemiluminescence (top panel). The specifi c Akt 
bands were quantifi ed by densitometry analysis using Tina 2.0 software program and normalized to 
the corresponding  � -actin bands. The results were presented as phospho-Akt to total Akt ratio (bottom 
panel). P-values were obtained from genotype comparison using Student’s  t -test. n = 3, *,  P  = 0.003; **, 
 P  < 0.0001.   
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different between the two genotypes (data not shown). 
Thus, the altered dietary fat absorption should be 
further investigated to defi ne its effect on the lean 
phenotype. 

 The  SHP  � / �    mice did not show aberrant serum glu-
cose or insulin level but did exhibit glucose intolerance 
upon glucose challenge after WestD regimen. This glu-
cose intolerance could be explained by the islet dysfunc-
tion in GSIS, which is very consistent with the opposite 
results of a previous study with overexpression of SHP in 
rat islets ( 54 ). The anticipated lack of insulin secretion 
during the postprandial period may also contribute to 
the observed fasting-like hepatic phenotype in  SHP  � / �    
mice. 

 Overall, these results demonstrate that SHP regulates 
accumulation of excess dietary fat into liver. Loss of SHP 
function clearly protects the mice from development of 
obesity and hepatic steatosis, but with the cost of hepatic 
insulin resistance and islet dysfunction that makes the ani-
mals more susceptible to diet-induced diabetes.  

 The authors   are grateful to Dr. Mitchell Lazar for PPREluc 
plasmid, Dr. Jongsook Kim Kemper for helpful discussion on 
ChIP assay, Dr. Tiangang Li for tail vein injection, and Drs. 
James Hardwick and John Chiang for critical reading of the 
manuscript. 

 The proposed redistribution of lipids to liver, which is 
more evident during WestD feeding, could alleviate diet-
induced insulin resistance of peripheral tissues and ag-
gravate hepatic insulin resistance, manifested by inducible 
phospho-Akt levels upon insulin challenge, which would 
be consistent with studies on  FATP5  � / �   ,  FATP1  � / �   , or 
 CD36  � / �    mice ( 47–51 ). In a manner analogous to para-
digms of muscle insulin resistance, the relative increase 
in hepatic fatty acid delivery/oxidation could be associ-
ated with decreased glucose uptake/oxidation, thereby 
resulting in hepatic insulin resistance despite lowered 
TG accumulation ( 41, 50, 52 ). In particular, the insulin 
resistance of the  SHP  � / �    liver is reminiscent of the unex-
pected insulin resistance of skeletal muscle in transgenic 
mice overexpressing PPAR � , which was attributed to in-
creased mitochondrial fatty acid  � -oxidation ( 53 ). The 
redistribution of lipids to liver may also contribute to the 
overall lean phenotype, as observed with  FATP1  � / �    mice, 
in which defi ciency in muscle and adipose fatty acid up-
take redirect dietary fat to liver ( 49 ). Additionally, re-
duced intestinal dietary fat absorption suggested by 
observations in  Fig. 4F  and supplementary  Fig. VI  could 
play a role in the observed lean phenotype of the diet 
induced model. However, this has a clear contrast to the 
increased bile acid secretion observed in  SHP  � / �    mice 
( 6 ). Moreover, fecal lipid contents were not signifi cantly 

  Fig.   6.  Whole body glucose metabolism was as-
sessed in  SHP  � / �    mice. Livers were collected from 
WT and  SHP  � / �    mice fed chow (CD) or WestD for 
22 weeks and analyzed for glycogen content. The 
contents were normalized to liver weight and pre-
sented as means (n = 5) ± SEM. B: TG (left) and 
glycogen (right) contents in quadriceps from mice 
fed chow or WestD are presented as means (n = 7) ± 
SEM. Overall effects of genotype (Gen) were calcu-
lated by 2-way ANOVA. Bonferroni post hoc test re-
sults are as described in  Figs. 3 and 4 . C: RNAs from 
the livers were subjected to Northern analysis. Inten-
sities of specifi c bands were quantifi ed by a densi-
tometry. Average values from three mice were 
presented along with SEM. PEPCK, phosphoenol-
pyruvate carboxykinase; G6P, glucose-6-phophatase; 
GcK, glucokinase. D: Expression of muscle genes 
were analyzed using qPCR   and plotted as means 
(n = 5) ± SEM. 2-way ANOVA with Bonferroni posttest 
was used to calculate statistics. Boneferroni posttest 
results are as described previously. E: Glucose-stimu-
lated insulin secretion in isolated islets from mice 
(n = 4) fed CD or WestD (22 weeks) in the presence of 
indicated amount of glucose (left panel). Their in-
sulin content quantifi ed by rat insulin ELISA after 
acid ethanol extraction (right panel). Student’s  t -
test results are presented. Left panel, versus 2.8 mM 
in the group; right panel, versus WT counterpart; *, 
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