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 The phenotypic similarities between individuals with 
the metabolic syndrome (MS) and individuals with Cush-
ing’s syndrome have stimulated considerable interest in 
the role of endogenous glucocorticoids in the pathogene-
sis of MS ( 1 ). Insulin resistance appears to play a central 
role in the pathophysiology of MS, and glucocorticoids 
have been shown to induce insulin resistance in multiple 
tissues ( 2–4 ). However, whereas plasma concentrations of 
glucocorticoids are elevated in Cushing’s syndrome, circu-
lating glucocorticoid levels are normal in patients with the 
MS ( 3, 4 ). Glucocorticoid action on target tissues depends 
not only on circulating hormone levels, but also on in-
tracellular glucocorticoid receptors and the activities of 
both 11 � -hydroxysteroid dehydrogenase (11 � -HSD) 1 and 2 
( 5–9 ). 11 � -HSD1 is an NADP + /NADPH-dependent oxi-
doreductase that reversibly interconverts inactive cortisone 
and 11-dehydrocorticosterone in humans and rodents, 
respectively, to active cortisol and corticosterone. In liver 
and adipose tissue, the direction of the reaction is from 
inactive to active glucocorticoids ( 3, 4, 7 ). 11 � -HSD1 
is widely expressed, most notably in liver, adipose, vas-
culature, brain, and macrophages ( 3, 4, 7, 10 ), where it 
increases intracellular cortisol levels. 11 � -HSD1 does 
not participate in adrenal cortisol biosynthesis from 
cholesterol. 

 Genetic manipulations that either deleted 11 � -HSD1 in 
the whole animal ( 6, 11, 12 ) or resulted in overexpression 
in either adipose tissue ( 5 ) or liver ( 13 ) indicated signifi -
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trol ASO (ISIS 141923) has the sequence: 5 ′ CCTTCCCTG AA-
GGTTCCTCC3 ′ . 

 Body weight and food intake 
 Body weights were recorded once a week. Mice were housed 

individually, and daily food intake was calculated as the differ-
ence between the food remaining and original food provided, 
divided by seven days. For the food-matched control ASO treat-
ment group, food was provided every afternoon at 5 PM. 

 Blood metabolites and hormones 
 Blood for various plasma metabolites and hormones was ob-

tained around 1 PM after a 4-6 h fast. Because limited food was 
provided to FMC mice, they likely ate all their food rapidly as 
soon as it was available; therefore, the fasting period of FMC mice 
was almost certainly longer than that of ad libitum control and 
11 � -HSD1 ASO-treated mice. Plasma total cholesterol (TC), tri-
glyceride (TG) and free fatty acid (FFA) concentrations were 
measured enzymatically (Wako Pure Chemicals). Corticosterone 
concentrations were determined by radioimmunoassay (MP Bio-
medicals, Inc.). 

 Determination of hepatic VLDL TG and apoB secretion 
rates 

 TG and apoB were determined as described previously ( 25 ). 
Briefl y, 4 h-fasted mice were injected intravenously with a mix-
ture of 200 mCi of [ 35 S]methionine (1175 Ci/mmol, PerkinEl-
mer Life Sciences) and 500 mg/kg Triton WR1339 (Sigma-Aldrich) 
in 0.9% sodium chloride. They were bled prior to injection and 
at 30, 60, 90, and 120 min. Because plasma VLDL clearance is 
completely inhibited in mice under these conditions, the accu-
mulation of plasma TG and apolipoproteins in plasma after in-
jection of Triton can be used to estimate rates of secretion of 
VLDL into the plasma compartment. Under the experimental 
conditions, secretion is linear for at least 2 h, and we used the 
difference between plasma TG at the 120 and 0 min time points 
as indicative of the rate at which TG was secreted from the 
liver. ApoB secretion is estimated from the accumulation of 
[ 35 S]methionine-labeled apoB in a plasma sample from the 120 min 
time point. ApoB100 and apoB48 were isolated by 4% SDS-PAGE, 
and the appearance of newly secreted, labeled proteins was esti-
mated by autoradiography and scintillation counting of each band. 

 Hepatic lipids determination 
 Mice were fasted 6-7 h, and then sacrifi ced. Liver tissues were 

isolated, snap-frozen in liquid nitrogen, and maintained at 
 � 80°C. These tissues were analyzed for hepatic lipids determina-
tion, quantitative real-time PCR, and immunoblots. Total liver 
lipids were extracted by a modifi cation of the method of Folch 
and Lees ( 26 ). 

 Quantitative real-time PCR 
 Total RNA samples were used for cDNA synthesis with oligo-

dT primers with a commercial kit from Invitrogen. Quantitative 
real-time PCR (QPCR) was done using SYBR Green PCR Master 
Mix (Agilent Technology) in triplicate using the Mx3005p Multi-
plex Quantitative PCR system (Stratagene). Expression of each 
target gene was quantifi ed by transformation against a standard 
curve and normalized to  � -ACTIN expression. The primers used 
in the QPCR are shown in   Table 1  .  

 Immunoblots 
 Protein extracts were prepared by using T-per tissue protein 

extraction buffer (Thermo Scientifi c) containing a complete, 
EDTA-free protein inhibitor cocktail tablet (Roche Diagnostics 

cant roles for this enzyme in the regulation of body weight, 
energy metabolism, hepatic glucose and lipid metabolism, 
and blood pressure. Based on those studies, as well as the 
demonstration of increased 11 � -HSD1 activity in adipose 
tissue of obese rodents and humans ( 3, 4, 14, 15 ), inhibi-
tion of 11 � -HSD1 has become a major therapeutic target 
for MS, type 2 diabetes mellitus (T2DM), and hyperten-
sion ( 6, 16–20 ). However, results of many of these studies 
have been diffi cult to interpret because systemic or adipose-
specifi c inhibition of 11 � -HSD1 activity appears to alter food 
intake. Specifi cally, on a C57BL/6J background, knockout 
of 11 � -HSD1 expression increased food intake ( 12 ), whereas 
adipose-specifi c deactivation of 11 � -HSD1 by overexpres-
sion of 11 � -HSD2 decreased food intake ( 21 ). 

 In view of the expression pattern of 11 � -HSD1 ( 3 ) and 
the previously described tissue distribution of other intra-
peritoneally administered ASO ( 22, 23 ), we hypothesized 
that we would see relatively specifi c inhibition of both he-
patic and adipose tissue 11 � -HSD1 by the cognate ASO. 
Importantly, we conducted the present studies, which focus 
on the effects of ASO-mediated inhibition of 11 � -HSD1 
on hepatic metabolism, with both ad libitum-fed and pair-
fed mice receiving control ASO. This enabled us to differ-
entiate direct effects of reduced 11 � -HSD1 activity on lipid 
and carbohydrate metabolism from effects secondary to 
decreased food intake and concomitant differences in 
body weight. We present here results demonstrating that 
inhibition of 11 � -HSD1 results in protection from a Western-
type diet (WTD)-induced hepatic steatosis by directly re-
ducing hepatic de novo lipogenesis and increasing hepatic 
 � -oxidation. 

 MATERIALS AND METHODS 

 Animals, diets, and ASO 
 We studied male C57BL/6J wide-type mice purchased from The 

Jackson Laboratory (Bar Harbor, ME). All mice were maintained 
on a 12 h light/12 h dark cycle (light cycle was 7 AM to 7 PM) and 
fed a WTD TD.88137 (Harlan Laboratories) composed, by cal-
ories, of 42% fat (anhydrous milk fat), 43% carbohydrate, 15% 
protein with 0.2% cholesterol by weight. This diet has been used 
by many groups studying lipoprotein metabolism in mice ( 24 ). In 
our fi rst set of experiments, we observed reduced food intake in 
11 � -HSD1 ASO-treated mice compared with control ASO-treated 
mice. Therefore, we added a food-matched control (FMC) ASO 
group. Mice in both control and 11B-HSD1 ASO-treated groups 
were fed ad libitum for 12 weeks, after which the control group 
received an in-house universal control ASO and the 11B-HSD1 
ASO-treated group received an ASO to 11B-HSD1. The FMC group 
started receiving control ASO treatment one week later, as this 
group was delayed one week to match food consumption to the 
11 � -HSD1 ASO-treated group. Each ASO was injected for 12 weeks 
at a dose of 50 mg/kg of body weight intraperitoneally twice a 
week. During the last four weeks of treatment, we determined rates 
of TG and apolipoprotein (apo)B secretion in vivo and rates of li-
pogenesis,  � -oxidation in primary hepatocytes, etc. Animal studies 
were approved by the Institutional Animal Care and Use Commit-
tee of Columbia University College of Physicians and Surgeons. 

 ASO to 11 � -HSD1 (ISIS 146039) has the following sequence: 
5 ′ TGTTGCAAGAATTTCTCATG3 ′ . The in-house universal con-

 by guest, on June 20, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2011/03/01/jlr.M013748.DC1
Supplemental Material can be found at:

http://www.jlr.org/


ASO inhibition of 11 � -HSD 1 and hepatic lipid metabolism 973

mm Ca 2+ , pH 7.6, at 37°C for 18 min. 5.0 × 10 5  hepatocytes were 
plated into a 25 ml fl ask with a center well in 2 ml DMEM con-
taining 0.1 mM oleic acid (OA), 1.5% BSA, and [ 14 C]OA (0.5 
µCi/ml) (NEC317, PerkinElmer Life Sciences). The same cell 
amount was saved in  � 80°C for protein concentration. The fl asks 
were sealed with a stopper and rocked for 2 h at 37°C with 5% 
CO 2 . Prior studies in our laboratory showed that CO 2  secretion 
was linear for the fi rst 2 h (data not shown). After 2 h, 200 µl of 
70% perchloric acid was injected into the bottom of the fl ask, 
200µL of 1M KOH was injected onto fi lter paper, and the fl asks 
were incubated for an additional 1 h at 37°C. Then the saturated 
fi lter paper containing trapped [ 14 C]CO 2  was put into vials with 5 
ml liquid scintillation and assessed for radioactivity in a liquid 
scintillation counter. The media was spun in a microcentrifuge 
tube for 2 min at 12,000  g , and 200 µl of supernatant was counted 
to assess the amount of  14 C-labeled acid-soluble metabolites 
(ASM), which represent labeled ketone bodies. 

 Fast performance liquid chromatography analysis 
of lipoproteins 

 An amount 4 h-fasted plasma samples from 10 mice each 
group (500 µl total) was pooled and subjected to FPLC analysis 
using two Superose 6 columns in series (GE Healthcare Bio-
Sciences Corp.). A total of 55 0.5-ml fractions were collected. 
Cholesterol determinations of each fraction were made using 
commercial kits (Wako Pure Chemicals) adapted to 96-well mi-
crotiter plates. 

 Statistics 
 Values are expressed as mean ± SEM. The signifi cance of the 

differences in mean values among three different treatment 

Corp.). The primary antibodies used were anti-11 � -HSD1 (Cayman 
Chemical), anti-SREBP1 (provided by Jay D. Horton), anti-FAS 
and anti-MTP (BD Biosciences Pharmingen), anti-apoAI (Calbio-
chem), and monoclonal anti- � -ACTIN (Sigma-Aldrich). Densi-
tometry was carried out using Image J software from the US 
National Institutes of Health ( 27 ). 

 Measurement of hepatic de novo lipogenesis 
 The rate of hepatic de novo lipogenesis was determined by 

measuring the amount of newly synthesized FA present in the 
liver 1 h after intraperitoneal injection of  3 H 2 O 1 mCi into 4 
h-fasted mice as previously described ( 28 ).  3 H-Labeled fatty acids 
were isolated by saponifi cation of liver samples in KOH. After 
extraction of nonsaponifi able lipids and acidifi cation with H 2 SO 4 , 
the  3 H-labeled fatty acids were extracted and separated by thin 
layer chromatography. The plate was stained with iodine; the FA 
“spot” was scraped off the plate, and the isolated FA was added to 
scintillation fl uid (National Diagnostics) and counted in a liquid 
scintillation counter (LS6500 Beckman Coulter). The specifi c ac-
tivity of body water was determined and used to calculate de novo 
lipogenesis as micromoles of  3 H 2 O incorporated into FA/h/g 
liver protein. 

 Beta-oxidation in primary hepatocytes 
 Beta-oxidation in primary hepatocytes was measured as previ-

ously described ( 29 ) with modifi cations. Briefl y, mice were fasted 
for 4 h before livers were perfused through the vena cava with 
perfusion buffer (oxygenated Hanks’ balanced saline solution, 
buffered with 10 mM Hepes), pH 7.4, at 37°C for 5 min. Then 
the perfusion buffer was changed to isolation buffer containing 
30 mg of collagenase (Type I, 245 units/mg, Worthington) and 5 

 TABLE 1. Primer sequences of genes used for QPCR 

Gene Forward (5 ′  → 3 ′ ) Reverse (5 ′  → 3 ′ )

11 � -HSD1 AGTACACCTCGCTTTTGCGT CTCTCTGTGTCCTTGGCCTC
BETA-ACTIN GTATCCATGAAATAAGTGGTTACAGG GCAGTACATAATTTACACAGAAGCA
SREBP1C GGCACTAAGTGCCCTCAACCT GCCACATAGATCTCTGCCAGTGT
FAS CCTGGATAGCATTCCGAACCT AGCACATCTGCAAGGCTACACA
SREBP2 CAGGGAACTCTCCCACTTGA GAGACCATGGAGACCCTCAC
ABCA1 TCCGGATTCTTTGTCAGCTT AGCCGTAGATGGACAGGATG
ABCG5 GGCTGCTTATTGGATCTGGA TTGGATCCACCACAAGTGAA
ABCG8 CACCTTCCACATGTCCTCCT GCAGGCACTATCCACAGGTT
HMG-CoA reductase CCAGCTTGTGGTAGCTTTCAG GTGGGAACTCTGGTTCTTTCC
PCSK9 ATGGACTCTTGCCACACACA AGGTCCTTCAGAGCAGGTCA
LDLr GCAAGGACAAGTCAGATGAGG CATTGACGCAGCCGAGCTCG
APOA1 ACCCACCTGAAGACACTTGG GGCCTTGTCGATCACACTCT
LXR � GCTCTGCTCATTGCCATCAG TGTTGCAGCCTCTCTACTTGGA
ACC1 GGAGGACCGCATTTATCGA TGACCAGATCAGAGTGCCT
DGAT1 GTGCACAAGTGGTGCATCAG CAGTGGGATCTGAGCCATC
DGAT2 AGTGGCAATGCTATCATCATCGT AAGGAATAAGTGGGAACCAGATCA
SCD1 TGCGATACACTCTGGTGCTC AGGATATTCTCCCGGGATTG
PPAR � AGGGTTGAGCTCAGTCAGGA GGTCACCTACGAGTGGCATT
CPT1 � CATGTCAAGCCAGACGAAGA TGGTAGGAGAGCAGCACCTT
ACOX1 CTTGGATGGTAGTCCGGAGA TGGCTTCGAGTGAGGAAGTT
HMC-CoA synthase 2 TGAATCCTGGGTGTCTCTCC CTGTGGGGAAAGATCTGCAT
MCAD GAGCCCGGATTAGGGTTTAG TCCCCGCTTTTGTCATATTC
L-PBE CTACCTGAGGAGGCTGGTTG CCATACATGGCAAAATGCAG
PPAR � 2 AACTCTGGGAGATTCTCCTGTTGA TGGTAATTTCTTGTGAAGTGCTCATA
ADRP AGCATCGGCTACGACGACACC CAGCATTGCGGAATACGGAG
CIDEa CTCGGCTGTCTCAATGTCAA CAGGAACTGTCCCGTCATCT
CIDEb CCAAAGCAACAGGGAGAGAG GCTGAGTTCCAGACCCTACG
FSP27 CAGAAGCCAACTAAGAAGATCG TGTAGCAGTGCAGGTCATAG
PGC1 � GAGTCTGAAAGGGCCAAACA ACGGTGCATTCCTCAATTTC
PEPCK ATCTTTGGTGGCCGTAGACCT GCCAGTGGGCCAGGTATTT
G6Pase TCCTCTTTCCCATCTGGTTC TATACACCTGCTGCGCCCAT
ChREBP GTCCGATATCTCCGACACACTCTT CATTGCCAACATAAGCATCTTCTG
CREB ATGTTCCCTGGTTGCTTGTC GGTTGCTCTGCAGAAAGGAG
GR CCTCTCTGTCGGGGTAGCAC ACAGACTTTCGGCTTCTGGA
HES1 AGCCACTGGAAGGTGACACT GCCAATTTGCCTTTCTCATC
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group) and one that was pair-fed (hereafter referred to as 
the food-matched control or FMC ASO group) to match 
the food intake of the 11 � -HSD1 ASO-treated group. The 
ASO treatment period was from 8-12 weeks, depending on 
the specifi c studies performed. As in the fi rst series of ex-
periments, intraperitoneal treatment with 11 � -HSD1 ASO 
decreased hepatic  11 � -HSD1  mRNA by approximately 
90% (  Fig. 1A  )  and 11 � -HSD1 protein by almost 100% 
( Fig. 1B ) compared with either the control ASO or the 
FMC ASO group. Food restriction alone had no effect on 
either hepatic  11 � -HSD1  mRNA expression or protein lev-
els. 11 � -HSD1 ASO treatment also reduced mRNA levels 
of the enzyme in some, but not all, adipose tissue depots 
and in lung, heart, and kidney. Brain and muscle expres-
sion of  11 � -HSD1  were not affected by ASO treatment. 
Liver had by far the greatest expression of  11 � -HSD1  
mRNA and the largest percent suppression (supplemental 
Fig. III). We will present the effects of 11 � -HSD1 ASO on 
adipose tissue in a separate report. 

 Compared with control ASO, 11 � -HSD1 ASO treatment 
was associated with about 5% reduction in food consump-
tion and about 10% decrease in body weight. In the FMC 
ASO group, although food intake ( Fig. 1C ) was matched 
to the 11 � -HSD1 ASO-treated group, body weight de-
creased by only 5.5% ( Fig. 1D ). Weights of mice in the 
11 � -HSD1 ASO-treated group were signifi cantly lower 
than weights of mice in the FMC ASO group. Notably lim-
ited food supply caused lower body weight of FMC than of 
control ASO. Levels of alanine transaminase measured af-
ter 8-12 weeks of ASO treatment were in the normal range 
(30-40 IU/l) in all three groups, and there were no differ-
ences among the groups (data not shown). 

 Plasma corticosterone levels were similar in the control 
ASO and 11 � -HSD1 ASO groups, but they were signifi -
cantly elevated in FMC ASO mice, a sign of stress that has 
been observed before in FMC mice ( 19 ) (  Table 2  ).  In ac-
cordance with the data on ad libitum-fed animals (supple-
mental Table I) compared with the control ASO group, 
11 � -HSD1 ASO treatment signifi cantly decreased fasting 
TC (47%) and tended to reduce TG levels (22%). There 
was no effect of 11 � -HSD1 treatment on fasting plasma 
FFA concentration. However, when compared with FMC, 
11 � -HSD1 ASO treatment had no signifi cant effect on fast-
ing levels of TG, whereas reduced TC concentration was 
still evident. 

 11 � -HSD1 ASO treatment had direct effects on plasma 
lipoproteins 

 To determine the basis for the reduction in TC in 11 � -
HSD1 ASO-treated mice, we performed FPLC separation 
of plasma lipoproteins. FPLC results indicated that LDL 
and HDL cholesterol levels were decreased in 11 � -HSD1 
ASO-treated mice (  Fig. 2A  ).  Concomitant with lower HDL 
cholesterol levels, we found that apoAI concentrations in 
plasma were also reduced in 11 � -HSD1 ASO-treated mice 
( Fig. 2B ). 

 A survey of the expression of hepatic genes involved in 
cholesterol, LDL, and HDL metabolism indicated that 
11 � -HSD1 ASO treatment reduced expression of  ABCA1 , 

groups was evaluated by general linear model with treatment as 
the model factor and day as a covariate because the FMC group 
received its ASO treatment one week later followed by post hoc 
analysis with Bonferroni’s test.  P  < 0.05 was considered statisti-
cally signifi cant. 

 RESULTS 

 11 � -HSD1 ASO decreased hepatic 11 � -HSD1 expression, 
food intake, and body weight 

 All mice received a WTD composed, by calories, of 42% 
fat (anhydrous milk fat), 43% carbohydrate, and 15% pro-
tein with 0.2% cholesterol by weight ( 24 ). After 12 weeks 
on the WTD, mice were treated intraperitoneally with ei-
ther control ASO or 11 � -HSD1 ASO at 50 mg/kg body 
weight twice weekly for 8 weeks while continuing on the 
WTD. Compared with control ASO, intraperitoneal treat-
ment with 11 � -HSD1 ASO resulted in dramatic reductions 
of mRNA and protein levels of the enzyme in the liver 
(supplemental Fig. IA, B). 11 � -HSD1 ASO also reduced 
average food consumption by about 12% (supplemental 
Fig. IC) and average body weight by about 11% (supple-
mental Fig. ID). The effects of 11 � -HSD1 treatment on 
fasting plasma parameters are presented in supplemental 
Table I. 11 � -HSD1 ASO treatment did not change circu-
lating corticosterone levels, but it decreased fasting con-
centrations of TC and TG. There was no change in fasting 
plasma FFA concentrations. 

 11 � -HSD1 ASO-protected mice from WTD-induced 
hepatic steatosis by diminishing lipogenesis and 
increasing fatty acid oxidation 

 Effects of 11 � -HSD1 treatment on hepatic lipid metabo-
lism are depicted in supplemental Fig. IIA-G. Compared 
with control ASO-treated mice, ASO-mediated knockdown 
of 11 � -HSD1 resulted in lower TG content (supplemental 
Fig. IIA) without changes in hepatic TC mass (supplemen-
tal Fig. IIB) and lower rates of hepatic TG secretion (sup-
plemental Fig. IIC) without changes in secretion of either 
apolipoprotein (apo)B48 or apoB100 (supplemental Fig. 
IID). Reductions in 11 � -HSD1 were associated with re-
duced hepatic de novo lipogenesis, as determined indi-
rectly by demonstration of lower sterol regulatory 
element-binding protein (SREBP) 1 (supplemental Fig. 
IIE) and FAS protein (supplemental Fig. IIF), despite the 
absence of change in either  SREBP1C  or  FAS  mRNA levels 
(supplemental Fig. IIG). Microsomal triglyceride transfer 
protein ( MTP ) mRNA,  APOB  mRNA, and MTP protein 
levels in the liver were not affected by 11 � -HSD1 ASO 
treatment (data not shown). 

 Decreased food intake and/or weight loss accounted for 
reductions in fasting plasma TG but not plasma TC in 
11 � -HSD1 ASO-treated mice 

 Because we observed signifi cant reductions in food in-
take and weight over the 8 weeks of 11 � -HSD1 ASO treat-
ment in preliminary studies, we carried out all of the 
experiments with two control ASO groups, one that was 
fed ad libitum (hereafter referred to as the control ASO 
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 11 � -HSD1 ASO treatment directly decreased hepatic TG, 
TG secretion, and de novo lipogenesis, and it increased 
hepatic fatty acid oxidation 

 Compared with control ASO-treated mice and FMC 
ASO treated mice, ASO-mediated knockdown of 11 � -
HSD1 resulted in 43% and 30% reductions in hepatic TG 
content (  Fig. 3A  ).  ASO-mediated knockdown of 11 � -HSD1 
did not affect hepatic cholesterol compared with control 
ASO-treated mice. The FMC ASO-treated mice did, how-
ever, have reduced hepatic cholesterol content ( Fig. 3B ). 
There was a 26% decrease in TG secretion in mice with 
reduced 11 � -HSD1 compared with either control group 
( Fig. 3C ), and this occurred without changes in hepatic 
apoB48 or apoB100 secretion ( Fig. 3D ). Hepatic de novo 
lipogenesis, measured in vivo, fell by 25% versus either 

 ABCG5 ,  ABCG8 , and  APOAI  compared with at least one of 
the two control groups ( Fig. 2C ). Of note,  SREBP2 , 
 HMGCR ,  PCSK9 , and  LDLR  mRNA levels were not affected 
by 11 � -HSD1 ASO treatment. LDLR protein in the liver 
was actually reduced in mice treated with 11 � -HSD1 ASO 
compared with FMC and control ASO-treated mice (sup-
plemental Fig. IV). Together, these data indicate that 
although decreased food intake and/or weight loss ac-
counted for the reductions in fasting plasma concentra-
tions of TG, 11 � -HSD1 ASO treatment had direct effects 
on LDL and HDL cholesterol concentrations. The mecha-
nisms underlying these effects are unclear, although a di-
rect effect of 11 � -HSD1 ASO treatment on  apoAI  gene 
expression may be the basis for the reduction in the HDL 
cholesterol level. 

  Fig.   1.  11 � -HSD1 ASO treatment decreased hepatic 11 � -HSD1 transcript and protein, and it reduced food 
intake and body weight. Food-matched mice receiving control ASO had the exact same food intake but 
higher body weight than the 11 � -HSD1 ASO-treated group. A: The level of  11 � -HSD1  mRNA, measured by 
QPCR with mouse  � -ACTIN as an internal control, in liver after 12 weeks of treatment with a control ASO 
(in both control and FMC mice) or an ASO against 11 � -HSD1. B: 11 � -HSD1 protein levels determined by 
immunoblotting with mouse  � -ACTIN as an internal control. The average values of densitometry scans from 
control ASO-treated mice were set as 100%. A representative Western blot is depicted. C, D: Food intake and 
body weight were determined during 12 weeks of ASO treatment. Food consumption was restricted in the 
FMC group according to the food consumption of 11 � -HSD1 ASO-treated mice during the preceding week. 
Data are presented as means ± SEM (n = 12-34 per group). * P  < 0.05, ** P  < 0.01, *** P  < 0.001, 11 � -HSD1 
versus control;  #  P  < 0.05,  ##  P  < 0.01,  ###  P  < 0.001, 11 � -HSD1 versus FMC;  &  P  < 0.05,  &&  P  < 0.01, FMC versus 
control.   

 TABLE 2. Fasting plasma lipid and hormone levels after 8-12 weeks ASO treatment 

Control FMC 11 � -HSD1

Corticosterone (ng/ml) 120.5 ± 7.0 156.4 ± 8.5  b,d  102.8 ± 5.7
Total cholesterol (mg/dl) 209.2 ± 6.0 194.4 ± 7.9 111.5 ± 8.4  a   ,   c  
Triglyceride (mg/dl) 33.4 ± 3.1 26.3 ± 1.8 26.1 ± 2.5
Free fatty acid (mM) 0.503 ± 0.033 0.485 ± 0.030 0.506 ± 0.038

Data are expressed as means ± SEM (n = 12-14).
  a P  < 0.001, 11 � -HSD1 versus control.
  b P  < 0.05, 11 � -HSD1 versus FMC.
  c P  < 0.001, 11 � -HSD1 versus FMC.
  d P  < 0.05, control versus FMC.
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the therapeutic potential of inhibiting this enzyme in adi-
pose tissue and liver. Beginning with the fi rst, brief report 
of the total body knockout in 1997 ( 6 ), then followed by 
more detailed examinations of the knockout mouse ( 11, 
12 ) as well as generation of mice overexpressing 11 � -HSD1 
in adipose tissue ( 5 ) and liver ( 13 ), interest has continued 
to increase. Indeed, oral inhibitors developed by several 
pharmaceutical companies have demonstrated benefi cial 
effects on glucose ( 16, 32, 33 ), lipid metabolism ( 17 ), 
and/or atherosclerosis ( 18 ), albeit almost exclusively in 
rodents. 

 Although these studies have clearly increased our knowl-
edge in this area, several important issues regarding the 
role of 11 � -HSD1 in energy metabolism remain incom-
pletely characterized. For example, in several rodent spe-
cies, inhibition of glucocorticoid activation either in the 
whole body ( 12, 18, 19 ) or adipose tissue ( 21 ) is associated 
with weight loss, often with reduced food intake. Of note, 
increased 11 � -HSD1 activity in adipose tissue ( 5 ) caused 
increased body weight and food intake, whereas isolated 
overexpression of 11 � -HSD1 in the liver had no effect on 
those parameters ( 13 ). 11 � -HSD1 effects on food intake 
may occur via hypothalamic signaling ( 34 ). The impor-
tance of the food intake issue was acknowledged in previ-
ous studies ( 5, 17, 19 ), but the effects of reduced energy 
intake and/or decreased body weight has not, however, 
been consistently addressed in the published studies. 
Thus, although decreased energy intake and weight loss 
would be benefi cial clinical effects of pharmacologic in-
hibitors of 11 � -HSD1, such effects observed in rodents 
may not be nearly as dramatic in humans ( 16 ), making 
demonstration of direct effects of 11 � -HSD1 inhibition 
crucial. Additionally, while consistent benefi ts of 11 � -
HSD1 inhibition on glucose tolerance and insulin resis-
tance have been reported (albeit usually with concomitant 
weight loss), effects of enzyme inhibition on hepatic lipid 
metabolism have been variable and seemingly dependent 
on the rodent model studied. 

 In the present study, after identifying an effect of 11 � -
HSD1 ASO treatment on food intake and weight gain (see 
supplemental online data), we utilized food-matched ASO 

control group ( Fig. 3E ). The lower rates of de novo lipogen-
esis were associated with decreased levels of both the pre-
cursor and mature forms of SREBP1 protein ( Fig. 3F ) and 
reductions in FAS protein ( Fig. 3G ), despite no effects of 
11 � -HSD1 ASO on mRNA levels of  SREBP1C  and  FAS  ( Fig. 
3H ).  � -oxidation, measured ex vivo in primary hepatocytes 
isolated from each group of mice, was increased by 81% in 
the 11 � -HSD1 ASO-treated mice compared with control ASO 
mice and 55% compared with FMC ASO controls ( Fig. 3I ). 
Neither  MTP  nor  APOB  mRNA levels were altered by 11 � -
HSD1 ASO treatment compared with controls (data not 
shown). The same was true for MTP protein levels. 

 11 � -HSD1 ASO treatment had variable effects on hepatic 
gene expression profi le 

 The expression of most lipogenic genes, including 
 SREBP1C ,  FAS  ( Fig. 3H ),  LXR �  ,  DGAT1 ,  DGAT2 , and  SCD1  
(  Fig. 4A  ),  was not altered by 11 � -HSD1 ASO treatment. 
 ACC1  expression increased in the FMC ASO group. Genes 
involved in fatty acid oxidation were not uniformly af-
fected by 11 � -HSD1 ASO treatment;  ACOX1  expression 
was increased, but mRNA levels of both  MCAD  and  L-PBE  
were decreased ( Fig. 4B ).  PPAR �   and  CPT1  levels were in-
creased in the FMC ASO controls.  PPAR � 2  mRNA levels 
were reduced in 11 � -HSD1 ASO-treated mice, as were ex-
pression levels of several of its downstream targets, includ-
ing  ADRP ,  CIDEA , and  FSP27  ( Fig. 4C ). These changes 
were not observed in the FMC group. Key gluconeogenic 
genes  PGC1 �   and  PEPCK  were signifi cantly decreased, and 
 G6Pase  tended to be lower in the 11 � -HSD1 ASO-treated 
mice, but no obvious differences were found in other 
genes in the gluconeogenic pathway, including  ChREBP , 
 CREB ,  GR , and  HES1  ( Fig. 4D ). The HES1 protein was not 
increased either (data not shown). Of note, there were no 
differences in mRNA levels of gluconeogenic genes be-
tween the control ASO and the FMC ASO groups. 

 DISCUSSION 

 Soon after the purifi cation ( 30 ) and cloning ( 31 ) of 
11 � -HSD1, a series of papers from Seckl et al. highlighted 

  Fig.   2.  11 � -HSD1 ASO treatment decreased fasting 
plasma levels of LDL cholesterol, HDL cholesterol, 
and plasma apoAI. Expression of apoAI and several 
ABC transporters was also reduced. A: Plasma samples 
from 10 mice in each treatment group were pooled 
for FPLC separation of lipoproteins using two Su-
perose 6 columns in series. B: Plasma apoAI was de-
termined by immunoblotting with mouse  � -ACTIN as 
an internal control. A representative Western blot is 
shown. C: Genes related to cholesterol metabolism 
were determined using QPCR and normalized by 
  � -ACTIN  mRNA. Data are presented as means ± SEM 
(n = 10-20 per group). * P  < 0.05, ** P  < 0.01, 11 � -
HSD1 versus control;  #  P  < 0.05,  ##  P  < 0.01, 11 � -HSD1 
versus FMC.   
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  Fig.   3.  11 � -HSD1 ASO treatment signifi cantly decreased hepatic TG content, TG secretion, lipogenic pro-
teins, and de novo lipogenesis, and it increased  � -oxidation. Treatment with 11 � -HSD1 ASO did not alter 
hepatic TC content, apoB secretion, or expression of lipogenic genes. Total liver TG (A) and TC (B) were 
measured enzymatically after extraction. TG secretion (C) was determined using Triton WR1339 as de-
scribed in Materials and Methods. Secretion of newly synthesized apoB (D) was estimated using Triton WR1339 
and [35S]methionine. Hepatic de novo lipogenesis (E) was measured in vivo with 3H20. Hepatic levels of 
the precursor (p-) and mature (m-) forms of SREBP1 protein (F) and FAS protein (G) were determined by 
immunoblotting and densitometry; the average densitometry values from control ASO-treated mice were set 
as 100% for each protein.  SREBP-1c and FAS gene expression (H) was estimated using QPCR.  Beta-oxidation 
(I) was measured ex vivo in primary hepatocytes using 14C-oleic acid. All data are presented as means ± SEM 
(n = 5-14 per group). * P  < 0.05, *** P  < 0.001, 11 � -HSD1 versus control;  #  P  < 0.05,  ###  P  < 0.001, 11 � -HSD1 
versus FMC;  &&&  P  < 0.001, FMC versus control.   
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food intake ( 5 ). On the other hand, hepatic overexpres-
sion of 11 � -HSD1, which did not affect food intake or 
weight gain, did not alter plasma TG levels on either low- 
or high-fat diets ( 13 ). In the latter studies, HDL choles-
terol was higher in the hepatic 11 � -HSD1 transgenic mice 
on a low-fat diet, but it was lower on the high-fat diet. We 
found that plasma levels of fasting TG tended to fall in the 
11 � -HSD1 ASO-treated mice compared with control mice 
(supplemental Table I), but this appeared to be due com-
pletely to reduced food intake ( Table 2 ). Our fi nding dif-
fers from those of Wang et al. ( 19 ), who observed lower 
TG levels in mice treated with a pharmacologic inhibitor 
of 11 � -HSD1, even when compared with TG levels in pair-
fed controls. They also differ from the results reported by 
Berthiaume et al. ( 17 ), who demonstrated a robust reduc-
tion of plasma TG with a pharmacologic inhibitor that did 
not affect food intake or weight. We did fi nd that ASO-
mediated inhibition of 11 � -HSD1 was associated with 
lower levels of both LDL and HDL cholesterol concentra-
tions independent of caloric intake. Examination of genes 
relevant to the regulation of LDL cholesterol and HDL 
metabolism revealed reduced expression of apoA-I and 
ABCA1; these changes are consistent with known effects of 
glucocorticoids on expression of these genes ( 37, 38 ). 
Both of these changes could be directly involved in the 
reduced HDL levels we observed. Of note, short-term ad-
ministration of glucocorticoids results in increased HDL 
cholesterol levels in humans ( 39 ). In summary, when re-
duced food intake is accounted for, 11 � -HSD1 inhibition 
does not affect plasma TG levels, but it does reduce plasma 
cholesterol in both LDL and HDL in C56BL/6J mice on a 

controls to allow clear characterization of the effects of 
11 � -HSD1 inhibition that are independent of food intake. 
It is important to realize that FMC controls are not, how-
ever, perfect controls. In our studies, we found that re-
duced availability of food in the FMC ASO control mice 
was associated with increased levels of plasma corticoster-
one ( Table 2 ), reduced levels of hepatic cholesterol, and 
increased expression of genes associated with hepatic fatty 
acid oxidation. Thus, our interpretation of the effects of 
simultaneous knockdown of hepatic and adipose tissue 
11 � -HSD1 takes into account the results in both the ASO 
control and the FMC ASO control mice. 

 We fi rst examined the role of 11 � -HSD1 in the regula-
tion of plasma lipid levels. Dyslipidemia, with increased 
plasma TG levels, decreased HDL cholesterol levels, and 
variable concentrations of small, cholesterol-ester-depleted 
LDL, is a characteristic abnormality of the insulin-resistant 
state in humans ( 35, 36 ). Previous studies of the effects of 
deletion, knockdown, or inhibition of 11 � -HSD1 have re-
ported varying results. In the fi rst studies of lipid metabo-
lism in the 11 � -HSD1 knockout mouse, Morton et al. ( 11 ) 
noted that MF1/129 mice had lower ad libitum plasma TG 
levels and increased HDL cholesterol concentrations on a 
chow diet; there were no food intake or weight data in that 
report. In later studies, after the knockout mice had been 
bred to a C57BL/6J background, these investigators found 
lower plasma TG levels on a high-fat diet in association 
with less weight gain ( 12 ). HDL cholesterol levels on that 
same diet were not shown ( 12 ). Adipose-specifi c overex-
pression of 11 � -HSD1 resulted in increased plasma TG 
levels associated with signifi cantly greater weight gain and 

  Fig.   4.  11 � -HSD1 ASO treatment had variable effects on hepatic genes involved in TG synthesis and fatty 
acid oxidation but signifi cantly decreased genes involved in hepatic lipid droplet formation and gluconeo-
genesis. Expression of genes was determined using QPCR after 12 weeks of ASO treatment and normalized 
with   � -ACTIN  mRNA. Lipogenic (A), beta-oxidation (B), lipid droplet formation (C), and gluconeogenesis(D) 
genes. Expression of each gene in ad libitum-fed control mice was set at 100%. Data are presented as means 
± SEM (n = 14-20). * P  < 0.05, ** P  < 0.01, *** P  < 0.001, 11 � -HSD1 versus control;  #  P  < 0.05,  ##  P  < 0.01,  ###  P  < 
0.001, 11 � -HSD1 versus FMC;  &&  P  < 0.01,  &&&  P  < 0.001, FMC versus control.   
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receptor; this did not affect food intake or weight gain. 
They also could not link reduced hepatic fat to changes in 
lipogenic gene expression, but they did not measure pro-
tein levels of FAS and SREBP1 or lipogenesis itself. Post-
translational regulation of FAS ( 42 ) and SREBP1 ( 43 ) 
have been demonstrated under other circumstances; the 
mechanism for such an effect by glucocorticoids will re-
quire further investigation. 

 We also demonstrated increased fatty acid oxidation 
measured directly in hepatocytes isolated from mice 
treated with 11 � -HSD1 ASO. We did not, however, fi nd a 
clear pattern of changes in the expression of genes in-
volved in hepatic fatty acid oxidation; mRNA levels for 
 PPAR �   and  CPT1 �   were slightly, but not signifi cantly, 
higher compared with control mice, but they were reduced 
compared with levels in the FMC ASO controls. Further-
more, although  ACOX1  mRNA levels were increased in 
11 � -HSD1 ASO-treated mice compared with control mice, 
the expression of the other two fatty acid oxidation-related 
genes,  MCAD  and  L-PBE , was decreased. Together, our 
fi ndings support posttranslational regulation of fatty acid 
oxidation by glucocorticoids. In contrast, when the  11 � -
HSD1  gene was knocked out ( 11 ), hepatic expression of 
 PPAR � , CPT-1 , and  ACO  was increased; there were no data 
on food intake or weight in this study, although it is likely 
that the knockout mice weighed less than the controls 
( 12 ). A recent in vivo report demonstrated that pharmaco-
logic inhibition of 11 � -HSD1 activity, which did not affect 
food intake or body weight, signifi cantly increased hepatic 
fatty acid oxidation; hepatic gene expression was also vari-
able in that study, with no changes in  PPAR �   or  CPT-1  
mRNA levels but with an increase in some (but not all) of 
the mitochondrial oxidation genes ( 44 ). We cannot fully 
explain the differences in our fi ndings, but overall, it 
seems clear that reductions in 11 � -HSD1 activity results in 
increased fatty acid oxidation by the liver. 

 Lemke et al. ( 9 ), utilizing the alternative approach of 
knockdown of the glucocorticoid receptor in the liver, 
also observed increases in circulating levels of ketones as 
well as increased  CPT1 �   and  ACAA2  mRNA levels in db/
db mice. In addition to reducing the glucocorticoid recep-
tor instead of  11 � -HSD1  expression, another major differ-
ence between the report by Lemke et al. ( 9 ) and our 
studies is their identifi cation of Hes1 as a key regulator of 
hepatic steatosis.  HES1  mRNA and protein levels were 
increased in mice with shRNA knockdown of the glucocorti-
coid receptor, but they were reduced in mice and hep atocytes 
treated with dexamethasone. Additionally, replenishment 
of Hes1 by adenoviral overexpression in db/db mice was 
associated with reductions in steatosis ( 9 ).  HES1  mRNA 
and protein levels (data not shown) were not affected by 
11 � -HSD1 ASO treatment in our study. We cannot explain 
these different results. In summary, our studies, done with 
proper controls for food intake, demonstrate signifi cant 
direct effects of 11 � -HSD1 inhibition on hepatic lipogen-
esis and oxidation that resulted in protection from WTD-
induced steatosis in C57BL/6J mice. 

 We also demonstrated that inhibition of 11 � -HSD1 was 
associated with reductions in TG secretion and unchanged 

WTD. HDL cholesterol was reduced mainly due to a de-
crease in apoA-I synthesis, at least as judged by reduced 
 apoA-I  mRNA levels; if a similar decrease occurs in humans, 
this would limit the benefi ts of a strategy to lower  11 � -
HSD1  expression or activity for the treatment of metabolic 
diseases. We do not, at present, have an explanation for 
the reduction in LDL cholesterol observed with 11 � -HSD1 
ASO treatment. Relevant genes, including SREBP2, 
PCSK9, and the LDL receptor were not altered. LDL re-
ceptor protein was unexpectedly decreased. Additional 
studies of hepatic cholesterol fl ux to bile or to the circula-
tion via lipoprotein secretion will be required to defi ne 
mechanisms for this observation. In any event, reduced 
levels of LDL cholesterol, if demonstrated in humans, 
would be an additional positive effect of inhibiting 11 � -
HSD1. 

 We next characterized the effects of 11 � -HSD1 inhibi-
tion on hepatic lipid metabolism. High levels of circulat-
ing glucocorticoids are associated with fatty liver in humans 
( 40 ) and mice ( 41 ), although the mechanisms linking this 
association have not been fully characterized. We demon-
strated that 11 � -HSD1 ASO treatment protected C57BL/6J 
mice from hepatic steatosis induced by a WTD by decreas-
ing de novo lipogenesis and increasing  � -oxidation com-
pared with both control ASO and FMC ASO groups. Of 
note, we did not observe changes in the expression of key 
genes involved in either lipogenesis or fatty acid oxidation. 
We did, however, fi nd that FAS and SREBP1 proteins 
(both precursor and mature forms) were signifi cantly re-
duced in 11 � -HSD1 ASO-treated mice compared with 
both control and FMC ASO groups. Expression of  SREBP1C  
and  FAS  were also not different in 11 � -HSD1 knockout 
mice in ad libitum-fed and 24 h-fasted states studied by 
Morton et al. ( 11 ). However these lipogenic genes 
( SREBP1C  and  FAS ) were upregulated more in 11 � -HSD1 
knockout mice than in wild-type mice after a 24 h fast fol-
lowed by either 4 h or 24 h period of refeeding ( 11 ). Morton 
et al. ( 11 ) concluded that this result was due to enhanced 
insulin sensitivity in the 11 � -HSD1 knockout mice. Our 
results cannot be directly compared with those of Morton 
et al. because we did not conduct studies using the fasting-
refeeding paradigm; we measured liver parameters after a 
4-6 h fast. On the other hand, Morton et al. ( 11 ) did not 
measure SREBP-1c or FAS proteins. Although the fasting-
refeeding paradigm is not physiologic, we acknowledge 
that hepatic de novo lipogenesis is very sensitive to ambi-
ent nutrient fl ux and hepatic insulin signaling, and our 
results might have been different if we had studied the 
mice while they were eating. 

 In mice with hepatic overexpression of 11 � -HSD1 ( 13 ), 
hepatic TG was increased with a chow diet but tended to 
be lower than wild-type on a high-fat diet. On chow, over-
expression of 11 � -HSD1, which did not affect food intake 
or weight, was associated with increased expression of  FAS  
but not  SREBP1C ; on the high-fat diet, transgenic expres-
sion of 11 � -HSD1 was actually associated with lower ex-
pression of those genes. Lemke et al. ( 9 ) reported reduced 
steatosis in db/db mice on a chow diet after treatment 
with an adenovirus carrying shRNA for the glucocorticoid 
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protects against diet-induced obesity.    Diabetes   .    54   :   1023 – 1031 .  

apoB secretion; 11 � -HSD1 inhibition resulted, therefore, 
in the assembly and secretion of smaller VLDL particles. 
Our fi ndings are concordant with those of Berthiaume et 
al. ( 17 ), who observed signifi cant reductions in liver TG 
content and TG secretion during treatment of rats with a 
pharmacologic inhibitor of 11 � -HSD1. Importantly, the 
pharmacologic inhibitor used by Berthiaume et al. did not 
affect food intake or weight ( 17 ). Lemke et al. ( 9 ) also 
demonstrated decreased secretion of TG concomitant 
with knockdown of the glucocorticoid receptor. Neither 
of those groups measured apoB secretion. It is well known 
that livers can secrete VLDL across a range of size and den-
sity by varying the quantity of TG secreted with each apoB 
( 45 ). In particular, increased hepatic TG as a consequence 
of increased de novo lipogenesis has been linked to secre-
tion of the same number of larger VLDL particles ( 46 ); 
our results suggested that dissociation of TG and apoB se-
cretion also occurred when de novo lipogenesis was 
reduced. 

 A limitation of this study is the uptake of ASO not only by 
the liver but also by adipose tissue (supplemental Fig   III). 
Although  11 � -HSD1  expression is much lower in adipose 
tissue compared with the liver, ASO treatment signifi cantly 
reduced that expression, compared with FMC mice, in 
both epididymal and subcutaneous fat depots, and it tended 
to reduce expression in mesenteric fat. There was no effect 
of 11 � -HSD1 ASO treatment on either mesenteric or brown 
adipose tissue expression of the enzyme. Furthermore, 
there was no effect of ASO treatment on  11 � -HSD1  in mus-
cle or brain. We did observe changes in adipose tissue me-
tabolism and mass, and this will be the subject of a separate 
report. On the other hand, plasma levels of free fatty acids 
did not differ between any of the experimental groups. 

 In conclusion, this report demonstrates that selective 
11 � -HSD1 inhibition in the liver improves WTD-induced 
obesity, dyslipidemia, and steatosis, independent of re-
duced food intake and weight loss in the WTD model of 
obesity in C57BL/6J mice. Inhibition of 11 � -HSD1 in the 
liver had direct effects on hepatic de novo lipogenesis, 
fatty acid oxidation, and VLDL secretion independent of 
food intake and weight loss. These fi ndings indicate that 
inhibition of the activation of glucocorticoids by 11 � -
HSD1 in liver should have benefi cial effects in humans, 
even if food intake and weight are unaffected. The mecha-
nisms underlying the weight loss in 11 � -HSD1 ASO-treated 
mice compared with FMC controls suggests greater energy 
expenditure in the former group; studies are underway to 
examine this possibility.  
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