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Effective therapies for the treatment of obesity, a key element of metabolic syndrome, are urgently needed but 
currently lacking. Stearoyl-CoA desaturase–1 (SCD1) is the rate-limiting enzyme catalyzing the conversion of 
saturated long-chain fatty acids into monounsaturated fatty acids, which are major components of triglycerides. 
In the current study, we tested the efficacy of pharmacological inhibition of SCD1 in controlling lipogenesis 
and body weight in mice. SCD1-specific antisense oligonucleotide inhibitors (ASOs) reduced SCD1 expression, 
reduced fatty acid synthesis and secretion, and increased fatty acid oxidization in primary mouse hepatocytes. 
Treatment of mice with SCD1 ASOs resulted in prevention of diet-induced obesity with concomitant reductions 
in SCD1 expression and the ratio of oleate to stearoyl-CoA in tissues and plasma. These changes correlated 
with reduced body adiposity, hepatomegaly and steatosis, and postprandial plasma insulin and glucose levels. 
Furthermore, SCD1 ASOs reduced de novo fatty acid synthesis, decreased expression of lipogenic genes, and 
increased expression of genes promoting energy expenditure in liver and adipose tissues. Thus, SCD1 inhibition 
represents a new target for the treatment of obesity and related metabolic disorders.

Introduction
Metabolic syndrome has become one of the leading health problems 
in the world, particularly in developed countries. As a component of 
metabolic syndrome, obesity also has causal roles in other compo-
nents of the syndrome, including insulin resistance, dyslipidemia, 
and cardiovascular diseases. Effective treatments for metabolic syn-
drome in general and obesity in particular have been lacking (1, 2).

Stearoyl-CoA desaturases (SCDs) convert saturated long-chain 
fatty acids into monounsaturated fatty acids (MUFAs) and are the 
rate-limiting enzymes in the biosynthesis of MUFAs in vivo. The 
preferred substrates are palmitoyl-CoA (16:0) and stearoyl-CoA 
(18:0), which are converted into palmitoleoyl-CoA (16:1) and oleoyl- 
CoA (18:1), respectively. The resulting MUFAs are major compo-
nents of triglycerides, cholesterol esters, and phospholipids (3).

The mouse has 4 SCD gene isoforms (SCD1–4). SCD1 is expressed 
in a broad range of tissues and at high levels in the insulin-respon-
sive liver, white adipose tissue (WAT), and brown adipose tissue 
(BAT). On the other hand, SCD2, SCD3, and SCD4 are expressed 
predominantly in the brain, the Harderian gland, and the heart, 
respectively (4–6). There are 2 known human SCD isoforms that 
show approximately 85% homology to murine SCD1 (7, 8). The 

expression of SCD isoforms is highly regulated by multiple factors, 
including dietary factors and hormones (4, 9–11).

Emerging evidence suggests that SCD1 plays a crucial role in 
lipid metabolism and body weight control (12, 13). Asebia mice are 
homozygous for a naturally occurring mutation that results in the 
lack of SCD1 expression (14). The asebia mice manifest defective 
hepatic cholesterol ester and triglyceride synthesis (15), are lean and 
hypermetabolic, and have reduced liver steatosis (16). Similar phe-
notypes were reported for SCD1-knockout mice, which are also resis-
tant to diet-induced insulin resistance (17). Finally, SCD1 deficiency 
also reduces hepatic steatosis in lipodystrophic aP2-nSREBP-1c mice, 
which express a constitutively active form of the SREBP-1c (18).

The detailed mechanisms by which SCD1 deficiency affects body 
weight and adiposity are not completely understood. Leptin may 
exert its metabolic effects by inhibiting SCD1 (16–19). SCD1-
knockout mice have increased activity of AMP-activated protein 
kinase, which may be responsible for the regulation of some of the 
genes important in lipid metabolism (19). Most recently, it was 
shown that SCD1 deficiency increases basal expression of uncou-
pling proteins (UCPs) 1–3 and β3-adrenergic receptors (β3-ARs) in 
BAT and increases basal thermogenesis in mice (20).

The above-mentioned studies suggest that SCD1 deficiency 
reduces body weight and adiposity by increasing basal metabolism 
in mice. It was also reported that higher SCD activity as indicated 
by higher “desaturation index” (the ratio of oleate to stearoyl-CoA 
or 18:1/18:0) is strongly correlated with higher plasma triglycer-
ide levels in humans (21). It thus appears that inhibition of SCD1 
may represent a novel approach for the treatment of metabolic 
syndromes in human subjects (12). However, interpretation of 
results from studies on genetic models of SCD1 deficiency was 
complicated, since SCD1-deficient mice develop alopecia, or hair 
loss (14). It remains a possibility that increased heat dissipation via 
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the abnormal skin may at least partially be responsible for reduced 
body weight and adiposity. Additionally, SCD1 deficiency has been 
shown to improve insulin sensitivity in SCD1-knockout mice but 
not in the aP2-nSREBP-1c mice (17, 18, 22). The role of SCD1 in 
insulin sensitivity therefore remains unclear. Finally, genetic models 
do not allow the question of whether pharmacological inhibition 
of SCD1 can also improve metabolic regulation to be addressed.

The goal of the current study, which uses antisense oligonucle-
otide (ASO) as a treatment to inhibit SCD1 expression and activity 
in vivo, was to investigate the effects of pharmacological SCD1 inhi-
bition on metabolic regulation. The results show that SCD1 ASOs 
reduce SCD1 expression in vitro and in vivo prevent diet-induced 
obesity in animals in the absence of alopecia and improve insulin 
sensitivity in the mice on a high-fat diet (HFD). Thus, the study 
demonstrates that SCD1 inhibitors represent a new therapeutic 
approach for the treatment of obesity and metabolic syndrome.

Results
SCD1 ASOs decreased SCD1 mRNA and protein levels in cultured pri-
mary mouse hepatocytes. Primary hepatocytes isolated and cultured 
from C57/B6 mice were transfected with varying concentrations 
(50–800 nM) of SCD1-specific ASOs (ASO1 and ASO2) and a 
scrambled control ASO (ASOctrl). After the mice recovered over-
night, RNA and proteins were extracted from the transfected cells. 

The RNA was used to prepare cDNA by reverse transcription. Real-
time quantitative RT-PCR (TaqMan) analysis showed that the lev-
els of SCD1 mRNA were reduced by both ASO1 and ASO2 but 
not ASOctrl in a dose-dependent fashion, with an IC50 of approxi-
mately 150 nM (Figure 1A). The levels of fatty acid synthase (FAS), 
which was used as a control, were not affected by any of the ASOs 
in the treatment time frame (Figure 1B). Western blot analysis of 
protein extracts from the hepatocytes showed that both ASO1 and 
ASO2 but not ASOctrl reduced SCD1 protein levels in the primary 
hepatocytes in a dose-dependent fashion (Figure 1C and data not 
shown). Taken together, these results clearly demonstrated that 
ASO1 and ASO2 reduce SCD1 mRNA and protein levels in a spe-
cific and dose-dependent fashion in primary hepatocytes.

SCD1 ASOs inhibited fatty acid synthesis and secretion and increased 
fatty acid oxidation in primary mouse hepatocytes. After overnight 
culture, primary hepatocytes transfected with 800 nM ASO1, 
ASO2, or ASOctrl were incubated with medium containing either 
[14C]acetate or [14C]oleic acid for another 17 hours. For cells incu-
bated with [14C]acetate, the levels of [14C]-labeled fatty acids and 
sterols in both the cells and the culture medium were then quan-
tified at the end of the incubation. The results showed that, in 
comparison with cells transfected with ASOctrl, cells transfected 
with either ASO1 or ASO2 had significantly reduced levels of 
[14C]-labeled fatty acids both in the hepatocytes (Figure 1D) and 
in the culture medium (Figure 1E). On the other hand, the levels of 
[14C]sterols in the cells or in the culture medium transfected with 
all of the 3 ASOs were comparable (Figure 1, F and G).

For cells incubated with [14C]oleic acids, the levels of soluble [14C]-
labeled products in the tissue culture medium were quantified at 
the end of the incubation. In the culture media of cells transfected 
with either ASO1 or ASO2, higher levels of soluble [14C]-labeled 
products were converted from [14C]oleic acid (Figure 1H). Taken 
together, these results showed that reduction of SCD1 by ASO1 and 
ASO2 decreased fatty acid synthesis and secretion while increasing 
fatty acid oxidation in primary hepatocytes in vivo.

SCD1 ASOs reduced weight gain, body adiposity, and plasma insulin 
and glucose levels. C57/B6 mice were switched from regular diet to 
HFD and treated with ASO1, ASO2, and ASOctrl at 5 and 15 mg 
per kg body weight (mpk) twice a week for 10 weeks. In compari-
son with mice treated with ASOctrl, those treated with ASO1 and 
ASO2 at 15 mpk but not 5 mpk showed significantly reduced 
body weight gain (P < 0.05) starting at week 4 of the experiment 
(Figure 2A). As shown in Figure 2B, in the first 2–3 weeks, food 
intake went down substantially for mice in all treatment groups 
as they started to feed on the more energy-rich HFD. Through-

Figure 1
Effects of SCD1 ASOs on SCD1 mRNA and protein levels, fatty acid 
and sterol synthesis and secretion, and fatty acid oxidation in primary 
mouse hepatocytes in vitro. Primary hepatocytes isolated from C57/B6  
mice were transfected with ASO1, ASO2 and ASOctrl. Shown are the 
relative abundances of SCD1 (A) and FAS (B) mRNA levels in the 
transfected hepatocytes as quantified by TaqMan real-time PCR. SCD1 
protein levels were determined by Western blot analysis (C). Also shown 
are the levels of conversion of [14C]acetate into [14C]-labeled fatty acids 
in hepatocytes (intracellular; D), [14C]-labeled fatty acids secreted into 
the tissue culture medium (extracellular; E), [14C]sterols in hepatocytes 
(intracellular; F), [14C]sterols in the culture medium (extracellular; G), and 
conversion of [14C]oleic acid into soluble [14C]-labeled products in the 
cells (H). The experiments were repeated 3 times with similar results.
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out the course of the experiment, however, ASO treatments did 
not appear to significantly affect food intake, which suggests 
that body weight reduction in the SCD1 ASO–treated groups 
was not due to decreased food intake (Figure 2B). Body compo-
sition analysis by nuclear magnetic resonance showed that, in 
comparison with mice treated with ASOctrl at similar dosage, 
mice treated with ASO1 and ASO2 at 15 but not 5 mpk had a sig-
nificantly reduced percentage of fat but an increased percentage 
of lean mass to total body mass (P < 0.05; Figure 2C and data not 
shown). These results suggest that, without affecting food intake, 
SCD1 ASOs protected the mice from HFD-induced obesity in a 
dose-dependent fashion. Furthermore, mice treated with either 
ASO1 or ASO2 at 15 mpk exhibited significantly lower post-
prandial plasma glucose and insulin concentrations (Figure 2, 
E and D), which suggests that the SCD1 ASO–treated mice have 
improved insulin sensitivity. On the other hand, ASO treatments 

did not significantly alter plasma free fatty acid and triglyceride 
concentrations in the mice (data not shown).

SCD1 ASO2 increased both metabolic rate and physical activity. The 
effect of SCD1 ASO treatment on both oxygen consumption, an 
indicator of energy expenditure, and physical activity of the mice 
was also investigated. The results showed that, over a period of 
approximately 21 hours, mice treated with ASO2 at 15 mpk for 10 
weeks had significantly higher rates of oxygen consumption (Fig-
ure 3A) as well as physical activity levels (Figure 3B) (P < 0.05). We 
also calculated resting energy expenditure by computing the oxy-
gen consumption associated with the lowest 20% physical activity 
recordings (n = about 9–10 recordings out of a total of approxi-
mately 45–50 recorded intervals). This result showed that resting 
energy expenditure was also increased significantly, by 12%, in the 
ASO2-treated animals (2,426 ± 53 ml/kg/h) as compared with the 
ASOctrl-treated ones (2,131 ± 76 ml/kg/h; P < 0.01).

SCD1 ASOs reduced SCD1 mRNA levels, enzyme activity, and lipid “satu-
ration index” in a dose- and time-dependent fashion in liver. In compari-
son with ASOctrl at 15 mpk, ASO1 and ASO2 at 15 mpk reduced 
both hepatic SCD1 mRNA (Table 2) and SCD1 activity (Figure 4A) 
by approximately 50% after 4 weeks of treatment. After 10 weeks of 
treatment, both ASO1 and ASO2 inhibited liver SCD1 dose depend-
ently, with approximately 60% reduction in mRNA (Table 2) and 

Figure 2
Effect of SCD1 ASOs on weight gain, body adiposity, and plasma met-
abolic parameters in C57/B6 mice on HFD. C57/B6 mice were given 
HFD and treated with ASO1, ASO2, or ASOctrl at 5 and 15 mpk twice 
a week for 9–10 weeks as described in Methods. Shown are the body 
weight (A) and food intake (B) of the animals measured weekly. Also 
shown are body composition (C), and postprandial plasma insulin (D) 
and glucose (E) measured at the end of the treatments. While ASO2 
was only tested in the current experiment, similar results on ASO1 and 
ASOctrl were obtained in 2 experiments. *P < 0.05; **P < 0.01.

Figure 3
Effect of SCD1 ASO2 on oxygen consumption and physical activity of 
C57/B6 mice on HFD. Interval measurements of oxygen consumption 
and physical activity were done every 30 minutes for 24 hours on C57/B6 
mice fed HFD and treated with ASO2 or ASOctrl at 15 mpk for 10 weeks 
as described in Methods. Shown are the volume of oxygen consumed 
(A) and the cumulative ambulatory xy counts (i.e., the number of times 
that light beams in the x and y axes were broken due to animal move-
ment; B). Both oxygen consumption and physical activity are significantly 
higher in ASO2-treated mice than in ASOctrl-treated mice (P < 0.05).
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approximately 65–90% reduction in enzyme activity (Figure 4B) at 
15 mpk. Finally, treatment with ASO1 and ASO2 at 15 mpk for 4 and 
10 weeks significantly reduced the saturation index of C16 and C18 
fatty acids in both liver and plasma (Figure 5 and data not shown).

Treatment with SCD1 ASOs altered the expression of multiple lipid 
metabolism genes in the liver. ASO1 and ASO2 at 15 mpk did not 
significantly affect the mRNA levels of FAS, acetyl-coenzyme A 
carboxylase 1 (ACC1), and SREBP-1 in the liver after 4 weeks of 
treatment. After 10 weeks of treatment, however, FAS, ACC1, and 
SREBP-1 mRNA levels were reduced by both ASO1 and ASO2, 
mostly in a dose-dependent fashion (Table 2). A different tem-
poral regulation was seen with the ACC2 gene, as ACC2 mRNA 
was already significantly reduced by approximately 60% by both 
ASO1 and ASO2 after 4 weeks of treatment and remained similarly 
reduced throughout the experiment (Table 2).

Both ASO1 and ASO1 significantly increased liver-specific 
carnitine palmitoyltransferase 1 (L-CPT1) mRNA levels after 4 
weeks of treatment at 15 mpk and after 10 weeks of treatment at 
15 but not 5 mpk. The mRNA levels of several other genes mea-
sured as a control, including very-long-chain acyl-CoA dehydrogenase 
(VLCAD) and acyl-CoA oxidase (ACO), were not significantly dif-
ferent among animals treated with all 3 ASOs at all dosages after 
both 4 and 10 weeks of treatment (data not shown).

SCD1 ASOs reduced de novo fatty acid synthesis and steatosis in the liver. 
After 10 weeks of treatment, we determined the activity of de novo 
fatty acids and sterol synthesis in the livers of mice treated with 
various ASOs at 15 mpk by measuring the levels of [3H]-labeled 
fatty acids and sterols extracted from liver after i.p. injection of 
[3H]water. The results showed that ASO1 and ASO2 at 15 mpk 
significantly reduced the levels of [3H]-labeled fatty acids but not  
[3H]-labeled sterols in the liver of the treated mice (Figure 4, C and D).  
H&E staining revealed vacuoles in the liver section from mice 
treated with ASOctrl (Figure 4G) but not with ASO1 (Figure 4E) or 
ASO2 (Figure 4F) at 15 mpk for 10 weeks. Such vacuoles are known 

to represent empty spaces typically left behind by lipid drops, which 
were dissolved during the H&E procedure. Staining with lipid dye 
oil red O confirmed the presence of lipid drops within the vacuoles 
in the frozen sections of liver tissue from the ASOctrl-treated mice 
(Figure 4H). Taken together, these results demonstrated that ASO1 
and ASO2 at 15 mpk reduced both de novo fatty acid synthesis 
activity and HFD-induced hepatic steatosis in treated mice.

SCD1 ASOs reduced SCD1 and FAS mRNA levels in WAT. In compar-
ison with ASOctrl, ASO2 at 15 mpk reduced SCD1 mRNA levels 
by approximately 70% in WAT after either 4 or 10 weeks of treat-
ment (Table 3). The ASO2 treatment also significantly reduced FAS 
mRNA levels (reduced about 70–75%) in WAT after 10 but not 4 
weeks of treatments (Table 3). The ASO2 treatment did not signifi-
cantly affect the mRNA levels of VLCAD, which were measured as a 
control, at either week 4 or week 10 (data not shown).

SCD1 ASOs reduced SCD1 mRNA levels while increasing the mRNA 
levels of multiple thermogenesis-related genes in BAT. In comparison 
with ASOctrl at 15 mpk, ASO1 and ASO2 at 15 mpk significantly 
reduced SCD1 mRNA levels in BAT after 4 and 10 weeks of treat-
ment (Table 3). While ASO2 treatment significantly increased 
UCP2 mRNA levels only after 4 weeks of treatment, it significantly 
increased the mRNA levels of not only UCP2 but also UCP1, UCP3, 
and β3-AR after 10 weeks of treatment (Table 3). ASO2 treatment 
had no significant effects on VLCAD mRNA levels, which were 
measured as a control, at either week 4 or week 10 of the treatment 
in BAT (data not shown).

Discussion
We have evaluated the potential metabolic effects of pharmacologi-
cal inhibition of SCD1 in mice. The results show that SCD1 ASOs 
(ASO1 and ASO2) but not the ASOctrl significantly reduce SCD1 
mRNA and protein levels in a dose-dependent fashion, with an IC50 
of approximately 150 nM in isolated mouse primary hepatocytes 
(Figure 1, A–C). This effect was specific for the SCD1 gene, since 

Figure 4
Effect of SCD1 ASOs on SCD1 enzymatic activity, de novo fatty acid synthesis activity, and fat accumulation in the liver of treated C57/B6 mice on 
HFD. SCD1 enzymatic activity in the liver of mice treated with the various ASOs at 15 mpk for 4 weeks (A) and 10 weeks (B). The de novo fatty 
acid synthesis activity as indicated by the level of conversion of [3H]water into fatty acids (C) or sterols (D) in the liver tissues of mice treated with 
the various ASOs at 15 mpk for 10 weeks. (E–G) Images of H&E staining of liver sections of mice treated with the ASO1 (E), ASO2 (F) and ASOctrl 
(G) at 15 mpk for 10 weeks. The clear vacuoles in the liver section are identified by arrows in G. (H) Images of oil red O staining of frozen liver 
section of a mouse treated with ASOctrl at 15 mpk for 10 weeks. The lipid drops stained by oil red O within the vacuoles are identified by arrows.
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mRNA levels of other genes including FAS were not affected in this 
in vitro setting. SCD1 ASOs also reduced SCD mRNA levels and/or 
enzyme activities in liver, WAT, and BAT of C57/B6 mice. SCD1 
ASOs also reduced lipid desaturation index in liver and in plasma 
after in vivo treatment (Figure 4, A and B, Figure 5, and Tables 2 
and 3). The same ASOs did not affect the mRNA levels of several 
other genes tested (i.e., VLCAD and ACO) in the same tissue samples. 
Finally, no significant metabolic differences were observed between 
ASOctrl- and saline-treated animals (data not shown). These results 
demonstrate that SCD1 ASOs reduce the expression and activity of 
SCD1 in vitro and in multiple insulin responsive tissues in vivo in 
specific, concentration-dependent, and time-dependent fashion.

We performed in vivo experiments in which C57/B6 mice, who 
had been on normal chow since weaning, were switched to an HFD; 
from that time on, mice were treated twice a week with 1 of the 
2 SCD1 ASOs or the ASOctrl for 10 weeks at 5 and/or 15 mpk. 
Mice treated with either SCD1 ASO at 15 but not at 5 mpk showed 
significantly reduced body weight gain mainly due to reduced 
body adiposity (Figure 2, A and C). These results correlate with the  

phenotypes of SCD1-deficient mice (12, 15, 17, 22). However, since 
mice treated with SCD1 ASOs do not have apparent hair loss and 
skin abnormalities (data not shown), the current study demon-
strates, for the first time to our knowledge, that reduction in body 
weight and adiposity in mice deficient in or with reduced SCD1 can 
occur in the absence of hair and skin lesions. It is important to note 
that, although the lack of hair loss does not formally exclude the 
possibility that the ASOs may nevertheless reduce SCD1 activity in 
skin and alter sebaceous gland histology and function, such effect 
on skin is unlikely to occur, since ASOs are documented as having 
limited tissue distribution and preferentially target the liver.

Although it was reported that SCD1-deficient mice are somewhat 
hyperphagic (12), food intake by mice treated with SCD1 ASOs was 
similar to that of mice treated with ASOctrl (Figure 2B). This sug-
gests that the reduction of body weight and adiposity in mice treat-
ed with SCD1 ASOs was not mainly due to changes in food intake. It 
was reported that SCD1-deficient mice have increased energy expen-
diture (12, 17). We observed in the current study significant increas-
es in oxygen consumption by mice treated with ASO2 at 15 mpk 
(Figure 3A). The interpretation of the increased oxygen consump-
tion, however, is somewhat complicated by the observation that the 
SCD1 ASO–treated mice also exhibited increased physical activity 
(Figure 3B). Since physical activity was measured at week 10 when 
the ASO2-treated animals were significantly leaner (Figure 2A), it 
is possible that the increased physical activity in these mice may be 
a consequence of their leanness. We do not exclude the possibility 
that increased physical activity may contribute to the leanness in the 
ASO2-treated mice at least at the later stage of the experiment. How-
ever, it is likely that the observed increase in resting metabolic rate 
in ASO2-treated mice, which confirms earlier findings from studies 
on SCD1–/– mice (20), is responsible, at least in part, for the resis-
tance to diet-induced obesity in ASO2-treated mice. The concept of 
augmented energy expenditure in ASO2-treated mice is supported 
in the current study by the increased expression of UCP proteins 
(UCP1–3) as well as β3-ARs in BAT (Table 3). Furthermore, SCD1 
ASOs increased fatty acid oxidization in primary mouse hepatocytes 
in vitro (Figure 1H) and increased the hepatic expression of L-CPT1, 
a key regulator of fatty acid oxidation (Table 1). The changes in 
the levels of expression of these genes in concert could result in 
increased energy expenditure in multiple insulin-responsive tissues, 
which could at least be partially responsible for SCD1 ASO-medi-
ated protection against diet-induced adiposity in mice.

In addition to increased energy expenditure, reduced de novo 
fatty acid synthesis also contributes to SDC1 ASO–mediated reduc-
tion in weight gain and body adiposity. SCD1 ASOs decreased 
fatty acid but not sterol synthesis and secretion by primary mouse 
hepatocytes in vitro (Figure 1, D–G). The treatments significantly 
decreased de novo fatty acid synthesis activity (Figure 4, C and D)  
and steatosis (Figure 4, E–H) in the liver of treated mice. Gene 
expression analyses showed that SCD1 ASO treatment reduced 
the expression of multiple lipogenic genes (i.e., FAS, ACC1, ACC2, 
and SREBP-1) in liver (Table 2) and the expression of FAS in WAT 
(Table 3) in a time- and dose-dependent fashion. Downregulation 
of FAS and SREBP-1 in the livers of SCD1-deficient mice has also 
been reported (17). In contrast to what was observed in SCD1-defi-
cient mice, there were no significant changes in the expression of 
ACO, VLCAD, and fasting-induced adipocyte factor (FIAF) in the livers 
of SCD1 ASO–treated mice (data not shown). It has been reported 
that ASOs administered i.p. can reduce target genes in adipose tis-
sue (23–25). Nevertheless, it is possible that the inhibition of SCD1 

Table 1
Sequence of TaqMan primers and probes

Gene Sequence of primers and probe
ACC1 F: CCCGCCAGCTTAAGGACA
 R: TGGATGGGATGTGGGCA
 P: CACCTGTGTGGTGGAATTTCAGTTCATGC
ACC2 F: ACAGAGATTTCACCGTTGCGT
 R: CGCAGCGATGCCATTGT
 P: ACTCGCTTTGGAGGCAACAGGGTCAT
ACO F: GAGTGAGCTGCCTGAGCTTCA
 R: TCTTCGATACCAGCATTGGCT
 P: AGCTGGGCTGAAGGCTTTTACTACCTGGA
L-CPT1 F: AATATGTCTACCTCCGAAGCAGGA
 R: CGTGAACGGCATTGCCTAG
 P: CAACTATTATGCCATGGATTTTGTGCTTATTAAGA
FAS F: ACCATGGAGCGTATATGTGAACA
 R: CAATGCCCACGTCACCAA
 P: TGTCCTCCCAGGCCTTGCCGT
SCD1 F: TTCCGCCACTCGCCTACA
 R: CTTTCCCAGTGCTGAGATCGA
 P: CAACGGGCTCCGGAACCGAA
SREBP-1 F: CATCGACTACATCCGCTTCTTG
 R: TTTTGTGTGCACTTCGTAGGGT
 P: AGCAACCAGAAGCTCAAGCAGGAGAACCT
UCP1 F: CCTTCCCGCTGGACACTG
 R: CCTAGGACACCTTTATACCTAATGGT
 P: CAAAGTCCGCCTTCAGATCCAAGGTG
UCP2 F: CCTCTACGACTCTGTCAAACAGTTCTA
 R: GCCAGGGCACCTGTGGT
 P: TGCCTGCATGCTCTGAGCCCTTG
UCP3 F: CCTCTACGACTCTGTTAAGCAGTTCTAC
 R: GCTCCTGTCGTGCAGCCT
 P: CGCTGGAGTGGTCCGCTCCCTT
VLCAD F: GCTGAGACGGAGGACAGGAAT
 R: ACCACGGTGGCAAATTGATC
 P: AGAGCCTGCACTGCCAGTTCACCACT
β3-AR F: GGGAGGCAACCTGCTGGTA
 R: GAAGTCACGAACACGTTGGTTATG
 P: CGCCCGCACGCCGAGACT

F, forward; R, reverse; P, probe.
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by ASO treatment in the adipose tissues could be a secondary effect 
of reducing SCD1 expression in the liver.

In comparison with wild type mice, SCD1-knockout mice have 
lower fasting insulin levels on chow diet but not on HFD. While 
the fasting glucose is comparable between the wild-type and the 
SCD1-knockout mice, the latter have improved glucose tolerance 
(17). Furthermore, it was reported that decreased expression and 
activity of protein tyrosine phosphatase PTP1B in the muscle may 
play a role in improving insulin sensitivity in SCD1-deficient mice 
by potentiating the insulin-signaling cascade and glucose trans-
porter 4 (GLUT4) translocation to cell surface (22). On the other 
hand, aP2-nSREBP-1c mice that are also homozygous for SCD1 
deficiency do not have improved insulin sensitivity when com-
pared with aP2-nSREBP-1c mice. Furthermore, without affecting 
hepatic steatosis and SCD1 activity, subcutaneous leptin at low 
dosage potentiates insulin signaling in aP2-nSREBP-1c mice (18). 
The role of SCD1 in insulin sensitivity therefore remains some-
what unclear. Interestingly, the current study showed that SCD1 
ASO treatment reduced the postprandial plasma insulin and glu-
cose levels in the C57/B6 mice (Figure 2, D and E), which sup-
ports the notion that SCD1 deficiency improves insulin sensitivity 
in mice. While the current study did not investigate the effect of 
SCD1 ASO treatment on gene expression in muscle, PTP1B mRNA 
levels in both the livers and the WAT in the C57/B6 mice were not 
significantly altered (data not shown).

Treatment with SCD1 ASOs at 5 mpk did not affect body weight 
(Figure 3A), body composition (data not shown), and blood glu-
cose (data not shown). Such treatments nevertheless significantly 
reduced SCD1 mRNA levels by approximately 50% in liver (Table 2).  
This suggests that greater than 50% inhibition of SCD1 activity 
is required to bring about discernible metabolic effects. Further-
more, these results indicate that the metabolic effects of SCD1 
ASOs are not merely mediated by the direct inhibition of SCD1 
expression and activity per se. Rather, SCD1 inhibition leads to a 
broader reprogramming of pathways regulating lipid metabolism, 
and it is such reprogramming that brings about the metabolic phe-
notypes. The proposed molecular basis for SCD1 ASO–mediated 
metabolic effects is shown schematically in Figure 6.

In summary, the current study demonstrates that pharmacolog-
ical inhibition of SCD1 protects mice from diet-induced obesity 
and improves insulin sensitivity in the absence of alopecia. The 
metabolic effects are mediated by synergistic effects of reduced 

fatty acid synthesis and increased energy expenditure, 
which are consistent with a coordinated regulation 
of relevant genes important in lipid metabolism and 
energy expenditure in multiple insulin-responsive tis-
sues (liver, WAT, and BAT). Thus, SCD1 inhibitors 
hold potential for the treatment of obesity and meta-
bolic syndrome.

Methods
SCD1 ASOs and ASOctrl. Among 78 ASOs designed against 
mouse SCD1 mRNA, SCD1 ASO1 (5′-gtgttTCTGAGA-
ACTtgtgg-3′) was selected based on its ability to inhibit 
SCD1 mRNA levels in primary mouse hepatocytes. A second 
SCD1 ASO (ASO2) is identical to ASO1 in sequence but 
is a gap-ablated version (5′-gtgTTtCTgAGaACtTGtgg-3′). 
Finally, a control ASO (ASOctrl) with a random sequence  
(5′-ccttcCCTGAAGGTTcctcc-3′) was also prepared. The 
ASOs were prepared as described previously (26).

Preparation of animals. C57/B6 mice were purchased from Taconic. Prior 
to this study, mice were group housed and provided with ad libitum rodent 
chow (Teklad 7012; Harlan Teklad Global Diets) and reverse osmosis 
water via a water bottle. The light-dark cycle was 7:00 am–7:00 pm, and the 
building was provided with high-efficiency particulate air–filtered (HEPA-
filtered) air, maintained at 72 ± 2°F. All animal procedures involved the 
humane care and use of animals, were performed within an Association for 
Assessment and Accreditation of Laboratory Animal Care International–
accredited facility, and were approved by the Merck-Rahway Institutional 
Animal Care and Use Committee.

Isolation and transfection of primary hepatocytes from C57/B6 mice. 
Hepatocytes were isolated from the C57/B6 mice as previously described 
(27). Briefly, livers in anesthetized mice were perfused with freshly pre-

Table 2
Levels of mRNA of genes in the livers of mice treated with ASO1 and ASO2 
relative to those treated with ASOctrl (%)A

  Week 4   Week 10 
Gene ASO1,  ASO2,  ASO1,  ASO1,  ASO2,  ASO2,
 15 mpk 15 mpk 5 mpk 15 mpk 5 mpk 15 mpk
SCD1 49 ± 7B 53 ± 12B 58 ± 16 41 ± 9C 50 ± 15C 37 ± 5C

FAS 78 ± 5 82 ± 18 58 ± 15 41 ± 9C 50 ± 13 37 ± 5C

L-CPT1 390 ± 90B 202 ± 35C 143 ± 20 215 ± 16B 108 ± 12 175 ± 18C

ACC1 72 ± 10 118 ± 17 65 ± 6B 69 ± 8B 74 ± 8C 72 ± 8C

ACC2 46 ± 7C 51 ± 9C 58 ± 15 41 ± 9C 40 ± 8C 37 ± 5C

SREBP 66 ± 5C 83 ± 10 77 ± 12 59 ± 6B 67 ± 11C 53 ± 6B

AThe levels of mRNA were determined by TaqMan real-time PCR. The level of mRNA 
of each of the genes was set to 100% in liver tissues treated with ASOctrl at 15 mpk in 
weeks 4 and 10. BP < 0.01, CP < 0.05; Student’s t test.

Figure 5
Effect of SCD1 ASOs on lipid desaturation index in liver and plasma 
of treated C57/B6 mice on HFD. Saturated fatty acids and MUFAs in 
liver and plasma were measured after mice were treated with the vari-
ous ASOs at 15 mpk for 4 weeks as described in Methods. Shown are 
the ratios of the levels of MUFAs verses saturated fatty acids in liver 
(A and B) and in plasma (C and D).
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pared Leffert’s buffer (10 mM HEPES, 3 mM KCl, 130 mM NaCl, 1 mM 
NaH2PO4, 10 mM D-glucose, pH 7.4) with 0.5 mM EGTA via the portal 
vein for 5 minutes and then with digestion buffer (Leffert’s buffer plus 
collagenase I from Worthington Biochemical Corp. at 0.33 mg/ml and 
0.0279% CaCl2) for 12 minutes. The perfused livers were removed from the 
mice and dissociated in ice-cold wash buffer (Leffert’s buffer plus 0.0279% 
CaCl2) by agitation. The hepatocytes were washed with ice-cold wash buffer 
3 times by centrifugation; seeded onto Primaria tissue-culture plates (BD 
Biosciences) at 400,000 to 600,000 cells per well in 2 ml hepatocyte culture 
medium (RPMI plus 10% FCS, 100 nM dexamethasone, 10 μg/ml insu-
lin, and 5 μg/ml transferrin); and cultured overnight at 37°C and 5% CO2. 
For transfection, hepatocytes in the 6-well plates were washed gently once 
with PBS and then incubated with 1 ml of transfection mixture per well 
for 4–6 hours. The transfection mixture contained 2.5 μl Lipofectin/ml 
(Invitrogen Corp.) per 100 nM ASO (i.e., 20 μl Lipofectin in each milliliter 
of mixture for transfection with 800 nM of ASO). The transfection mix was 
then aspirated and replaced with 3 ml hepatocyte culture medium. The 
transfected cells were allowed to recover overnight for subsequent RNA 
extraction, protein extraction, and/or metabolic studies.

Determination of fatty acid and sterol synthesis, secretion, and fatty acid oxidation in 
transfected hepatocytes in vitro. Fatty acids and sterol synthesis in the transfected 
primary hepatocytes were measured for the most part as previously described 
(28, 29) with some modifications. Briefly, after overnight culture, transfected 
hepatocytes were washed twice with PBS and then incubated with 2 ml high-
glucose DMEM plus [14C]acetate (New England Nuclear) at 0.5 μCi per well. 
The wells were gassed with 95% O2 and 5% CO2, and the plates were sealed 
with Parafilm. After overnight (17 hours) incubation, tissue culture medium 
(2 ml) or the cells washed twice with PBS were mixed with 2.5 ml 10% KOH 
in methanol and 1.0 ml distilled water per well. The mixture was heated at 
90°C for 3 hours and extracted with 4 ml petroleum ether (PE) once. Three 
milliliters of the upper PE layer was transferred into a scintillation vial and 
dried under low heat, and then the number of [14C]sterols was determined. 
Three milliliters of the lower aqueous layer was mixed first with 1.0 ml of 
10M H2SO4 and then with 4 ml of PE. The mixture was then subject to cen-
trifugation, after which 3 ml of the upper layer was obtained and dried under 
low heat, and the levels of [14C]-labeled fatty acids were determined.

We determined fatty acid oxidation in the transfected primary 
hepatocytes by measuring the oxidation of [14C]oleate to acid soluble 
products for the most part as previously described (30) with some modi-
fications. Briefly, hepatocytes were washed with Medium 199 (HyClone) 

and then incubated with 2 ml Medium 199 plus 0.25% BSA and 0.25 μCi 
[14C]oleic acid (New England Nuclear). The wells were gassed with 95% O2 
and 5% CO2, and the plates were sealed with Parafilm. After overnight (17 
hours) incubation, 1 ml of medium was removed and mixed with 100 μl 
of 10% BSA and then 100 ml 60% HClO4. After centrifugation, the level of 
soluble [14C]-labeled products in 1 ml of the solution was determined.

In vivo experiments with C57/B6 mice. C57/B6 mice fed a chow diet were 
approximately 5 weeks old at the beginning of the experiments. Mice were 
switched from a standard rodent chow to HFD D12492 containing 60% kCal 
of mostly saturated fats (Research Diets Inc.) and treated with ASOs dis-
solved in saline at 5 and 15 mpk twice a week via i.p. injection for 10 weeks. 
We chose to treat animals twice a week because, based on our previous expe-
rience with other ASOs of similar chemistry, such a dosing scheme provides 
sustained coverage (data not shown). A 10-week study was performed to 
determine whether any metabolic effects exerted by SCD1 ASOs would be 
sustainable over time. There were 16–24 animals per treatment group. Body 
weight and food intake were monitored weekly. Blood was obtained in the 
postprandial state by tail vein bleeding at weeks 4 and 10 for measurement of 
insulin, glucose, free fatty acids, triglycerides, and glucagon concentrations, 
as previously described (31). Body composition was assessed by a Fat/Lean 
Mice Whole Body Magnetic Resonance Analyzer (Bruker). Liver tissue, WAT, 
and BAT from animals treated for 4 and 10 weeks were obtained for RNA 
isolation and TaqMan analysis of gene expression.

Table 3
Levels of mRNA of genes in the WAT and BAT of mice treated 
with ASO2 relative to those treated with ASOctrl (%)A

 WAT BAT
Gene ASO2,  ASO2,  ASO2,  ASO2, 
 15 mpk,  15 mpk,  15 mpk,  15 mpk, 
 week 4 week 10 week 4 week 10
SCD1 33 ± 9B 32 ± 7C 20 ± 3B 59 ± 11B

FAS 85 ± 31 25 ± 4C  
UCP1   96 ± 15 138 ± 8C

UCP2   164 ± 11C 139 ± 12B

UCP3   120 ± 10 144 ± 17B

β3-AR   97 ± 10 145 ± 8C

AThe levels of mRNA were determined by TaqMan real-time PCR. The 
level of mRNA of each of the genes was set to 100% in WAT or BAT 
treated with ASOctrl at 15 mpk in weeks 4 and 10. BP < 0.05, CP < 0.01; 
Student’s t test.

Figure 6
Proposed molecular basis for SCD1 ASO-mediated metabolic effects 
in mice. SCD1 ASOs directly reduce SCD1 levels in liver. SCD1 ASOs 
also reduce SCD1 in WAT and BAT; however, whether the reduction 
is due to direct or indirect effects remains unknown and is indicated by 
question marks. In liver, the reduction of SCD1 leads to increased CPT1 
levels first and decreased SREBP-1, FAS, ACC1, and ACC2 later. It is 
possible that the downregulation of FAS, ACC1, and ACC2 may be 
downstream of the transcription factor SREBP-1. In WAT, reduction of 
SCD1 leads to reduction of FAS. In BAT, reduction of SCD1 leads to 
increase in UCP2 first and then UCP1, UCP3, and β3-AR.
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De novo whole body fatty acid and sterol synthesis in liver in vivo were 
measured as previously described (32) with some modifications. Brief-
ly, mice were treated with 0.5 ml of 0.15 N NaCl containing 0.2 mCi of 
[3H]water/100 g body weight by i.p. injection. Liver samples (approximate-
ly 700 mg per animal) were excised from the animals 1 hour later, heated 
at 90°C for 5 hours in a mixture of 1.5 ml 4 M KOH and 1.5 ml of 95% 
ethanol. The alkaline hydrolysate was then mixed with 4 ml hexane. After 
centrifugation, the organic phase was obtained and dried under warm air, 
and then the level of [3H]sterols was determined. The aqueous phase (3 ml)  
was acidified with 0.75 ml of 10 M H2SO4, mixed with 4 ml hexane, and 
subjected to centrifugation. The organic phase was then backwashed with 
3 ml of distilled water, then dried and counted to determine the levels of 
[3H]-labeled fatty acids.

Determination of energy expenditure and physical activity. We quantified ener-
gy expenditure by measuring oxygen consumption in an open-air circuit 
indirect calorimetry system (Oxymax Equal Flow; Columbus Instruments). 
Briefly, mice were placed in calorimetric chambers at 24°C with free access 
to food and water for a period of approximately 24 hours. The light-dark 
cycle was 7:00 am–7:00 pm. Expired gases from each chamber were col-
lected and analyzed for CO2 and O2 content every 3 minutes. Room air was 
sampled every 27 minutes as a reference, and air flow through the chambers 
was 600 ml/min. Oxygen consumption was expressed as ml O2/kg body 
wt/h. Physical activity was determined simultaneously with the indirect 
calorimetry studies. Individual calorimetric chambers were equipped with 
infrared beams in the xyz axis. Data reported represent cumulative ambu-
latory movements, which mostly exclude movement typical of grooming 
and are reflective of locomotor activity.

RNA isolation and quantification of gene expression. Cultured primary 
hepatocytes or frozen tissue samples (approximately 50–200 mg) were 
lysed in 1 ml of Ultraspec Total RNA Isolation Reagent (Biotecx Labora-
tories Inc.). The lysates were mixed with 200 μl chloroform and then sub-
jected to centrifugation. The aqueous phase was mixed with 0.6 volume 
of 100% ethanol and then passed through an RNeasy 96 Plate (QIAGEN). 
RNase-Free DNase I (QIAGEN) in RDD buffer (80 μl) was added to each of 
the wells. After 5 minutes incubation at room temperature, the plate was 
centrifuged, washed subsequently with buffer RW1 and RPE, and eluted 
with 50 μl of RNase-free water. For RNA from animal tissues, we subjected 
the RNA eluted from the RNeasy 96 Plate to further purification to remove 
contaminating ASO using the QIAquick PCR Purification Kit (QIAGEN). 
Briefly, the RNA was mixed with 5× volume of binding buffer, passed via 
the column by centrifugation, washed once with wash buffer, and eluted 
with 50 μl RNase-free water. We performed the synthesis of cDNA from 
RNA and the quantitative amplification of target cDNAs by TaqMan PCR 
using reagent kits in the ABI PRISM 7700 sequence detection system per 
the manufacturer’s instructions (Applied Biosystems). The TaqMan prim-
er/probe sets used are shown in Table 1. The level of mRNA for each gene 
was normalized to that of 18S ribosomal RNA in the same sample.

Protein extraction and Western blot analysis. Proteins from primary mouse 
hepatocytes were extracted, and Western blot analysis was performed as 

previously described (31) using the polyclonal antibody against murine 
SCD1 from Santa Cruz Biotechnology Inc.

Determination of SCD enzyme activity. [14C]stearoyl-CoA was purchased 
from American Radiolabeled Chemicals Inc. We measured SCD activity 
in liver microsomes by monitoring the conversion of [14C]stearoyl-CoA to 
[14C]oleoyl-CoA. Briefly, tissues were homogenized in 10 volumes buffer 
(25 mM sucrose, 1 mM EDTA, 5 mM DTT, 50 mM Tris-HCl, pH 7.4). The 
microsomal membrane fraction (100,000 g pellet) was isolated by sequen-
tial centrifugation and resuspended in buffer containing 20% glycerol,  
2 mM DTT, 100 mM sodium phosphate, pH 7.4. The assay system con-
tained 2 mM NADH, 2 mM DTT, 0.06 mM [14C]stearoyl-CoA (specific 
activity 50 mCi/mmol), 100 mM Tris, pH 7.2, and liver microsomes in a 
final volume of 0.1 ml. The reaction was initiated by the addition of micro-
somes and incubated at 37°C for 3 minutes. The reaction was halted by the 
addition of 0.225 ml 6 mM H3PO4 in ethanol. Samples were centrifuged for 
5 minutes and the supernatant applied to a Betasil C-18 column (Thermo 
Electron Corp.) equilibrated at 1 ml/min in 20% acetonitrile, 80% 10 mM 
KH2PO4, pH 5.3, 70% acetonitrile, 30% 10 mM KH2PO4, pH 5.3 (42:58). 
The conversion of [14C]stearoyl-CoA to [14C]oleoyl-CoA was monitored via 
a Packard 500TR Series Flow Scintillation Analyzer.

Histological analysis. Liver tissue samples were fixed in 10% buffered neu-
tral formalin. Half of the sample was processed and sectioned in paraffin 
and half was frozen and sectioned on a cryostat. Paraffin sections were 
stained with H&E to visualize liver histology. Frozen sections were stained 
with oil red O to visualize fat deposits in the liver.

Measurement of desaturation index. Lipids were extracted from plasma or 
liver as previously described (33). Briefly, fatty acid methyl esters were 
prepared, extracted, dried down, and resuspended in hexane. Fatty acid 
methyl esters were identified with an Agilent 6890 gas chromatograph 
connected to an HP-5 column (30 m × 0.32 mm × 0.25 μM film thickness) 
connected to a flame ionization detector set at 2,500°C. The column and 
the injector temperature were set to 500°C. The column temperature was 
increased to 1,500°C at 40°C/min, increased to 2,000°C at 30°C/min, held 
at 2,000°C for 25 minutes, and then increased to 2,250°C at 250°C/min  
and held at 2,250°C for 10 minutes. Under these conditions, the Δ9-16:1, 
16:0, Δ9-18:1, and 18:0 methyl esters eluted at 14.2, 14.8, 19.4, and 20.2 
minutes, respectively. The desaturation index was calculated as the ratios 
of Δ9-16:1/16:0 and Δ9-18:1/18:0.

Statistical analysis. Comparisons among treatments were performed using 
nonpaired Student’s t test. P values less than 0.05 were considered significant.
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