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Abstract Reduction of stearoyl CoA desaturase (SCD) ac-
tivity has been shown to induce resistance to diet-induced
obesity in mice. In the present study, SCD was inhibited
by feeding sterculic oil (SO) to male Golden Syrian Hamsters
fed high-fat diets with or without added dietary cholesterol.
In the absence of cholesterol, SO had little impact on adi-
pose tissue mass or plasma lipoprotein concentrations. When
cholesterol was included in the diet, inhibition of SCD re-
sulted in reduced body weight, adipose tissue mass, and feed
efficiency. These animals also exhibited a marked hyper-
cholesterolemia, with an accumulation of free-cholesterol–
rich particles within the LDL density range, and reduced
hepatic cholesterol esterification. This was accompanied
by a 20-fold increase in plasma alanine aminotransferase,
which was suggestive of significant hepatic damage. Hepatic
acetyl CoA carboxylase and fatty acid synthase mRNA con-
centrations were reduced by feeding cholesterol and SO,
whereas lipoprotein lipase and SCD mRNA were increased.
These changes were associated with decreased hepatic ste-
rol regulatory element binding protein 1a and 1c mRNA
concentrations. Thus, inhibition of SCD activity in the
cholesterol-fed hamster results in a reduction in overall
body weight and adipose tissue deposition. However, this
also causes marked hypercholesterolemia and potential liver
damage.—Major, C. A., K. Ryan, A. J. Bennett, A. L. Lock,
D. E. Bauman, and A. M. Salter. Inhibition of stearoyl CoA
desaturase activity induces hypercholesterolemia in the
cholesterol-fed hamster. J. Lipid Res. 2008. 49: 1456–1465.
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Stearoyl CoA desaturase (SCD, also known as D9 desat-
urase) catalyzes the introduction of a double bond in the
D9 position, between carbons 9 and 10, of a variety of fatty
acyl CoA substrates. The preferred substrate is stearic acid

(C18:0), converted to oleic acid (C18:1) (1). It is, however,
also responsible for the synthesis of palmitoleic acid (C16:1)
frompalmitic acid (C16:0) and cis9, trans11–conjugated lino-
leic acid from vaccenic acid (trans11 C18:1). As such, it plays
a major role in regulating the fatty acid composition of tis-
sues. The mouse expresses at least four different isoforms
of the enzyme, which are the products of different genes
and are differentially expressed in a tissue-specific manner
(2). Of these, SCD1 is the most widely expressed and ap-
pears to be regulated in a complex fashion by a variety of
endocrine, nutrient, and metabolic factors (3). Until re-
cently, it was assumed that only one isoform is expressed
in humans; however, a recent report suggests the presence
of a second gene (4).

Extensive studies in the mouse have shown that SCD1 is
highly regulated by both hormones and nutrients (3). In-
sulin, high-carbohydrate diets, cholesterol, and vitamin A
have all been shown to increase SCD1 gene expression.
Polyunsaturated fatty acids, thyroid hormone, and leptin
all reduce SCD1 gene expression.

In recent years, the activity of SCD has attracted consid-
erable interest because of a possible link in regulating
adiposity. SCD2/2 mice are resistant to diet-induced obesity
(5). Furthermore, crossing of the leptin-deficient (ob/ob)
mouse with the asebia mouse, which exhibits a specific natu-
rally occurring mutation in SCD, protects animals from the
obesity characteristic of the leptin deficiency (6). This pro-
tection from obesity is associated with reduced synthesis of
triacylglycerol and cholesteryl ester in the liver (7). SCD2/2

mice also exhibit lowered plasma triacylglycerol concentra-
tions (7).

The effects of reducing SCD activity have thus far been
limited to studies in SCD1 knock-out mice or in mice ex-
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hibiting a specific mutation in the gene. This extreme con-
dition is unlikely to be mirrored in humans if SCD1 activity
were to be modulated as a treatment for obesity. Further-
more, SCD1 knock-out mice suffer severe abnormalities of
both skin and fur. The male Golden Syrian Hamster has
been used extensively as a model of dietary-induced hyper-
lipidemia (8–12). In the present experiment, we have in-
vestigated the effects of moderately reduced SCD activity
by feeding hamsters sterculic oil (SO), which serves as a
source of the cyclopropenyl fatty acid, sterculic acid, which
has been shown to be a direct inhibitor of SCD activity (13).
SO was incorporated into diets enriched in dairy fat. Pre-
vious studies have shown that SCD knock-out mice are re-
sistant to the obesity induced by such diets (5). We also
investigated the impact of including cholesterol (0.2% w/w)
in the diets, because previous work (10, 12) has shown that
hamsters respond to such diets by increasing hepatic stor-
age of cholesteryl ester, a process that may be inhibited by
reduction of SCD activity (7). The effects of these diets on
body weight, fat deposition, plasma lipoproteins, hepatic
lipid concentrations, and hepatic expression of lipogenic
genes were examined.

MATERIALS AND METHODS

Protocol of animal treatment
All procedures involving hamsters were subject to UK Home

Office regulations, and animals were housed as previously de-
scribed (14). Hamsters were anesthetized using sodium penta-
barbitone (Sagatal, 1 ml/kg), and 3–4 ml blood was collected
by cardiac puncture and placed into EDTA tubes. Although ani-
mals were not fasted, they were euthanized during the light phase
(when food intake would be minimal), between the times of
09.00–12.00 h. Plasma was isolated by centrifugation and stored
at 4°C until lipoprotein separation, which was commenced within
48 h of collection. Livers and perirenal and epididymal fat pads
were removed, weighed, and snap-frozen in liquid nitrogen.

Diet formulation and feeding
Experimental diets consisted of RM3 chow supplemented with

20% (w/w) standard butter [source and fatty acid composition as
previously reported (14)] with or without 0.2% (w/w) added cho-
lesterol (Sigma Chemical Co., Poole, UK) or SO (0.5% w/w). This
produced four groups (n 5 8) consuming 1) no cholesterol/no
SO oil (control), 2) 0.2% cholesterol/no SO (chol), 3) no choles-
terol/0.5% SO (SO), and 4) 0.2% cholesterol/0.5% sterculic oil
(chol 1 SO). SO was prepared from Sterculia foetida seeds as de-
scribed by Corl et al. (15) and contained 55.9% sterculic acid
[C19:1; 8-(2-octyl-L-cyclopropenyl) octanoic acid]. Animals were
fed for 28 days, during which time they were provided free access
to food and water; food was completely replaced every 2 to 4 days.

Cholesterol and triacylglycerol analysis
Plasma lipoproteins were separated from plasma (normally

1 ml) by sequential ultracentrifiugation as previously described
(14). Chylomicrons were first isolated from plasma by spinning
at 16,000 g for 20 min at 12°C. VLDL (d , 1.006 g/ml) and
LDL (d 5 1.02–1.06 g/ml) were then isolated by spinning at
130,000 g for 20 h. HDL (d . 1.060 g/ml) was collected as the
subnatant after spinning up LDL. Total cholesterol and triacylglyc-
erol in plasma and individual lipoprotein fractions were de-

termined using diagnostic kits from Thermo-Trace (Infinity
Cholesterol and Infinity Triacylglycerol Enzymatic kits, Alpha
Laboratories, Eastleigh, UK). Plasma free cholesterol was deter-
mined using a diagnostic kit from Wako Chemicals (Free Choles-
terol C, Alpha Laboratories). Hepatic cholesterol and cholesteryl
esters were separated by TLC, extracted, and assayed enzymati-
cally as previously described (14). Hepatic triacylglycerol was
measured enzymatically, following extraction of lipids using a
mixture of hexane and isopropyl alcohol.

Plasma alanine aminotransferase activity
Plasma alanine aminotransferase activity (ALT) was measured

using a diagnostic kit from Thermo-Trace (Alpha Laboratories).

Fatty acid analysis
The frozen samples of liver and perirenal adipose tissue were

pulverized at liquid nitrogen temperature. Total lipids were ex-
tracted and fatty acids methylated as described by Lock et al.
(14). Fatty acid methyl esters (FAMEs) were analyzed by GC [Perkin
Elmer (Norwal, CT), Clarus 500 with flame ionization detector]
using a CP-Sil 88 capillary column (100 m 3 0.25 mm i.d. with
0.2 mm film thickness; Varian, Walnut Creek, CA) according to
methods described previously (14). FAME standards were used
to identify sample FAME. Hepatic lipids were further separated
by TLC and extracted. Fatty acid composition was then deter-
mined as described above.

Determination of mRNA levels
RNAwas extracted from liver and perirenal adipose tissue using

Trizol (Invitrogen, Paisley, UK) according to the manufacturerʼs
instructions. Genomic DNA was digested with DNase, RNA purity,
and yield determined, and RT-PCR performed as described pre-
viously (16). For the relative quantification of cDNA for ABCA1,
acetyl CoA carboxylase (ACC), FAS, LPL, LDL receptor (LDLR),
microsomal triglyceride transfer protein (MTP), proprotein con-
vertase subtilisin kexin 9 (PCSK9), SCD, and sterol-regulatory ele-
ment binding proteins 1a, 1c, and 2 (SREBP1a, SREBP1c, and
SREBP2), quantitatative real-time PCR was performed using either
a PRISM 7700 Sequence Detector (Applied Biosystems, Foster City,
CA) or a Lightcycler 480 (Roche, Basel, Switzerland). Primer and
probe sequences for ACC, FAS, and LPL were as described by Guo
et al. (17). Sequences for primers for hamster SCD were obtained
from Dr. Q. Guo (Merck and Co., Inc., personal communication).
Hamster-specific ABCA1, MTP, PCSK9, SREBP1a, SREBP1c, and
SREBP2 primers and probes were designed using Primer Express
(Applied Biosystems). Where available, primer and probe se-
quences were checked against hamster-specific sequence data
(Ensembl; Sanger Institute, Cambridge, UK), and primer products
were confirmed to be of the predicted size. For TATA box binding
protein and PCSK9, hamster sequences were not available. In these
cases, primers were designed using mouse sequences, and the ex-
tended amplicon region was amplified by gradient PCR from ham-
ster cDNA. Primer and probe sequences were then designed to the
sequenced products. All probes were 5′-6 carboxyfluorescein- and
3′-6-carboxy-N,N,N‘,N’-tetramethylrhodamine-labeled. Previously
unpublished primer and probe sequences are shown in Table 1.
Real-time PCR was performed as previously described (16). Stan-
dard curves were used to check assay linearity and to determine
sample gene expression in RNA equivalents using the CT values.
In addition to the genes of interest, the mRNA concentrations
for three housekeeping genes, b-actin, GAPDH, and TATA box
binding protein, were measured. Both b-actin and GAPDH were
found to differ between treatment groups, and therefore relative
expression of genes of interest was normalized to TATA box bind-
ing protein and expressed as arbitrary units.

Inhibition of SCD induces hypercholesterolemia in hamsters 1457
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Statistical analysis
Data were analyzed using Genstat for Windows, release 8.1

(Lawes Agricultural Trust). Analysis was performed by two-way
ANOVA with absence or presence of added dietary cholesterol
as one factor and absence or presence of dietary SO as the other.
Data not normally distributed was multiplied by 100 (to avoid
negative numbers) and log10-transformed prior to analysis. Tables
indicate standard error of differences of means (SED) and signifi-
cances (P) for effect of dietary cholesterol (C), SO (S) and an in-
teraction between the two (C 3 S). Differences were considered
significant when P , 0.05.

RESULTS

Body mass, food intake, and tissue weights
Groups were not significantly different in body weight

at the start of the trial. As can be seen in Fig. 1A, whereas
animals that were fed control, SO, or chol diets gradually
increased weight by about 8 g throughout the trial, those
fed chol1 SO lost approximately 12 g. As a result, the final
body weight of those animals in the chol 1 SO group was
approximately 15% lower than that of those on the other
three diets (Table 2). Animals consuming diets containing
added cholesterol consumed less food than those on diets
without cholesterol. Cumulative feed intake suggests that
this was primarily a result of reduced intake by animals
in the chol 1 SO group, although there was no statistically
significant interaction between cholesterol and SO con-
sumption. Overall, animals fed chol 1 SO consumed ap-
proximately 450 kJ less than those in the control group,
over the course of the whole experiment. When weight
change per gram of food consumed was calculated, it
was found that although the other groups all gained ap-
proximately 40 mg of body weight per gram consumed,
those in the chol1 SO group actually lost 7.5 mg per gram
of food intake.

For animals in the chol group, liver weight was signifi-
cantly higher than control both in absolute terms and as
a percentage of body weight (Table 3). However, when
cholesterol was fed together with SO, this effect was abol-
ished. Perirenal adipose tissue weight was significantly lower
(both in absolute and percentage terms) in the animals fed
chol 1 SO than in the other three groups. Although the
absolute weight of the epididymal adipose tissue depot
was significantly reduced in the chol 1 SO animals, this
was not significant when expressed as a percentage of total
body weight.

Tissue fatty acid composition
Feeding cholesterol significantly increased oleic acid

(C18:1) and decreased stearic acid (C18:0) content of liver
but had no effect in perirenal adipose tissue (Table 4). As

TABLE 1. Probe and primer sequences for determination of mRNA concentration by quantitative real-time PCR

Gene Forward Primer Reverse Primer Probe

TATA-box binding protein tgccacaccagcctccgaga tttacatccaagattcaccgtgga tctgggatcgtaccccagctgcaaaatattgt
ABCA1 gggacacacaggcagcatc aatgaagaacccctcgccc tcttgattttgtcactgctacactggcagg
MTP gggtcctcttccgcctatactg aataaagcatgtcgaggctgtatg tgaacgtagtccccacgcagca
PCSK9 tgaactgtcaaggaaagggc tgcattagctggcttttccaaata tcagcggcatcctcacaggcct
SCDa ccgagagacttcagggaacttg ggtaggcaggtatgctccga cagttgctcctggctgtggtgaagtct
SREBP1a ctgtggaacaggcactgacaga agctggagcatgtcttcgatgt tctggacgccgcgctgctg
SREBP1c gaagccatggattgcacgt attcaaacaggccagggaagt tgctccagctcatcaacaaccaagaca
SREBP2 cgttctgaggaaggccattg agcaccatgttctcctgacgta catcaagtatttgcagcaggtcaaccaca

a Sequences kindly supplied by Dr. Q. Kuo, Merck Research Laboratories, Rahway, NJ.

Fig. 1. Effect of feeding sterculic oil (SO) with or without dietary
cholesterol (chol) on body weight (A) and feed intake (B) in male
Golden Syrian Hamsters. Groups of hamsters (n 5 8) were fed ex-
perimental diets consisting of chow supplemented with 20% butter
with or without 0.2% (w/w) added cholesterol or SO (0.5% w/w).
Animals were provided free access to food and water, and food was
completely replaced every 2–4 days. Error bars indicate 6 SD.
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expected, SOmarkedly decreased both palmitoleic (C16:1)
and oleic acid contents of liver and adipose tissue. This was
accompanied by a significant increase in stearic acid, but
no change in palmitic acid (C16:0) in both tissues. SO con-
sumption resulted in a significant increase in the linoleic
acid (C18:2) content of liver but not adipose tissue. No sig-
nificant effect of diet was seen on arachadonic acid (C20:4)

content of liver (this fatty acid was below the level of de-
tection in adipose tissue), and there was no significant
statistical interactions between the effects of cholesterol
and SO consumption on the proportion of the fatty acids
in either tissue.

Plasma and lipoprotein lipids
As expected, plasma total cholesterol was significantly

increased in those animals consuming high-cholesterol
diets (Table 5). However, this effect was significantly greater
in those also consuming SO, such that average total choles-
terol was over 50% higher in the chol 1 SO group than in
the chol group. Although free cholesterol and esterified
cholesterol were both increased in this group, proportion-
ally, the most dramatic effect was on free cholesterol, which
was approximately 135% higher than in the chol group.
The overall result was reduction in the proportion of
plasma cholesterol that was esterfied in animals fed chol 1
SO. No significant effects of feeding SO alone were seen on
plasma cholesterol. Total plasma triacylglycerol was reduced

TABLE 2. Body weight and food intake of hamsters fed diets with or
without 0.2% added dietary cholesterol and with or with out 0.5%

added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED P

Final weight
(g)

2 127.3 126.8 C 3.16 0.002
1 129.5 108.5 S 3.16 0.016

C 3 S 4.46 0.003
Weight

change (g)
2 7.8 8.7 C 2.57 ,0.001
1 8.6 211.9 S 2.57 ,0.001

C 3 S 3.63 ,0.001
Total food

(g)
2 197.2 192.7 C 7.20 0.034
1 197.3 169.7 S 7.20 0.123

C 3 S 10.18 0.120
Efficiency

(g/g)c
2 0.036 0.048 C 0.015 ,0.001
1 0.046 20.075 S 0.015 ,0.001

C 3 S 0.021 ,0.001

SED, standard error of differences of means. Values are means for
individual groups, n 5 8.

a Data were analyzed by 2-way ANOVA with absence (2) or pres-
ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
c Change in body weight (g) per g food consumed.

TABLE 3. Liver and adipose tissue weights of hamsters fed diets with
or without 0.2% added dietary cholesterol and with or without 0.5%

added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED P

Liver (g) 2 5.56 6.94 C 0.23 0.015
1 5.68 5.50 S 0.23 0.008

C 3 S 0.33 0.002
Liver (% BWc) 2 4.31 5.47 C 0.14 ,0.001

1 4.36 4.99 S 0.14 0.117
C 3 S 0.19 0.057

Perirenal adipose
(g)

2 2.04 2.05 C 0.12 0.007
1 1.91 1.20 S 0.12 ,0.001

C 3 S 0.17 0.005
Perirenal adipose

(% BWc)
2 1.58 1.61 C 0.08 0.048
1 1.48 1.09 S 0.08 ,0.001

C 3 S 0.12 0.018
Epididymal

adipose (g)
2 2.07 2.04 C 0.16 0.021
1 2.11 1.38 S 0.16 0.059

C 3 S 0.22 0.036
Epididymal adipose

(% BWc)
2 1.60 1.60 C 0.11 0.108
1 1.63 1.25 S 0.11 0.161

C 3S 0.16 0.108

Values are means for individual groups, n 5 8.
a Data were analyzed by 2-way ANOVA with absence (2) or pres-

ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
c Tissue weight expressed as percent of final body weight (BW).

TABLE 4. Fatty acid composition of liver and perirenal adipose tissue
lipid of hamsters fed diets with or without 0.2% added dietary

cholesterol and with or without 0.5% added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED P

Liver C16:0 2 28.9 27.9 C 0.7 0.008
1 29.6 26.5 S 0.7 0.655

C 3 S 1.0 0.172
C16:1 2 2.0 2.4 C 0.2 0.194

1 1.1 1.3 S 0.2 ,0.001
C 3 S 0.3 0.526

C18:0 2 18.8 14.1 C 1.6 0.034
1 24.3 22.0 S 1.6 ,0.001

C 3 S 2.2 0.463
C18:1 2 26.8 34.3 C 1.9 0.003

1 20.1 25.1 S 1.9 ,0.001
C 3 S 2.7 0.507

C18:2 2 20.1 17.2 C 1.2 0.288
1 21.2 21.6 S 1.2 0.023

C 3 S 1.6 0.150
C20:4 2 11.9 7.5 C 1.5 0.14

1 11.4 11.4 S 1.5 0.25
C 3 S 2.1 0.14

Perirenal
adipose

C16:0 2 28.2 27.5 C 0.5 0.016
1 30.2 28.2 S 0.5 0.013

C 3 S 0.7 0.204
C16:1 2 4.2 4.0 C 0.2 0.127

1 2.7 2.3 S 0.2 ,0.001
C 3 S 0.3 0.561

C18:0 2 4.4 5.0 C 0.5 0.671
1 9.4 8.4 S 0.5 ,0.001

C 3 S 0.7 0.141
C18:1 2 42.1 42.5 C 0.7 0.211

1 36.6 38.0 S 0.7 ,0.001
C 3 S 1.0 0.414

C18:2 2 15.2 15.5 C 0.5 0.205
1 14.8 15.9 S 0.5 0.960

C 3 S 0.7 0.432

Values are means for individual groups, n 5 8. Fatty acid methyl
esters, g/100 g.

a Data were analyzed by 2-way ANOVA with absence (2) or pres-
ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
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by feeding SO both in the absence and the presence of diet-
ary cholesterol. No effect of dietary cholesterol was seen on
plasma triacylglycerol.

Chylomicron cholesterol was increased by cholesterol
feeding but was unaffected by SO (Table 6). No significant
effect of either cholesterol or SO was seen on chylomicron
triacylglycerol. Cholesterol feeding significantly increased
VLDL cholesterol, but this effect was markedly attenuated
when SO was also included in the diet. SO reduced VLDL
triacylglycerol, but there was no significant effect of dietary
cholesterol. LDL cholesterol was markedly increased by
cholesterol feeding, and this effect was dramatically en-
hanced by including SO in the diet. Thus, LDL cholesterol
was almost 250% higher in the chol1 SO group compared
with the chol group. HDL cholesterol was increased by
cholesterol feeding but unaffected by SO.

Liver lipids
Consuming a cholesterol-enriched diet significantly in-

creased the amount of free and esterfied cholesterol in
the liver (Table 7). By contrast, dietary SO reduced hepa-
tic concentration of both. As such, the amount of choles-
teryl ester stored in the livers of the animals in the chol 1
SO group was only 42% of that in the chol group. There
was a significant interaction in the effects of cholesterol
and SO on hepatic triacylglycerol concentrations, with
SO having no effect in animals not fed cholesterol but re-
ducing it by 62% in those that were. The fatty acid compo-
sition of hepatic cholesteryl ester and triacylglycerol were
also investigated (Table 8). The major fatty acid in both
lipid fractions was palmitic acid (C16:0). In triacylglycerol,
the relative amount of C16:0 was not influenced by diet.
SO increased the relative amount of stearic acid (C18:0)

and decreased the amount of oleic acid (C18:1) in hepatic
triacylglycerol. The effect on the latter was greatest in
cholesterol-fed animals. Palmitic acid content of choles-
teryl ester was specifically reduced in the chol 1 SO ani-
mals. Cholesterol feeding produced a marked decrease
in C18:0 and increase in C18:1 in cholesteryl ester, and this
effect was at least partially reversed when SO was included
in the diet.

Plasma ALT
No significant difference in plasma ALT levels was seen

between control and SO-fed animals (Table 7). Although a
modest increase was apparent in cholesterol-fed animals,
levels in those fed chol 1 SO were raised 20-fold.

Effects on gene expression
ACC and FAS mRNA were specifically reduced in the

livers of animals in the chol1 SO group (Table 9). By con-
trast, hepatic ABCA1, LPL, and SCD mRNAwere markedly
increased in the chol1 SO group. Highly significant corre-
lations were seen between ABCA1 mRNA and LPL mRNA
(r 2 5 0.73, P , 0.001) and SCD mRNA (r 2 5 0.88, P ,
0.001). LDLR mRNA concentrations were reduced by cho-
lesterol feeding but unaffected by SO. Hepatic PCSK9
mRNA was unaffected by diet. Hepatic SREBP1a, -1c, and
-2 mRNA concentrations were also measured (Table 9),
and both SREBP1a and -1c were shown to be specifically
decreased in the chol 1 SO group. SREBP2 mRNAwas re-
duced by cholesterol feeding but unaffected by SO. Hepatic

TABLE 5. Plasma total, free, and cholesteryl ester and total
triacylglycerol of hamsters fed diets with or without 0.2% added dietary

cholesterol and with or without 0.5% added sterculic oil

Cholesterol ANOVAa

Sterculic
Oilb 2 1 SED P

Total cholc

(mmol/l)
2 4.7 (2.67) 9.9 (2.99) C 0.01 ,0.001
1 4.0 (2.61) 15.1 (3.18) S 0.01 ,0.001

C 3 S 0.02 ,0.001
Free cholc

(mmol/l)
2 1.5 (2.17) 2.6 (2.42) C 0.02 ,0.001
1 1.3 (2.10) 6.1 (2.78) S 0.02 ,0.001

C 3 S 0.03 ,0.001
Cholesteryl

ester
(mmol/l)

2 3.2 (2.51) 7.2 (2.86) C 0.01 ,0.001
1 2.8 (2.44) 9.0 (2.95) S 0.01 0.003

C 3 S 0.02 ,0.001
Cholesteryl

ester (%)
2 68.5 73.3 C 1.1 0.067
1 68.8 60.0 S 1.1 ,0.001

C 3 S 1.5 ,0.001
TAG

(mmol/l)
2 1.9 2.6 C 0.4 0.285
1 1.5 1.5 S 0.4 0.054

C 3 S 0.5 0.371

TAG, triacylglycerol. Values are means for individual groups, n5 8.
a Data were analyzed by 2-way ANOVA with absence (2) or pres-

ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
c Not normally distributed, therefore statistics were performed with

transformed data (log10 3 100) given in parentheses.

TABLE 6. Lipoprotein cholesterol and TAG concentrations of
hamsters fed diets with or without 0.2% added dietary cholesterol and

with or with out 0.5% added sterculic oil

Sterculic
Cholesterol ANOVAa

Oilb 2 1 SED P

Chylo cholc

(mmol/l)
2 0.19 (1.15) 0.80 (1.75) C 0.17 ,0.001
1 0.24 (1.15) 1.21 (1.89) S 0.17 0.677

C 3 S 0.24 0.678
Chylo TAGc

(mmol/l)
2 0.46 (1.50) 0.40 (1.50) C 0.14 0.765
1 0.26 (1.29) 0.35 (1.32) S 0.14 0.125

C 3 S 0.20 0.941
VLDL chol
(mmol/l)

2 0.21 1.36 C 0.10 ,0.001
1 0.20 0.49 S 0.10 ,0.001

C 3 S 0.14 ,0.001
VLDL TAG
(mmol/l)

2 0.78 1.44 C 0.22 0.251
1 0.62 0.47 S 0.22 0.014

C 3 S 0.30 0.071
LDL cholc

(mmol/l)
2 0.22 (1.36) 1.63 (2.20) C 0.04 ,0.001
1 0.20 (1.30) 5.59 (2.73) S 0.04 ,0.001

C 3 S 0.05 ,0.001
HDL chol
(mmol/l)

2 2.67 3.52 C 0.22 ,0.001
1 2.31 3.73 S 0.22 0.729

C 3 S 0.31 0.205

Chylo, chylomicron. Values are means for individual groups, n 5 8.
a Data were analyzed by 2-way ANOVA with absence (2) or pres-

ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
c Not normally distributed, therefore statistics were performed with

transformed data (log10 3 100) given in parentheses.
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MTPmRNA levels were reduced by dietary cholesterol, and
this effect was attenuated by SO.

DISCUSSION

A variety of evidence, largely arising from work on SCD1-
deficient mice, suggests that SCD may have a role in regu-

lating adiposity (2, 5, 6, 18). It has been suggested that in-
hibition of SCD activity could represent a potential target
for the treatment of obesity. In the present study, we inves-
tigated the impact of decreasing SCD activity in Golden
Syrian Hamsters by feeding SO. SO is known to be a potent
inhibitor of SCD, in vivo and in vitro, and appears to di-
rectly inhibit SCD enzyme activity without affecting either
SCD1 mRNA or protein levels (19, 20). In the present
study, we saw decreases in the proportion of C16:1 and
C18:1 in both adipose tissue and liver. The reduction in
C16:1 probably best reflects the extent of inhibition of
SCD, inasmuch as this is predominantly synthesized endog-
enously, with very little coming from the diet. In animals
fed SO (with or without cholesterol), the ratio of C16:0/
C16:1 was decreased by approximately 50%. Previous work
using SCD antisense RNA in mice suggested that this level
of inhibition was sufficient to have significant effects on
body adiposity (18). Thus, the lack of effect of SO in ani-
mals not fed cholesterol appears to be a specific difference
in response between these two species. Previous studies
have been inconclusive as to the effect of cyclopropenoid
fatty acids on the activity of other fatty acid desaturases.
Although it was originally suggested that they had no effect
on D6 desaturase activity (19), subsequent studies have
questioned this (21, 22). In the present study, there was a
small increase in hepatic C18:2 associated with SO feeding.
However, there was no evidence of a concomitant decrease
in C20:4 concentrations. Furthermore, no change in adi-
pose tissue C18:2 was observed. It is possible that the
change in C18:2 in the liver was an adaptive mechanism
to maintain membrane fluidity as a result of the fall in
C16:1 and C18:1 concentrations. Overall, our data suggest
that if there are any effects of SO on other desaturases,
they are very modest compared with the inhibition of
SCD. Previous studies have described reduced growth rates
with feeding cyclopropenoid fatty acids, although these
have tended to be at doses greater than 0.5% (23–25).

TABLE 7. Hepatic free and cholesteryl ester and TAG concentrations and plasma alanine
aminotransferase activity of hamsters fed diets with or without 0.2% added dietary cholesterol and

with or without 0.5% added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED p

Free chol (mmol/liver) 2 21.4 36.7 C 2.0 ,0.001
1 16.3 33.0 S 2.0 0.035

C 3 S 2.8 0.713
Cholesteryl esterc (mmol/liver) 2 8.8 (2.91) 157.9 (4.19) C 0.06 ,0.001

1 2.7 (2.38) 66.4 (3.79) S 0.06 ,0.001
C 3 S 0.09 0.308

TAG (mmol/liver) 2 5.62 9.22 C 0.49 0.199
1 5.76 3.46 S 0.49 ,0.001

C 3 S 0.69 ,0.001
Plasma ALT 2 50 114 C 49 ,0.001
(i.u./l) 1 44 1,429 S 49 ,0.001

C 3 S 69 ,0.001

ALT, plasma alanine aminotransferase. Values are means for individual groups, n 5 8.
a Data were analyzed by 2-way ANOVA with absence (2) or presence (1) of added dietary cholesterol as one

factor and absence (2) or presence (1) of dietary sterculic oil as the second factor. P values and associated SEDs
are for an effect of cholesterol (C), an effect of sterculic oil (S) or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
c Not normally distributed, therefore statistics were performed with transformed data (log10 3 100) given

in parentheses.

TABLE 8. Fatty acid composition of hepatic TAG and cholesteryl ester
of hamsters fed diets with or without 0.2% added dietary cholesterol

and with or without 0.5% added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED p

Liver TAG C16:0 2 55.3 53.6 C 1.2 0.192
1 54.7 53.3 S 1.2 0.714

C 3 S 1.6 0.921
C18:0 2 28.6 27.4 C 1.5 0.390

1 31.6 35.5 S 1.5 0.001
C 3 S 2.1 0.103

C18:1 2 14.5 17.3 C 1.0 0.866
1 12.5 10.0 S 1.0 ,0.001

C 3 S 1.4 0.014
Liver

cholesteryl
ester

C16:0 2 54.1 51.1 C 0.9 ,0.001
1 53.7 47.2 S 0.9 0.024

C 3 S 1.2 0.055
C18:0 2 34.1 23.1 C 1.0 ,0.001

1 35.1 34.8 S 1.0 ,0.001
C 3 S 1.4 ,0.001

C18:1 2 9.7 21.9 C 1.1 ,0.001
1 9.4 15.4 S 1.1 0.004

C 3 S 1.6 0.015

Hepatic lipids were extracted and separated by TLC. TAG and cho-
lesteryl ester were reextracted from the TLC plates, and fatty acids were
methylated and analyzed by GC. Values are means for individual
groups, n 5 8.

a Data were analyzed by 2-way ANOVA with absence (2) or pres-
ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.
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We found no such effects in animals fed SO without added
cholesterol. There was also no evidence of hepatotoxicity,
as determined by plasma ALT concentrations in these ani-
mals. This was in marked contrast to the situation in which
SO was fed together with cholesterol and plasma ALT was
increased 20-fold. Paradoxically, Flowers et al. (26) re-
ported similar liver damage, and raised plasma free choles-
terol concentrations in SCD2/2 mice fed cholesterol-free,
very low fat diets. This was also associated with changes in
plasma bile acids and bilirubin, which the authors attrib-
uted to cholestasis, possibly as a result of altered membrane
fatty acid composition. Interestingly, supplementing the
very low fat diet with oleic acid–rich oil appeared to reverse
the hepatotoxic effects. In the present experiment, despite
the fact that the diets were relatively rich in oleic acid, we

still saw evidence of liver damage. However, unlike the
findings in SCD2/2 mice fed low-fat diets (27), we found
no evidence that the hypercholesterolemia was a result
of the accumulation of lipoprotein X (characteristic of
animals/humans suffering from cholestasis). The LDL
fraction from chol 1 SO-fed animals had mobility similar
to that of “normal” LDL on agarose gel electrophoresis
and was essentially all precipitated by phosphotungstate,
indicating association with apolipoprotein B/E (apoB/
apoE) (data not shown). It is possible that the liver damage
was a result of the accumulation of potentially toxic deriva-
tives of cholesterol such as hydroxyl- or epoxy-cholesterol
or their derivatives (27). Alternatively, the sequestration of
de novo-synthesized oleic acid into the expanded choles-
teryl ester pool may have diverted the fatty acid from other
essential functions.

The changes in fatty acid composition of the tissues
clearly indicate that feeding SO in the absence of added
dietary cholesterol inhibited SCD activity. Despite this,
there was essentially no impact on body weight or adipose
tissue depot size. However, when fed in combination
with dietary cholesterol, SO did reduce body weight. At
least part of the effect is due to decreased food intake
(the 450 kJ decrease in energy intake over the course of
the experiment could theoretically account for a reduc-
tion in adipose tissue of approximately 11 g). Although a
cholesterol-mediated reduction in SREBP expression, lead-
ing to reduced hepatic ACC and FAS expression, may also
contribute to this effect, it is not presently known to what
extent hepatic lipogenesis contributes to adipose tissue
triacylglycerol in the hamster. Alternatively, impaired lipid
absorption, possibly as a result of altered bile acid metabo-
lism resulting from the observed liver damage, may also
contribute to reduced feed efficiency.

We were also interested in investigating the impact of in-
hibiting SCD activity on lipoprotein metabolism. The pre-
viously published effects of SCD deficiency on hepatic lipid
metabolism led us to speculate that reduced SCD activity
may impact the ability to adapt to diets high in saturated
fat and cholesterol. We chose to study the effect of SO (in
the presence and absence of added dietary cholesterol) in
the male Golden Syrian Hamster, because we have pre-
viously demonstrated specific interactions between dietary
fat and cholesterol in this species that are analogous to
those seen in humans and have shown that accumulation
of hepatic cholesteryl ester is characteristic of hamsters
fed such diets (10, 12).

On the low-cholesterol diet, there was no significant im-
pact of SO on plasma cholesterol or its distribution be-
tween different lipoprotein fractions. It has previously
been reported that SCD2/2 mice fed a chow diet have sig-
nificantly elevated plasma cholesterol compared with wild-
type animals (7). However, a further report indicated that
there was no significant difference in lipoprotein choles-
terol profile between wild-type and SCD1-deficient mice
(28) fed a chow diet. Feeding cholesterol to hamsters pro-
duced the expected increase in plasma cholesterol, partic-
ularly that associated with the potentially atherogenic
VLDL and LDL fractions. As expected, hepatic LDLR

TABLE 9. Hepatic mRNA concentrations in liver of hamsters fed diets
with or without 0.2% added dietary cholesterol and with or without

0.5% added sterculic oil

Cholesterol ANOVAa

Sterculic Oilb 2 1 SED P

ACC 2 2.40 1.97 C 0.22 ,0.001
1 2.76 1.00 S 0.22 0.170

C 3 S 0.31 0.005
FAS 2 2.59 1.43 C 0.18 ,0.001

1 2.93 0.65 S 0.18 0.232
C 3 S 0.26 0.005

LPL 2 0.65 2.10 C 0.34 ,0.001
1 0.56 4.25 S 0.34 0.006

C 3 S 0.48 0.003
SCD 2 0.58 1.89 C 0.31 ,0.001

1 0.61 3.52 S 0.31 0.012
C 3 S 0.44 0.015

LDLR 2 1.13 0.86 C 0.19 0.008
1 1.57 0.74 S 0.19 0.411

C 3 S 0.27 0.151
SREBP1c 2 1.02 1.02 C 0.07 0.004

1 1.22 0.77 S 0.07 0.745
C 3 S 0.10 0.004

SREBP1a 2 0.96 1.02 C 0.06 0.073
1 1.09 0.82 S 0.06 0.527

C 3 S 0.08 0.005
SREBP2 2 1.11 0.95 C 0.07 0.005

1 1.23 0.94 S 0.07 0.457
C 3 S 0.10 0.423

ABCA1 2 0.61 1.08 C 0.07 ,0.001
1 0.67 1.35 S 0.07 0.029

C 3 S 0.10 0.160
MTP 2 1.15 0.44 C 0.09 ,0.001

1 0.84 0.53 S 0.09 0.683
C 3 S 0.12 0.005

PCSK9 2 1.10 0.80 C 0.22 0.117
1 1.44 1.04 S 0.22 0.199

C 3 S 0.31 0.813

ACC, CoA carboxylase; LDLR, LDL receptor; MTP, microsomal
triglyceride transfer protein; PCSK9, proprotein convertase subtilisin
kexin 9; SCD, stearoyl CoA desaturase; SREBP1a, SREBP1c, and SREBP2,
sterol-regulatory element binding proteins 1a, 1c, and 2. First-strand
cDNA was synthesized from an equal quantity of total mRNA and used
to quantify individual mRNAs, which were then normalized to TATA box
binding protein mRNA as internal standard. Values are means for indi-
vidual groups, n 5 8.

a Data were analyzed by 2-way ANOVA with absence (2) or pres-
ence (1) of added dietary cholesterol as one factor and absence (2)
or presence (1) of dietary sterculic oil as the second factor. P values,
and associated SEDs are for an effect of cholesterol (C), an effect of
sterculic oil (S), or an interaction between the two (C 3 S).

b Sterculic oil contained 55.9% sterculic acid.

1462 Journal of Lipid Research Volume 49, 2008

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


mRNA concentrations were reduced by cholesterol feed-
ing (12). The LDLR is known to be regulated by SREBP2,
which is posttranscriptionally regulated by dietary choles-
terol, through inhibition of the release of the active nu-
clear form of the protein from the endoplasmic reticulum
by increases in intracellular sterol concentrations (29).
This then results in reduction in SREBP2 gene expression,
inasmuch as it is autoregulated through a sterol response
element in its promoter (30). When cholesterol was fed in
combination with SO, hamsters exhibited an even more
dramatic hypercholesterolemia that was associated with a
specific accumulation of free cholesterol and was predomi-
nantly a result of an increase in LDL cholesterol. This
could not be attributed to a further downregulation of
LDLR gene expression, because hepatic LDLR mRNA
was not affected by the addition of SO. It is possible that
LDLR activity was regulated posttranslationally. It has re-
cently been shown that overexpression of the protease
PCSK9 induces degradation of LDLR (31) and that it is
regulated by SREBP1c (32). In the present study, however,
there was no significant effect of cholesterol and/or SO on
hepatic PCSK9 mRNA concentrations.

It is of note that VLDL cholesterol and triacylglycerol
were reduced in animals fed cholesterol and SO. Similar
findings have been reported in SCD-deficient mice (7, 24).
MTP is known to be essential for the assembly of VLDL and
is involved in the lipidation of apoB (33). However, MTP
mRNA levels were not significantly different between ani-
mals fed cholesterol with or without SO, suggesting that
changes in expression of MTP could not explain these find-
ings. LDL is normally viewed as a product of VLDL metabo-
lism, and this suggests either enhanced conversion of
VLDL to LDL or, perhaps more likely, the direct secretion
of lipoproteins from the liver within the LDL density range.

Hepatic cholesteryl ester was reduced by inhibition of
SCD activity, particularly when animals were fed additional
cholesterol. Hepatic triacylglycerol concentration was not
affected in animals on the low-cholesterol diet, but was re-
duced in those animals fed additional cholesterol. This
supports previous findings that fatty acid incorporation
into hepatic lipids is inhibited when SCD activity is reduced
(7, 34) even, as in the present study, when there is a signifi-
cant amount of oleic acid in the diet. We also demonstrated
a reduction in the proportion of oleic acid associated with
these hepatic lipid pools. Thus, our results support the sug-
gestion that there is an absolute requirement for de novo
synthesis of oleic acid to sustain cholesteryl ester and tri-
acylglycerol synthesis. The reduced capacity to store choles-
terol within the liver appears to be the most likely cause of
the hypercholesterolemia seen in the hamsters fed choles-
terol and SO. Without the ability to convert cholesterol to
this relatively inert form, the liver may respond by incorpo-
rating free cholesterol into VLDL particles (perhaps of in-
creased density) and secreting it back into the plasma.

We also investigated the effect of inhibiting SCD activity
on the expression of a number of genes in the liver that
code for proteins involved in lipid metabolism. Previous
work indicates that knockout of the SDC1 gene in mice re-
sults in downregulation of a range of hepatic lipogenic

genes and that this is associated with a decrease in hepatic
SREBP1c expression (5). More recently Jiang et al. (18)
treated mice with antisense oligonucleotide inhibitors of
SCD1 and demonstrated a downregulation of lipogenic
genes in both liver and adipose tissue. In the present study,
SO alone had little effect on hepatic mRNA concentra-
tions for any of the genes. However, when cholesterol
was added to the diet, ACC and FAS mRNA were de-
creased. This was associated with a decrease in mRNA
for both SREBP1a and -1c. These transcription factors
are known regulators of lipogenic gene expression (35, 36).
Hepatic concentrations of LPL and SCD mRNAwere actu-
ally increased by dietary cholesterol, and this effect was
further potentiated by inhibiting SCD activity. Both of these
genes have been shown to contain sterol-regulatory ele-
ments within their promoters and therefore might have
been expected to be reduced by the change in SREBP ex-
pression. However, dietary cholesterol has previously been
shown to increase hepatic SCD gene expression in rats (37)
and mice (38), and it has been suggested that this is depen-
dent on expression of liver X receptor a (LXRa) (39).
LXRa is a nuclear receptor that is activated by oxygenated
derivatives of cholesterol and is known to regulate the ex-
pression of a range of genes for enzymes and other proteins
involved in cholesterol and lipid metabolism (40). It is pos-
sible that increasing the intake of dietary cholesterol could
lead to the generation of increased LXR ligand(s) and this
may, in turn lead to the upregulation of SCD gene expres-
sion. This is supported by the recent discovery of an LXR
response element within the promoter of the mouse SCD1
gene (41). The inhibition of SCD activity, and the accom-
panying reduction in the amount of cholesterol esterified,
could lead to further generation of potential LXR ligands.
A similar mechanism could also be postulated for the im-
pact of cholesterol on LPL gene expression, which has also
been reported to have an LXR response element within its
promoter (42). The highly significant correlations between
ABCA1 mRNA and SCD and LPL mRNA support this hy-
pothesis. ABCA1 is well-established as a “target” gene for
LXR (43). However, it is of note that ACC and FAS have
both been reported to have LXR response elements within
their promoters (44, 45), and we observed that expression
of these genes was actually suppressed by the combination
of dietary cholesterol and SO. Thus, mechanisms whereby
cholesterol interacts with the inhibition of desaturase activ-
ity in the regulation of hepatic gene expression warrant
further investigation. Overall, the changes in mRNA con-
centrations for ACC and FAS suggest that a reduction in he-
patic lipogenesis may at least partly explain the reduction
in adiposity in response to inhibition of SCD activity in
cholesterol-fed animals. This in turn may be a result of re-
duced expression of SREBP (1a and 1c). Interestingly,
these changes are not seen in adipose tissue itself, where
FAS mRNA actually increases in animals fed cholesterol
and SO (unpublished observations).

In conclusion, inhibition of SCD by SO in the hamster
has little impact on body weight or lipoprotein metabolism
despite clearly reducing tissue accumulation of oleic acid.
However, when diets are enriched with cholesterol, there
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are profound effects, with a reduction in overall body
weight and adipose tissue deposition marked by hypercho-
lesterolemia and evidence of liver damage. It remains un-
clear why the effects on body weight and adiposity are only
seen in animals fed cholesterol. Although these data lend
some support to a possible role of SCD in regulating adi-
posity, they also raise the possibility that, at least in some
circumstances, reduced SCD activity can be associated with
disordered lipoprotein metabolism and accumulation of
potentially atherogenic lipoproteins in the plasma. This
study also highlights the potential role of SCD in produc-
ing oleic acid that is specifically channelled into hepatic
cholesteryl ester, thereby perhaps protecting the liver from
potentially toxic effects of free cholesterol and/or its de-
rivatives.

The authors thank Richard Plant and David Bozon of the Uni-
versity of Nottingham for their technical assistance.
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