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Abstract

Stearoyl-CoA desaturase (SCD) is the rate-limiting enzyme catalyzing the synthesis of monounsaturated
fatty acids, mainly oleate (18:1) and palmitoleate (16:1). These represent the major monounsaturated fatty
acids of membrane phospholipids, triglycerides, wax esters and cholesterol esters. The ratio of saturated to
monounsaturated fatty acids affects phospholipid composition and alteration in this ratio has been impli-
cated in a variety of disease states including cardiovascular disease, obesity, diabetes, neurological disease,
and cancer. For this reason, the expression of SCD is of physiological significance in both normal and
disease states. Several SCD gene isoforms (SCD1, SCD2, SCD3) exist in the mouse and one SCD isoform
that is highly homologous to the mouse SCD1 is well characterized in human. The physiological role of
each SCD isoform and the reason for having three or more SCD gene isoforms in the rodent genome are
currently unknown but could be related the substrate specificities of the isomers and their regulation
through tissue-specific expression. The recent studies of asebia mouse strains that have a natural mutation
in the SCD1 gene and a mouse model with a targeted disruption of the SCD1 gene have provided clues
concerning the role that SCD1 and its endogenous products play in the regulation of metabolism.
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1. Introduction

Stearoyl-CoA desaturase (SCD) is the rate-limiting enzyme in the biosynthesis of mono-
unsaturated fatty acids (MUFAs). SCD in conjuction with NADPH, cytochrome b5 reductase,
and cytochrome b5 and in the presence of molecular oxygen introduces a single double bond
(between carbons 9 and 10) into saturated fatty acyl-CoAs [1–4]. Based on recent kinetic isotope
data of the plant desaturase, the current hypothesis for the desaturation reaction is that the
enzyme removes hydrogen atoms starting with the one at the C-9 position, followed by the
removal of the second hydrogen atom from the C-10 position. This stepwise mechanism is highly
specific in the position at which the double bond is introduced and implies that the C-9 and C-10
bond is accurately positioned with respect to the diiron center [5–7]. The desaturation of a fatty
acid is an oxidation reaction and requires molecular oxygen and two electrons. However, oxygen
itself is not incorporated into the fatty acid chain but is released in the form of water [2].
Although the insertion of a double bond occurs in a spectrum of methylene-interrupted fatty
acyl-CoA substrates including trans-11 octadecenoic acid [8], the preferred substrates are palmi-
toyl- and stearoyl-CoA, which get converted into palmitoleoyl- and oleoyl-CoA, respectively
[3,9,10]. The MUFAs synthesized by SCD are then used as major substrates for the synthesis of
various kinds of lipids including phospholipids, triglycerides and cholesteryl esters (Fig. 1). Oleic
acid is the preferred substrate for acyl-CoA:cholesterol acyltransferase (ACAT) and diacylgly-
cerol acyltransferase (DGAT), the enzymes responsible for cholesteryl ester and triglyceride
synthesis, respectively. In addition, oleate is the major monounsaturated fatty acid in human
adipose tissue and in the membrane phospholipid of the redblood cell. The ratio of stearic acid to
oleic acid has been implicated in the regulation of cell growth and differentiation through effects
on membrane fluidity [11–14] and signal transduction [15]. Monounsaturated fatty acids also
influence apoptosis and may have some role in mutagenesis of some tumors [15–17]. Overall,
SCD expression affects the fatty acid composition of membrane phospholipids, triglycerides and
cholesterol ester, resulting in changes in membrane fluidity, lipid metabolism and obesity. In this
review we focus on our current understanding of the physiological role of the SCD1 isoform in
lipid metabolism. These studies have advanced due to the availability of the mouse model with a
natural mutation in the SCD1 gene [18–22] and the mouse with a targeted disruption in the SCD1
gene that was recently generated [18,25–28].
2. Expression and regulation of SCD genes

The genes for SCD have been cloned from different species including yeast [29], C. elegans [30],
sheep [31], hamster [32], rat [33], mice [22,34,35] and human [36,37]. In the mouse, three isoforms
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(SCD1, SCD2 and SCD3) have been identified [22,34,35] whereas in the rat, two isoforms have
been characterized [33,38]. In many different mouse strains, all of the SCD genes are localized in
close proximity on chromosome 19 [22,39] and code for a transcript of about 4.9 kb. In humans,
only a single functional SCD gene on chromosome 10 has so far been characterized. The second
SCD locus on chromosome 17 is a fully processed pseudogene [36]. Like human, ovine [31], sheep
and cows [40] so far have only one SCD gene isofom identified and characterized. Although the
mouse isoforms share 85–88% identity at their amino acid sequence [22,34,35], their 50-flanking
regions differ somewhat [22,41] resulting in divergent tissue-specific gene expression. Under nor-
mal dietary conditions, SCD1 mRNA is highly expressed in white adipose tissue (WAT) brown
adipose tissue (BAT), meibomian gland, Harderian and preputial glands [27] and is dramatically
induced in liver in response to high carbohydrate diet [42]. SCD2 is predominantly expressed in
the brain [34] and is developmentally induced during the neonatal myelinating period [43–45].
Similar to SCD1, SCD2 mRNA is expressed to a lesser extent in kidney, spleen, heart and lung
where it is induced in response to a high carbohydrate diet [22,34,46]. In addition, SCD2 mRNA
is expressed in B-lymphocytrs and is down regulated during T-lymphocyte development [47–49].
In some tissues, such as the adipose and eyelid, both SCD1 and SCD2 genes are expressed
whereas in the skin, Harderian and preputial glands all the three gene isoforms are expressed
[22,25,27]. In skin, SCD1 expression is restricted to the undifferentiated sebocytes, while SCD3 is
expressed mainly in the differentiated sebocytes [22]. SCD2 is also expressed in hair follicles [21].
Expression of the human SCD gene gives rise to two mRNA transcripts of 3.9 and 5.2 kb which
arise as a consequence of two polyadenlyation signals, indicating that the two differently expres-
sed transcripts encode the same SCD polypeptide [36]. The function of the polyadenylation is not
known but could be, in addition to the transcriptional control, a means by which the two tran-
scripts differ in stability or translatability thus allowing for rapid and efficient changes in cellular
environment [50].
Fig. 1. Role of SCD1 in lipid synthesis. CE, cholesterol ester; TG, triglyceride; WE, wax esters; PL, phospholipids;

SCD, stearoyl-CoA desaturase; LCE, long chain elongase.
J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104 93



Many developmental, dietary, hormonal and environmental factors regulate SCD1 expression
(Table 1). High-carbohydrate diets [35,42,50], insulin [51], glucose and fructose [51,52], choles-
terol [53–55], cold temperatures [56,57], light [58], some drugs (fibrates, peroxisome proliferators
and LXRa agonists) [14,55,59,60], retinoic acid [55,61,62] induce hepatic SCD1 gene expression.
Polyunsaturated fatty acids (PUFA) especially of the n-6 and n-3 families [42,63], conjugated
linoleic acid (CLA) [64,65], cAMP (or drugs that increase its intracellular levels) [35,66], tumor
necrosis factor-a [67] and thyroid hormone [68], however, inhibit SCD1 mRNA transcription in
the liver. Previous studies in 3T3-L1 adipocytes have shown that thiazolidinediones [69] and some
steroid hormones [70] decrease SCD1 mRNA levels together with reduced SCD specific activity.
Sulfur-substituted (thia) fatty acids [71] inhibit SCD either at the transcription level or at the
SCD enzyme activity, while cyclopropene fatty acids (sterculic acid) directly inhibit SCD activity
in vivo and in vitro [72–76]. The SCD protein undergoes rapid degradation producing transient
elevations of SCD enzyme activity in response to physiological demands [118]. The regulation of
SCD is therefore very diverse and its expression could affect a variety of key physiological vari-
ables, including insulin sensitivity, metabolic rate, adiposity, atherosclerosis and cancer.

2.1. SCD expression and lipid synthesis

The clue as to the physiological role of the SCD1 gene and its endogenous products has come
from recent studies of the asebia mouse strains (abj and ab2j) that have a naturally-occurring
mutation in SCD1 [21] as well as a laboratory mouse model with a targeted disruption (SCD1�/�)
[26]. These mouse models have revealed that SCD1 gene expression is required in the de novo
synthesis of a number of lipids including triglycerides, cholesterol esters, wax esters and alkyl
diacylglycerol (Fig. 1). SCD1�/� mice are deficient in hepatic triglycerides and cholesterol esters
[18], despite the presence of normal activities of ACAT and DGAT, the enzymes responsible for
cholesterol ester and triglyceride synthesis, respectively. The levels of 16:1 and 18:1 are reduced in
the tissue lipid fractions of SCD1�/� mice while 16:0 and 18:0 are increased [18]. Normally, a high
carbohydrate diet fed to mice or rats induces the hepatic SCD1 gene and other lipogenic genes
through the sterol regulatory element binding protein (SREBP-1) dependent mechanism, result-
ing in an increase in monounsaturated fatty acids (MUFAs) and hepatic triglycerides. One of our
Table 1

Reglation of stearoyl-CoA desasturase
Dietary factors
 Hormones
 Other
~ Glucose [51,52]
 ~ Insulin [51]
 ~ Peroxisome [60]

~ Fructose A [52]
 ~ Growth hormone [103,104]
 ~ Temperature [56,57]

~ Vitamin A [55,61,62]
 ~ Estrogen [105]
 ~ Iron [109]
~ Cholesterol [53–55]
 ~ Androgen [25,106]
 ~ Liver-X-receptor agonist [55,59,60]

~ Vitamin D[100]
 ! Leptin [24]
 ~ TGF-b [110]

! Polyunsaturated fatty acids [42,63]
 ! Glugacon [107]
 ~ Light [58]
~! Alcohol [101,102]
 ! Thyroid hormone [68]
 ~ b-Amyloid [111]
~! Conjugated linoleic acid [64,65]
 ~! Dehydroepiandrosterone [70,108]
 ! Thiazolidinediones [69,112]

! Cadmium [113]

! TNF-a [114]
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recent observations [23] is that SCD1�/� mice on a high carbohydrate diet fail to accumulate
hepatic triglycerides. Supplementation of the high carbohydrate diet with high levels of triolein or
tripalmitolein can normalize cholesterol ester levels, however, the triglyceride levels are not
returned to the levels found in the wildtype mouse [23]. The SCD1�/� mice have very low levels of
triglycerides in the very low density lipoprotein (VLDL) and low density lipoprotein (LDL)
fractions compared to the wildtype counterparts [18,77]. Furthermore, the rate of VLDL-trigly-
ceride secretion, as measured by inhibition of VLDL clearance using Triton WR1339, was dra-
matically reduced in the SCD1�/� mice [24]. An experiment using [3H]-glycerol to determine lipid
synthesis levels showed a very low rate of triglyceride synthesis in liver of SCD1�/� mice [23].
Transient transfections of an SCD1 expression vector into Chinese hamster ovary (CHO) cells
resulted in increased SCD1 activity and esterification of cholesterol to cholesterol esters [18].
These observations reveal that endogenously synthesized MUFAs by SCD most likely serve as
the main substrates for the synthesis of hepatic triglycerides and cholesterol esters [18,23]. The
enzymes involved in the de novo synthesis of triglycerides and cholesterol ester including SCD,
ACAT, DGAT and microsomal glycerol phosphate acyl transferase (GPAT), are located in the
endoplasmic reticulum membrane. A possible physiological explanation for the requirement of
SCD expression is for the production of more easily accessible MUFAs within the vicinity of
ACAT, DGAT and microsomal GPAT for the synthesis of the triglycerides and cholesterol
esters.
Hypertriglyceridemia (HTG) syndromes are among the most common lipid disorders in

humans. Although there is strong evidence that many of these syndromes are heritable [77], the
genetics of these disorders is not well understood. It is most likely that HTG is a complex trait;
i.e. multiple genes influence the expression of the phenotype. In addition, the onset of HTG is
affected by diet, insulin sensitivity, and obesity [78–80]. Given the strong correlation between the
in vivo triglyceride and cholesterol ester synthesis and the activity of SCD, Attie et al. [77] vali-
dated and applied a simple plasma marker of SCD activity, the ratio of plasma oleate to stearate
(18;1/18:0 ratio, the ‘‘desaturation index’’), to test the hypothesis that in vivo SCD activity
accounts for a large fraction of the variation in human plasma triglycerides. In addition, the
desaturation index in human subjects exposed to a regimen known to raise serum triglyceride
levels, i.e. high-carbohydrate diets was studied. The results supported an important role of SCD
in human serum triglyceride levels. Thus, the human SCD gene may be another checkpoint in the
process of cholesterol, triglyceride and lipoprotein metabolism in humans and has broad impli-
cation for the potential use as a target in the treatment of human HTG.
The SCD1�/� mice show cutaneous abnormalities with atrophic sebaceous glands and narrow

eye fissure with atrophic meibomian glands, suggesting an important role for monounsaturated
fatty acids in skin homeostasis. It is known that the major function of sebaceous gland and mei-
bomian gland is to secrete lipid complex-lubricants, termed sebum and mebum. These contain
respectively, wax ester, triglyceride, and cholesterol ester. These fluids prevent the evaporation of
moisture from skin and the eyeball. The skin and eyelid of SCD1�/� mice are deficient in trigly-
ceride, cholesterol ester, and wax esters [19–21, 26]. The levels of free cholesterol, however, are
increased [26]. Thus under conditions of high cellular cholesterol, SCD1 gene expression would
indirectly protect the cell from the harmful effects of free cholesterol by converting it to cholesterol
ester by ACAT for storage. The benefit of expressing SCD1 would be to provide oleoyl-CoA, the
preferred substrate for ACAT-mediated cholesterol esterification [81], DGAT for triglyceride
J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104 95



synthesis [82,83] and wax synthase for wax ester synthesis. In addition, the presence of normal
levels of MUFAs would maintain a more appropriate ratio of cholesterol to other lipids and
maintain cell membrane integrity. Since excess free cholesterol has been known to lead to cell
death [84–88], it is tempting to speculate that atrophy of the sebaceous and meibomian glands
observed in the SCD1�/� mouse may be due to an increase in the amount of cellular free cho-
lesterol in these glands rather than the reduced levels of sebum and meibum.
The studies of SCD gene expression in the mouse Harderian gland revealed the role of SCD1 in

the biosynthesis of another class of lipids: the alky-2,3-diacylglycerol. The Harderian gland that
was first described by Johann J Harder towards the end of 17th century is located in the orbit of
the eye and, in most species, is the largest tissue. The major products from the gland vary between
the different species of mammals. In rodents, the gland synthesizes lipids, indoles, and porphyr-
ins, which are secreted by an exocytotic mechanism. The major lipid synthesized by the mouse
Harderian gland is 1-alkyl-2,3-diacylglycerol (ADG) [89,90]. ADG is a lubricant of the eyeball
and is crucial in assisting the movement of the eyelid, along with mebum from the meibomian
gland. In our recent study [27], SCD1�/� mice exhibited a deficiency in ADG and n-9 eicosenoate
(20:1n-9), which is the main MUFA of ADG. We found that 20:1n-9 is an elongation product of
18:1n-9. Feeding diets of high levels of oleate or eicosenoate did not result in an increase of 20:1n-
9 and failed to restore the deficiency in ADG. Therefore, endogenously synthesized oleate by
SCD1, as was demonstrated in liver, is essential for the biosynthesis of ADG and eicosenoate in
the mouse Harderian gland. The scheme depicted in Fig. 2 is used as an example to show how
SCD may be involved in the biosynthesis of ADG in the mouse Harderian gland. It is proposed
that 16:0 in the Harderian gland is synthesized de novo by the fatty acid synthase complex (FAS)
from acetyl-CoA producing 16:0 as the major end product. The 16:0 then serves as a substrate for
the microsomal malonyl-CoA dependent elongase to produce 18:0, which then serves as the main
substrate of either SCD1 or SCD2. The 16:1n-7 synthesized by either SCD2 or SCD3 is first
converted to 18:1n-7 by a general elongase, and then both 18:1n-9 and 18:1n-7 are converted to
20:1n-9 and 20:1n-7, respectively, by the Harderian gland elongase. Desaturation of 20:0 to 20:1
is unlikely since 20:1n-11 was not detected. This elongase may be specific to the Harderian gland
because we cannot detect 20:1n-9 or 20:1n-7 fatty acids in other tissues. In addition, the elongase
in Harderian gland exhibited high substrate specificity for 18:1n-9 and 16:1n-7-CoA, whereas in
other tissues such as liver and adipose tissues high substrate specificity for 16:0-CoA was found.
The 20:1n-9 and 20:1n-7 then become the preferred substrates for esterification to the 2,3 posi-
tions of alkylglycerol by the 1-alkylglycerol: acyltransferase for the synthesis of ADG. The rea-
sons for incorporating specific very long chain MUFAs in the 1-alkyl-2,3-diacyglycerol of the
mouse Harderian gland are not clear but it may be that they are required to maintain the correct
physical properties of the fluids for normal eye function. We found very low levels of n-3 and n-6
polyunsaturated fatty acids (PUFAs) in the Harderian gland indicating that the lipids of this
gland are mainly composed of saturated fatty acids and MUFAs of the n-9 series. 18:1 is a major
component of the Harderian gland membranes and decrease in levels would reduce membrane
fluidity of the Harderian gland. Consistent with this observation we noted that the Harderian
gland isolated from the SCD1�/� mice was very rigid possibly due to decreased membrane fluid-
ity. The Harderian gland could therefore be a useful model in studying the metabolism MUFAs
of the n-9 series and the roles they play in physiological processes. Humans do not have the
Harderian gland, but because this structure is part of the retinal axis, it is likely that this tissue
96 J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104



has evolved into the retina in humans. Consistent with this stipulation, high SCD expression has
been reported in human retinal pigment epithelical cells and its expression may play an important
role in the pathophysiology of these cells [62].

2.2. Effect of SCD1 expression on substrate specificities and lipid composition

The use of the mouse models has led to the recent finding that the three SCD isoforms exhibit
different specificity for substrates. Harderian gland microsomes of SCD1�/� mice still show high
desaturase activity toward 16:0-CoA whereas the SCD activity toward 18:0-CoA was reduced by
more than 90%. These studies suggested that 18:0-CoA is the main substrate of the SCD1 iso-
form. Consistent with this notion, the level of n-7 MUFAs (18:1n-7 and 20:1n-7) derived from
elongation and desaturation of 16:0-CoA were decreased by only 30% in the SCD1�/� mice
compared to a decrease of greater than 90% in the levels of n-9 MUFA (18:1n-9 and 20:1n-9)
derived from elongation and desaturation of 18:0-CoA. The preputial gland (PG) of the mouse,
similar to the skin and Harderian gland, also expresses the three SCD isoforms [25]. The main
neutral lipids of the PG are wax esters, triglycerides and alkyl-2,3-diacylglycerol [91,92]. In con-
trast to the Harderian glands and skin [20,26,27], the wax ester levels of the PG of the SCD1�/�

mice were not dramatically decreased despite a greater than 70 and 25% decrease in the levels of
16:1n-7 and 18:1n-9, respectively. However, the SCD1�/� mice increased 16:1n-10 by greater than
Fig. 2. Proposed scheme showing the possible involvement of SCD1 in the biosynthesis of the 1-alkyl 2,3-diacylgly-

cerol of the HG. The HG is proposed to have an elongase, which catalyzes the elongation of C18:1n-7 and C18:1n-9
the products of SCD to 20:1n-7 and 20:1n-9 respectively [27].
J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104 97



2-fold in the wax ester fraction. Since 16:1n-7 and 16:1n-10 are positional isomers, it is possible
that the increase in 16:1n-10 in the SCD1�/� mice is to compensate for 16:1n-7. This would allow
the PG to maintain the physical properties of the wax esters and other fluids for proper secretion
out of the glands. Interestingly, PG of SCD1�/� mice lacked SCD3 expression while the expres-
sion of the SCD2 was not altered. When SCD activity was measured in the PG, the desaturase
activity towards 16:0-CoA was extremely low compared to 18:0-CoA. However, treatment of the
SCD1�/� mice with testosterone induced SCD3 expression and led to an increase in desaturase
activity toward 16:0-CoA. Consistent with these notions, the levels of 16:1n-7 derived from
desaturation of 16:0-CoA were decreased by 70% in the SCD1�/� mice compared to a decrease of
30% in the levels of 18:1n-9 that are derived from the desaturation of C18:0. Therefore, these
studies strongly suggested that 16:0-CoA is the main substrate for the SCD3 isoform. The SCD1
and SCD2 preferentially utilized 18:0-CoA as the substrate for desaturation. The different sub-
strate specificity may explain why there are several SCD isoforms in the mouse genome. The
differences in the catalytic selectivity of the SCD isoforms may be to contribute to the establishing
of the lipid composition of the cell. A finer control can be provided by regulated expression of
several isoforms with differing selectivity than by expression of either one or two with the same
substrate selectivity.
We proposed [25] that in the preputial glands, palmitate is synthesized de novo by the FAS

from acetyl-CoA, which then serves as a substrate for the microsomal malonyl-CoA dependent
elongase to produce stearate, which ultimately then serves as the main substrate of SCD1 and
SCD2 to produce 18:1n-9. The 16:1n-7 would then be synthesized mainly by the SCD3 isoform
and further incorporated into lipid fractions. Because SCD3 expression is lost in the SCD1�/�

mice the levels of 16:1n-7 are reduced and those of 16:0 increase. The preputial gland cells then
respond by inducing or increasing the activity, due to substrate flux of the palmitoyl-CoA �6
desaturase to convert more of the accumulating 16:0 into 16:1n-10. The mechanism of induction
of this activity as a result of SCD1 deficiency is currently unknown. The 16:1n-10 then substitutes
for the decreased levels of 16:1n-7 for esterification to fatty alcohols and the 2,3 positions of
glycerol by enzymes synthesizing wax esters, ADG, and phospholipids.

2.3. Role of SCD1 in regulation of lipogenesis and fatty acid oxidation

In a recent study Ntambi et al. [28] employed DNA microarrays to identify genes whose
expression was altered in the liver of SCD1�/� mice. Two hundred mRNAs that were sig-
nificantly different between the livers of SCD1�/� and SCD1+/+ mice were identified. The most
striking pattern was genes involved in lipogenesis and fatty acid b-oxidation. Lipid oxidation
genes and targets of peroxisome proliferator activated receptor-alpha (PPARa) such as acyl-CoA
oxidase (ACO), very long chain acyl-CoA dehydrogenase (VLCAD), carnitine palmitoyl-
transferase-1 (CPT-1), and fasting-induced adipocyte factor (FIAF) were up regulated while lipid
synthesis genes such as SREBP-1, FAS, and mitochondrial GPAT were down regulated in the
SCD1�/� mice. SREBP-1c is the main SREBP-1 isoform expressed in liver and regulates the
expression of lipogenic genes [28]. Insulin levels, dietary carbohydrate, fatty acids, and cholesterol
regulate the SREBP-1 gene expression and protein maturation. Thus, the down regulation of
SREBP-1 gene expression in the SCD1�/� could have numerous effects on various metabolic path-
ways regulated by SREBP-1. For instance, the induction of SREBP-1 by insulin and cholesterol
98 J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104



greatly enhances the synthesis and secretion of triglycerides by the liver [55,93,94]. However, in
the SCD1�/� mice, carbohydrate feeding failed to induce triglyceride synthesis and secretion by
the liver [23]. In addition the finding of reduced adiposity and increased energy expenditure [28] in
the setting of increased food intake is suggestive of increased fatty acid oxidation. CPT, ACO,
VLCAD and FIAF are known targets of PPAR-a and contain PPARa response regions in their
promoters [95,96]. Since PPARa mRNA is unchanged (unpublished), the up regulation of
enzymes of fatty acid b-oxidation in the SCD1�/� mice must be downstream of PPARa tran-
scription. Thus, the characteristics exhibited by the SCD1�/� mice are consistent with presence of
a PPARa activator with reduced activity in wild type mice. Decreased SCD activity could also
alter the levels of ligands for other nuclear hormone receptors important in lipid homeostasis.
The SCD1�/� mice exhibit increase in the contents of saturated fatty acids (16:0 and 18:0) while
the contents of the PUFAs of the n-6 and n-3 are not changed [18,26]. One possible mechanism is
that the saturated fatty acids induce the signal in the SCD1�/� mice that activates the PPARa but
this has yet to be determined. Alternatively, the increased levels of 18:0- or 16:0-CoAs as sug-
gested by Cohen et al. [24] could inhibit acetyl-CoA carboxylase (ACC) through a well known
feed back mechanism of lipogenesis, and the reduction in the levels of malonyl-CoA can lead to
activation of CPT1, resulting in increased transport of fatty acids into the mitochondria for oxi-
dation. In this mechanism, it is hypothesized that in the absence of SCD1 a reduced rate of tri-
glyceride and VLDL synthesis increases the intracellular pool of saturated fatty acids leading to
an increase in fatty acid oxidation. MUFAs are known to be necessary for normal rates of
synthesis of triglycerides and cholesterol esters, which in turn are required for hepatic lipid sto-
rage and VLDL synthesis [18,23,24]. When lipid storage and VLDL production are reduced, the
intracellular pool of saturated fatty acyl CoAs would be expected to increase. Saturated fatty acyl
CoAs, but not monunsaturated fatty acyl CoAs, are known to allosterically inhibit acetyl CoA
carboxylase-1(ACC), thus reducing cellular levels of malonyl CoA [97–99]. Malonyl CoA is
required for fatty acid biosynthesis and also inhibits the mitochondrial CPT-1 shuttle system, the
rate-limiting step in the import and oxidation of fatty acids in mitochondria [97–99]. Thus,
reduced levels of SCD1 would lead to a decrease in the cellular levels of malonyl CoA and de-
represses fatty acid oxidation. These findings are similar to those seen in mice lacking ACC-2,
which also have increased fatty acid oxidation in skeletal muscle and have a lean phenotype [99].
Other mechanisms could account for the increased energy expenditure in the SCD1 deficient
mice. For instance SCD1 deficiency could be associated with increased activity of AMPK, an
enzyme that has been shown to stimulate fatty acid oxidation following leptin administration.
Another possibility is that a deficiency in SCD1 would alter phospholipid composition thereby
impacting on membrane properties or signal transduction. SCD1 deficiency could also be
associated with direct or indirect effects on uncoupling proteins (UCPs) that are involved in
thermogenesis. Finally, the hair and lipid abnormalities associated with defects in SCD1 deficient
mice could be associated with increased heat dissipation. Experiments are under way to evaluate
the various mechanistic possibilities.

2.4. Leptin regulation of SCD1

SCD activity has been shown to be elevated in the adipose tissue of various animal models of
obesity [24]. A positive correlation between SCD activity in skeletal muscle and the percentage of
J.M. Ntambi, M. Miyazaki / Progress in Lipid Research 43 (2004) 91–104 99



body weight has recently been reported in human subjects [115]. Leptin deficient mice (ob/ob) are
characterized by a five-fold higher deposition of body fat than their lean counterparts. The con-
sistent change in the fatty acid composition in these mice, is an increase in MUFAs as a result of
increased SCD activity [24]. When leptin is injected into ob/ob mice the obese phenotype is nor-
malized. Leptin also elicits a novel metabolic response in a number of tissues including liver. To
elucidate the underlying mechanism, Cohen et al. [24] used oligonucleotide microarrays to iden-
tify genes specifically regulated by leptin in the livers of ob/ob mice. K-means clustering identified
a large number of leptin-regulated genes, the most robust of which SCD1. SCD1 mRNA levels,
enzymatic activity, and the levels of MUFAs were markedly increased in ob/ob mice and are all
specifically reduced by leptin administration. The percentages of monounsaturated fats were also
reduced in the leptin treated livers. These data suggested the possibility that leptin specific down
regulation of SCD1 mRNA and activity might mediate some of its metabolic effects. To explore
the effects of SCD1 deficiency on the ob/ob phenotype, heterozygous asebia (abJ/+) mice were
intercrossed to ob/+ mice. Double mutant abJ/abJ; ob/ob mice were born at the expected fre-
quency and were noticeably thinner than ob/ob controls. The abJ/abJ; ob/ob mice showed a
dramatic reduction in body weight at all ages compared to littermate ob/ob control. Fat mass in
the 16 week old double mutant mice was decreased from 51.0 to 32.1% in females and from 49.9
to 28.1% in males compared to ob/ob controls. Mice of both sexes also showed a significant
increase in percent lean mass relative to ob/ob littermates. Energy balance was analyzed by
measuring food intake and energy expenditure in ob/ob and lean littermates with or without
homozygous SCD1 mutations. As expected, ob/ob mice were hyperphagic compared to lean lit-
termate controls. The abJ/abJ;ob/ob mice however, consumed more food than ob/ob littermates,
suggesting that SCD1 deficiency may modulate CNS pathways that regulate food intake, perhaps
secondary to the increased oxygen consumption. Ob/ob mice are known to be markedly hypo-
metabolic, since in the absence of leptin, they exist in a state of perceived starvation and activate a
metabolic program to conserve energy. We found that the abj/abj;ob/ob mice had a complete
correction of their hypometabolic phenotype, with energy expenditure equivalent to, or even
greater than, wild-type littermates.
Ob/ob mice have massively enlarged livers that are engorged with lipid (fatty liver). Gross

inspection revealed that both the hepatomegaly and steatosis of ob/ob mice were normalized in
abJ/abJ; ob/ob mice. Histological sections of ob/ob liver showed characteristic, large lipid-filled
vacuoles, while those of double mutant mice showed little or no vacuolation with a histological
appearance that is indistinguishable from wild-type mice. Consistent with this histologic
appearance, the levels of liver triglyceride were substantially increased in ob/ob mice whereas
triglycerides in abJ/abJ; ob/ob mice were reduced to levels comparable to lean controls. Trigly-
ceride levels in lean abJ/abJ mice are reduced even further below that of lean controls. These
data show that SCD1 is required for the development of the obese phenotype of ob/ob mice
and further suggest that a significant proportion of leptin’s metabolic effects may result from
inhibition of this enzyme. The metabolic effects of leptin on SCD1 in liver, however, are likely
to be the result of central action, as mice lacking the leptin receptor in the brain display
enlarged, fatty livers, while livers from mice with a liver-specific knockout of the leptin receptor
appear normal. Leptin also reduces hepatic SCD1 activity when administered intracerebroven-
tricularly. However, the nature of the CNS signals that modulate liver metabolism in response
to leptin is unknown.
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3. Conclusion

The recent studies using the knockout mouse models have revealed the phenotypes generated as
a result of SCD1 gene deficiency. We have learned that this enzyme is critical in the biosynthesis
of neutral lipids; triglycerides, cholesterol esters, wax esters and 1-alkyl-2,3-diacylglycerol
[18,23,25,27]. We have learn here and from other recent reviews on SCD [116-118] that the SCD
isoforms exhibit tissue-specific expression, have different substrate specificity and the SCD1 in
particular is regulated by numerous factors. We have also learned that SCD1 deficiency either
directly or indirectly induces a signal that partitions fatty acids towards oxidation rather than
synthesis. Furthermore SCD1 deficiency leads to leanness, increased insulin sensitivity and
increased metabolic rate [28]. SCD1 is a target of leptin signaling [24]. Thus, in addition to play-
ing a role in lipid metabolism, the SCD1 is a promising therapeutic target in the treatment of the
metabolic syndrome.
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