
Introduction

The prevalence of obesity is alarmingly high, and the 
proportion of adults who are overweight and obese in 
the USA and elsewhere continues to increase. Recent 
estimates indicate that, with only one exception, every 
state in the USA has an estimated prevalence of obesity of 
at least 20% (Centers for Disease Control and Prevention, 
2008). The obesity burden is also increasing in developing 
nations, leading to a particularly complex public health 
problem, as undernutrition may often coexist. Obesity 
and diabetes have emerged as major chronic diseases 
afflicting adults, and more recently, children in increas-
ing proportions. It is well known that genetic (Lusis et al., 
2008; O’Rahilly, 2009) and lifestyle factors (Magkos et al., 
2009) and, importantly, interactions among such factors 
(Sampath and Ntambi, 2004; Bouchard, 2008; Qi and Cho, 
2008), contribute to the susceptibility of the development 
of metabolic diseases. The complexity of interactions 

among dietary and genetic factors is becoming more 
appreciated, and much research has been undertaken in 
recent years to probe various interactions between diets 
and genes, which has allowed for a greater understanding 
of the intricacy of this field of research.

With the current obesity epidemic, it is of immediate 
importance to understand the contribution of key cel-
lular components as well as specific tissues involved in 
the development of impaired metabolic regulation. This 
is important not only in order to understand more fully 
the complex metabolic relationships that exist among 
cellular factors in a number of tissues, but also because 
the development of pharmacological agents to treat or 
to prevent obesity and other related metabolic diseases 
is an active area of research (Shi and Burn, 2004; Powell, 
2006). Many studies have unmasked important roles that 
proteins expressed in specific tissues play in the develop-
ment of or protection from metabolic diseases such as 
obesity and diabetes. Although metabolic tissues such as 
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Abstract
De novo lipogenesis (DNL) is a complex yet highly regulated metabolic pathway, and transcription factors 
such as liver X receptor (LXR), sterol regulatory element-binding protein-1c (SREBP-1c), and carbohydrate 
response element binding protein (ChREBP) exert significant control over the de novo synthesis of fatty 
acids. An increase in de novo lipogenesis (DNL) is an important contributor to increased fat mass, while a 
reduction in lipogenesis may be protective against the development of obesity. In this review, we explore 
fatty acid synthesis in the context of new insights gleaned from global and tissue-specific gene knockout 
mouse models of enzymes involved in fatty acid synthesis, namely acetyl-CoA carboxylase, fatty acid syn-
thase, fatty acid elongase 6, and stearoyl-CoA desaturase 1. A disruption in fatty acid synthesis, induced by 
the deficiency of any one of these enzymes, affects lipid metabolism and in some cases may protect against 
obesity in a tissue and gene-specific manner, as discussed in detail in this review.
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liver, muscle, and adipose are most commonly implicated 
as primary tissues involved in the development of insulin 
resistance, dyslipidemia, and obesity, other tissues have 
more recently come to light as possessing important 
roles in metabolism and in the maintenance of metabolic 
homeostasis.

Many recent studies have been undertaken in an 
effort to better understand the importance of specific 
tissues and genes involved in metabolic regulation, 
and this research thrust has led to the development of 
several tissue-specific knockout or tissue-specific over-
expressing mouse models of genes that encode proteins 
involved in lipogenesis. The development of tissue-spe-
cific knockout mouse models is commonly achieved via 
use of the Cre-loxP system in which Cre recombinase, 
an enzyme endogenously expressed in bacteriophage 
P1, is transgenically expressed under the control of a 
tissue-specific promoter (see reviews by Sauer, 1998; 
Kos, 2004). Antisense oligonucleotide (ASO) technology 
is another method that allows for transient, selective 
reduction of gene expression. This method takes advan-
tage of RNase H, an enzyme that recognizes and degrades 
single-stranded mRNA bound to single-stranded DNA 
(Scherer and Rossi, 2003). Recent advancements in our 
understanding of lipid metabolism and susceptibility to 
the development of obesity have been largely gleaned 
from biochemical and nutritional studies carried out in 
mouse models that have been genetically modified by 
these mechanisms. Thus, technological advancements 
in recent decades have enabled genetic design of mouse 
models that have subsequently allowed for an impressive 
array of metabolic, nutritional, and diet–gene interaction 
experimental studies to be conducted while studying 
specific genes of interest.

A number of reviews describe various metabolic dis-
eases, namely obesity, diabetes, and the clustering of 
metabolic disturbances known as metabolic syndrome, 
and their related complications (Hotamisligil, 2006; 
Muoio and Newgard, 2006; Lusis et  al., 2008; Postic 
and Girard, 2008). In this review, we seek to highlight 
recent discoveries that have allowed for a more refined 
understanding regarding the roles of gene products 
within specific tissues in the regulation of mammalian 
metabolic processes, with a focus on diet-induced obes-
ity. First, we review de novo lipogenesis (DNL) and a 
number of primary regulators of DNL including insu-
lin and lipogenic transcription factors including liver 
X receptors (LXR), sterol regulatory element-binding 
protein-1c (SREBP-1c) and carbohydrate response 
element binding protein (ChREBP). We then discuss 
specific genes and results of studies in which global or 
tissue-specific gene expression was assessed in the con-
text of diet-induced obesity (Table 1). Specifically, we 
focus on genes/gene products that are involved in the 
synthesis of fatty acids and begin with ATP-citrate lyase, 
which catalyzes a reaction that yields acetyl-CoA and 
oxaloacetate, and continue through the pathway of fatty 
acid biosynthesis to the point of fatty acid desaturation 
by stearoyl-CoA desaturase. However, it is important to 
note that DNL indeed requires a number of additional 
proteins, including enzymes that catalyze NADPH-
producing reactions.

Lipogenesis and diet-induced obesity

Carbohydrates consumed in excess of caloric require-
ments and in excess of the hepatic glycogen storage 

Table 1.  Knockout mouse models of enzymes involved in synthesis of fatty acids and triglycerides.

Protein Knockout mouse model Reference

ATP-citrate lyase (ACL) Global Beligneux et al., 2004

Acetyl-CoA carboxylase-1 (ACC1) Global Abu-Elheiga et al., 2005

Liver Mao et al., 2006; Harada et al., 2007

Adipose, macrophages, bone marrow Mao et al., 2009

Acetyl-CoA carboxylase-2 (ACC2) Global Abu-Elheiga et al., 2001; 2003; 
Oh et al., 2005; Choi et al., 2007

Fatty acid synthase (FAS) Global Chirala et al., 2003

Liver Chakravarthy et al., 2005

Hypothalamus, β-cells Chakravarthy et al., 2007; 2009

Elongase 6 (ELOVL6) Global Matsuzaka et al., 2007

Stearoyl-CoA desaturase-1 (SCD1) Global Miyazaki et al., 2001; Ntambi et al., 2004

Liver Miyazaki et al., 2007

Skin Sampath et al., 2009

Acyl-CoA:diacylglycerol acyltransferase-1 (DGAT1) Global Smith et al., 2000; Shih et al., 2009

Acyl-CoA:diacylglycerol acyltransferase-2 (DGAT2) Global Stone et al., 2004

Acyl-CoA:glycerol-3-phosphate acyltransferase-1 (GPAT1) Global Hammond et al., 2002; 2005; 
 Neschen et al., 2005

Acyl-CoA:glycerol-3-phosphate acyltransferase-4 (GPAT4) Global Vergnes et al., 2006; Nagle et al., 2008

1-acylglycerol-3-phosphate acyltransferase-2 (AGPAT2) Global Cortes et al., 2009
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capacity must be converted into lipids for subsequent 
storage; white adipose tissue (WAT) is the primary 
lipid-storing tissue. De novo lipogenesis is the metabolic 
pathway that synthesizes fatty acids from excess carbo-
hydrates; these fatty acids can then be incorporated into 
triglycerides for energy storage. Importantly, hepatic 
DNL and triglyceride synthesis following a high carbo-
hydrate load can lead to an increase in the synthesis and 
secretion of very low density lipoprotein (VLDL) particles 
(Figure 1). VLDL particles enter the circulation, and the 
triglycerides can undergo hydrolysis within capillaries 
of extrahepatic tissues, of which adipose and muscle are 
primary tissues. The free fatty acids may be re-esterified 
and stored in triglycerides or can be oxidized for energy. 
During fasting, hydrolysis of adipose tissue triglycerides 
occurs, liberating fatty acids that can be taken up by the 
liver. Such adipose tissue-derived free fatty acids can be 
reincorporated into triglycerides and secreted in VLDL 
particles (Figure 1). Barrows and Park (2006) demon-
strated that adipose-derived free fatty acids contribute 
significantly to triglyceride and VLDL formation in both 
the fed and fasted states.

In addition to high-carbohydrate diets, high-fat diets 
have been shown to activate a lipogenic response in liver 
tissue. Recent work has shown that PGC-1β, a member 
of the PGC-1 family of transcriptional coactivators, is 
important in mediating the metabolic effects of dietary 
fat (Lin et al., 2005a; 2005b) as well as high-fructose con-
taining diets (Nagai et al., 2009). Importantly, PGC-1β 

overexpression has been shown to induce the hepatic 
expression of several lipogenic enzymes involved in 
the de novo synthesis of fatty acids and other lipids (Lin 
et  al., 2005a) while PGC-1β knockdown reduced the 
expression of lipogenic genes (Nagai et al., 2009). High-
fat diets contribute to obesity, as the caloric excess must 
be stored; adipose tissue expands to accommodate this 
increase in exogenous lipids and endogenous lipid syn-
thesis. The regulation of lipogenesis is a highly regulated 
process and important regulators of this pathway will be 
reviewed here.

Role of liver X receptors

Liver X receptors (LXR) are members of the nuclear 
receptor superfamily that heterodimerize with retinoid 
X receptor (RXR) (see review by Chawla et al., 2001). Two 
isoforms of LXR have been identified: LXRα and LXRβ 
(Song et al., 1994; Willy et al., 1995; Janowski et al., 1996). 
Oxysterols are the endogenous ligands for activation of 
LXRs (Janowski et  al., 1996), and activated LXRs have 
been shown to regulate expression of genes important 
in cholesterol metabolism as well as fatty acid synthe-
sis. LXRs have also been shown to respond to fatty acid 
treatment (Tobin et al., 2000). LXRα, but not LXRβ, has 
been shown to positively regulate itself transcriptionally 
(Laffitte et al., 2001).

Repa and colleagues (2000) demonstrated an impor-
tant role for LXRs in regulation of fatty acid synthesis. 

DNL

Liver

Muscle

Adipose

DNL

High Carbohydrate Diet

Circulation

VLDL 
particles

Triglyceride hydrolysis
Fatty acid reesterification
Triglyceride storage

VLDL 
particles

Lipolysis

Free fatty acids

VLDL 
particles

Triglyceride hydrolysis
Fatty acid oxidation

or
Fatty acid reesterification

Triglyceride storage

Fatty acid synthesis
Triglyceride synthesis

VLDL production
VLDL secretion

Figure 1.  De novo lipogenesis occurs in both liver and adipose tissue and can be stimulated by high carbohydrate and high fat diets. Dietary,  
de novo synthesized, and adipose tissue-derived fatty acids are incorporated into triacylglycerol, packaged into VLDL particles and secreted by 
the liver. Fatty acids are hydrolyzed from triacylglycerol molecules in peripheral tissues such as adipose and muscle. DNL, de novo lipogenesis; 
VLDL, very low density lipoprotein.

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



202    Maggie S. Strable and James M. Ntambi

Their work showed that in the absence of LXRα and LXRβ 
(LXRα/β double knockout mice), a blunted increase 
in SREBP-1c expression occurs when stimulated with 
dietary cholesterol alone or in addition to RXR ligand 
or LXR agonist (Repa et al., 2000). This was a significant 
discovery because SREBP-1c regulates the expression 
of many genes that code for enzymes involved in fatty 
acid and lipid biosynthesis (see below). Additionally, 
LXRs have also been shown to directly activate lipogenic 
genes in a distinct manner from their ability to activate 
SREBP-1c. Fatty acid synthase (FAS) was one of the first 
such genes shown to be transcriptionally regulated by 
both LXRα and LXRβ (Joseph et al., 2002). Microarray 
analysis of gene expression in liver, WAT and brown 
adipose tissue (BAT) following LXR agonist treatment 
in mice revealed several additional genes important for 
de novo fatty acid that are likely direct targets of the LXRs 
(Figure 2) (Stulnig et al., 2002). The functions and effects 
of LXRs are now recognized to be wide-ranging in terms 
of gene regulation and tissue specificity (see review by 
Steffensen and Gustafsson, 2004).

Role of sterol regulatory element-binding proteins

In addition to LXRs, insulin and glucagon are also inti-
mately involved in the regulation of DNL (Horton et al., 
2002). Their control of the de novo lipogenic pathway 
was discovered to occur largely through their effects on 
the family of sterol regulatory element-binding proteins 
(SREBP). The SREBPs are a group of three transcription 
factors (SREBP-1a, SREBP-1c, and SREBP-2) that are all 
members of the basic helix-loop-helix-leucine zipper 
protein family; SREBPs are subjected to both transcrip-
tional and post-transcriptional regulation. SREBP-1a and 
SREBP-1c are expressed from the same gene, but they 
possess different promoters and transcriptional start 
sites, which result in different forms of exon 1; SREBP-2 
is expressed from a separate gene (Horton et al., 2002). 
SREBP-1c is the primary form expressed in human and 
mouse liver, while cell culture models tend to predomi-
nantly express the SREBP-1a form (Shimomura et  al., 
1997). SREBP-2 preferentially regulates expression of 
enzymes involved in cholesterol biosynthesis (Horton 

Palmitate
(C16:0)

Stearate
(C18:0)

Palmitoleate
(C16:1n-7)

Oleate
(C18:1n-9)

Triglyceride Cholesteryl Ester

Acetyl-CoA

Malonyl-CoA

FAS

ACC

Fructose
Glucose

Diet

Diet Diet

SCD

ChREBP SREBP1cLXR

Acetyl-CoA

Citrate
ACL

Malate + NADP + Pyruvate + NADPH

6-Phosphogluconolactone + NADPH

6-Phosphogluconate + NADP + Ribulose 5-phosphate + NADPHPGD

ME

G6PDGlucose 6-Phosphate + NADP +

ElovI6

Figure 2.  Pathway of de novo synthesis of saturated and monounsaturated fatty acids and regulation of lipogenic genes by transcription factors 
(LXR, SREBP-1c and ChREBP). NADPH is required for fatty acid synthesis and three chemical reactions yield NADPH (inset). PGC-1β has been 
shown to coactivate LXR and SREBP-1c, as discussed in the text. ACL, ATP-citrate lyase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; 
ELOVL6, elongation of long-chain fatty acids family member 6 (elongase 6); SCD, stearoyl-CoA desaturase; LXR, liver X receptor; SREBP-1c, sterol 
regulatory element-binding protein 1c; ChREBP, carbohydrate response element binding protein; ME, malic enzyme; G6PD, glucose 6-phosphate 
dehydrogenase; PGD, Phosphogluconate dehydrogenase.
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et al., 1998a; 2003), and SREBP-1c is primarily involved in 
regulation of genes related to fatty acid and triglyceride 
synthesis including, but not limited to, ATP-citrate lyase 
(ACL), acetyl-CoA carboxylase (ACC), FAS, stearoyl-CoA 
desaturase (SCD), and glyceraldehyde-3-phosphate acyl-
transferase (GPAT) (Figure 2) (Shimomura et al., 1998; 
Horton et al., 1998a; 2002). SREBP-1a, however, has been 
shown to activate the expression of genes in both path-
ways, although it is typically present at low levels in vivo 
(Shimomura et al., 1998; Horton et al., 2002). In addition, 
all SREBP isoforms increase the expression of genes that 
encode enzymes that catalyze NADPH-yielding reactions 
(Figure 2), which is important as NADPH supplies the 
requisite reducing equivalents for cholesterol and fatty 
acid synthesis (Shimomura et al., 1998).

The SREBPs function as transcription factors, but they 
are initially produced as large (∼125 kDa) precursors that 
reside in the endoplasmic reticulum (ER) (see review by 
Goldstein et al., 2006). SREBP cleavage-activating pro-
tein (SCAP) also resides in the ER and functions as an 
escort protein in the translocation of SREBP from the 
ER to the Golgi for processing. SCAP binds sterols when 
they are abundant in the ER membrane. Upon bind-
ing sterol, SCAP undergoes a conformational change 
and subsequently binds yet another important protein 
involved in SREBP regulation, an Insig (insulin-induced 
gene) protein. When SCAP binds to Insig, it cannot bind 
to COPII proteins and therefore cannot escort SREBP to 
the Golgi for processing. However, in the absence or 
low abundance of sterols, SCAP does not bind sterols 
and thus its conformational shape allows it to bind 
COPII proteins. The binding of SCAP to COPII proteins 
allows the SCAP–SREBP complex to travel to the Golgi 
where SREBP undergoes proteolytic cleavage at two 
sites. The Site-1 protease and Site-2 protease proteins 
cleave SREBPs, thereby processing them into their active 
N-terminal fragment transcription factors. It is not known 
if SCAP or other proteins involved in SREBP processing 
contain fatty acid binding domains that would sense cel-
lular levels in a similar manner as with sterols.

High-carbohydrate diets induce DNL, as a major-
ity of excess carbohydrates that are not oxidized for 
energy are used as substrates to synthesize fatty acids 
and are then incorporated into triglycerides for stor-
age. Furthermore, it has been shown in humans that an 
increase in carbohydrate consumption increases fatty 
acid synthesis even when the caloric content of the diet 
is maintained (Hudgins et al., 1996). In addition to the 
post-transcriptional regulation mediated through SCAP, 
hormonal regulation of SREBP-1c can occur through 
insulin and glucagon. A fasting-refeeding (FRF) program, 
in which a period of fasting (typically 24 hours in many 
experimental designs) is followed by a period of refeed-
ing a low-fat high-carbohydrate diet, induces very high 
fatty acid biosynthetic gene expression (Horton et  al., 

1998b; Shimomura et  al., 2000; Sampath et  al., 2007). 
This dietary program also alters the insulin blood profile, 
suggestive of hormonal regulation of SREBP-1c, as it is a 
major transcriptional regulator of many genes induced 
by the FRF program. Primary hepatocyte experiments 
demonstrated that a dominant active form of SREBP-1c 
induced glucokinase expression to a similar extent as 
insulin treatment (Foretz et al., 1999). Furthermore, rats 
treated with streptozotocin, a chemical that destroys 
pancreatic β-cells, have dramatically reduced levels 
of SREBP-1c mRNA in addition to both precursor and 
nuclear forms of SREBP-1 protein, and insulin treatment 
restores both mRNA and protein levels (Shimomura et al., 
1999). Interestingly, mice that become insulin resistant 
continue to be sensitive to this hormone’s positive regu-
lation of lipogenic gene expression and thus fatty acid 
and triglyceride synthesis can proceed during a state of 
insulin resistance (Shimomura et al., 2000).

Since the work describing the effect of insulin on 
SREBP-1c expression, it has been demonstrated that 
LXR is important in mediating this powerful effect of 
insulin (Chen, et  al., 2004). Reporter constructs were 
used to show that mutation of the LXREs in the pro-
moter significantly reduced insulin’s ability to activate 
SREBP-1c transcription (Chen, et al., 2004). Regulation 
of SREBP-1c at the transcriptional level also occurs 
through LXRs, which stimulate SREBP-1 gene expres-
sion through an LXRE located in the promoter of 
SREBP-1c (Horton et al., 2002). SREBP-1c expression is 
significantly reduced in mice deficient in both LXRα and 
LXRβ; however, deficiency of only LXRα slightly reduces 
SREBP-1c mRNA while there is no effect when only LXRβ 
is lacking (Repa et al., 2000). Additionally, high-fat diets 
induce lipogenesis, with an increase in SREBP-1 activ-
ity with concomitant increased expression of SREBP 
downstream targets (Lin et  al., 2005a; Sampath et  al., 
2007). The transcriptional coactivator PGC-1β has been 
shown to play a significant role in mediating such lipo-
genic effects of fatty acids (Lin et al., 2005a). High-fat diet 
induces SREBP-1c expression, and it is likely that LXR 
may be involved in this phenomenon (Lin et al., 2005a). 
Thus several studies have shown a role for SREBP-1 as 
a key mediator in the induction of lipogenesis during 
experimental caloric excess, regardless of whether the 
calories are derived largely from dietary carbohydrates 
or dietary fats.

Role of carbohydrate responsive element binding 
protein

The role of SREBPs in mediating the regulation of lipo-
genic gene expression was conclusively demonstrated in 
a number of studies. However, there was also evidence to 
suggest that SREBP-1c was not the sole transcription fac-
tor involved in the regulation of the expression of these 
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genes induced by carbohydrates. In fasted and refed 
SREBP-1c deficient mice, expression of SREBP-1c target 
genes was reduced compared to wild-type (WT) mice 
but expression was not completely eliminated (Shimano 
et al., 1999). Furthermore, studies conducted in the early 
1990s provided evidence that a specific, glucose-respon-
sive element was present in the promoter region of lipo-
genic genes (Bergot et al., 1992; Cuif et al., 1993; Doiron 
et al., 1996), but it was not until 2001 that the glucose-
responsive transcription factor that binds specifically to 
the glucose responsive element was reported (Yamashita 
et al., 2001). Similar to the SREBPs, ChREBP is also a basic 
helix-loop-helix leucine zipper transcription factor that 
is expressed in a number of tissues including liver, WAT, 
BAT, kidney, and small intestine (Yamashita et al., 2001; 
Iizuka et  al., 2004). Subsequently, Max-like protein X 
(Mlx) was identified as the protein partner that ChREBP 
heterodimerizes with and binds to E boxes with in pro-
moters of target genes (Stoeckman et al., 2004). It was 
also shown that mice deficient in ChREBP have reduced 
expression of a number of lipogenic genes. Importantly, 
however, the lack of ChREBP does not affect the expres-
sion of any members of the SREBP family (Iizuka et al., 
2004). The ability to synthesize fatty acids in liver is also 
significantly impaired in ChREBP deficient mice (Iizuka 
et al., 2004).

ChREBP has been shown to be transcriptionally regu-
lated by LXRs, as chromatin immunoprecipitation and 
luciferase reporter-based experiments demonstrated that 
LXRs bind to LXR elements in the promoter of ChREBP 
(Cha and Repa, 2007). However, a more recent report 
demonstrated that an appropriate lipogenic response to 
glucose/high-carbohydrate diet occurs even in LXRα/β-
deficient mice (Denechaud et  al., 2008). Specifically, 
nuclear ChREBP levels increased, as did the expression 
of several ChREBP target genes, including liver-pyruvate 
kinase, ACC, and FAS (Figure 2). SCD and GPAT, however, 
increased in WT mice but not in LXRα/β knockout mice 
in response to the high-carbohydrate diet (Denechaud 
et al., 2008). These data suggest that LXRs may not be 
required for the ability of ChREBP to induce all of its 
target genes in response to glucose metabolism.

In addition to transcriptional regulation, the activa-
tion and deactivation of ChREBP requires posttrans-
lational regulation. One hypothesis proposes that the 
activation of ChREBP into a nuclear-localized, functional 
transcription factor occurs via sequential dephosphor-
ylation steps at residues that have been phosphorylated 
by protein kinase A. This hypothesis suggests that 
xylulose 5-phosphate, a glucose metabolite, activates 
protein phosphatase 2A (PP2A), which dephosphor-
ylates ChREBP on its serine 196 residue; ChREBP can 
then enter the nucleus upon this dephosphorylation-
dependent activation. PP2A then dephosphorylates the 
threonine 666 residue of nuclear ChREBP, thus activating 

ChREBP (see review by Postic et al., 2007). In contrast 
to this hypothesis, data from Towle and colleagues have 
shown in primary rat hepatocytes that high glucose 
treatment does not reduce the phosphorylation state of 
ChREBP (Tsatsos and Towle, 2006).

Tissue-specific regulation of diet-induced obesity

As compared to global knockout models, the develop-
ment of tissue-specific knockout mouse models has 
allowed for more finely tuned research to explore the 
relationship between diet and metabolic disease in a 
tissue-specific manner in order to understand complex 
metabolic regulation more thoroughly. Tissue-specific 
models are especially important in metabolic studies, 
which allow for the contribution of single tissues in the 
maintenance of metabolic homeostasis to be realized. 
Protection from obesity can typically be attributed to 
increased nutrient oxidation, increased thermogenesis, 
increased activity, and reduced lipogenesis. While liver, 
adipose, and skeletal muscle tissues are commonly rec-
ognized as the key metabolic tissues, recent studies have 
uncovered roles for other tissues in metabolic home-
ostasis, as will be discussed in more detail below. We 
specifically focus on reviewing global and tissue-specific 
gene knockout mouse models of enzymes involved in 
fatty acid synthesis but also refer the reader to references 
of knockout mouse models of enzymes important for 
triglyceride synthesis (Table 1).

Acetyl-CoA carboxylase

The cytosolic synthesis of acetyl-CoA from citrate, a reac-
tion catalyzed by ATP-citrate lyase (ACL), is essential dur-
ing embryogenesis, as an attempt to make mice deficient 
in this enzyme did not yield any homozygous knockout 
embryos or pups (Beigneux et al., 2004). However, het-
erozygous mice were viable and did not differ from WT 
littermates with respect to body weight, plasma and 
hepatic lipids, and lipogenic gene expression (Beigneux 
et al., 2004). Acetyl-CoA is a crucial component in lipid 
metabolism, as it is a requisite carbon donor in the  
de novo synthesis of fatty acids and supplies the first acyl 
group in a growing fatty acid chain, and it is the substrate 
used by acetyl-CoA carboxylase (ACC) to catalyze the 
synthesis of malonyl-CoA (Figure 2). Malonyl-CoA is 
essential for fatty acid synthesis, because it donates two 
carbon units during each sequential round of conden-
sation in the synthesis of 16-carbon fatty acid chains. 
However, the function of malonyl-CoA in lipid metabo-
lism is two-fold: it also serves to inhibit the mitochon-
drial oxidation of fatty acids by binding to and blocking 
carnitine palmitoyltransferase (CPT1) (Saggerson, 2008). 
CPT1 is required for the synthesis of long chain fatty acyl 
carnitine molecules, the fatty acid form required for fatty 
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acid transport across mitochondrial membrane to be 
utilized for β-oxidation. Two isoforms of ACC exist in 
animals, ACC1 and ACC2, and different genes encode for 
them (Brownsey et al., 2006). It has been demonstrated 
that ACC1 is located in the cytosol and the malonyl-CoA 
produced by ACC1 is important for the de novo synthesis 
of palmitate, whereas ACC2 is localized to mitochondria 
and the malonyl-CoA it produces is important in fatty 
acid oxidation (Abu-Elheiga et al., 2000; Mao et al., 2006). 
Thus, as expected, the ACC enzymes are highly regulated 
because the product of the reaction catalyzed by ACC 
is a crucial molecule involved in the determination of 
whether fatty acids are synthesized or oxidized (see 
reviews by Brownsey et al., 2006; Kim, 1997). Therefore, 
the control of ACC and production of malonyl-CoA is a 
crucial step in lipid metabolism that may be important 
in the development of metabolic disorders (Wakil and 
Abu-Elhegia, 2009).

Global knockout (GKO) mouse models of the two ACC 
isoforms have provided strong evidence for the hypoth-
esis that ACC1 and ACC2 perform independent functions 
and largely do not compensate for each other when one 
isoform is absent. Whole body deficiency of ACC1 is lethal 
during early embryogenesis (Abu-Elheiga et al., 2005). In 
striking contrast to the deletion of ACC1, ACC2 null and 
heterozygous mice are born at expected frequency (Abu-
Elheiga et al., 2001). Hepatic lipogenesis is not impaired 
in ACC2 GKO yet lipids do not accumulate in the liver, 
suggestive of increased fatty acid oxidation (Abu-Elheiga 
et al., 2001). Subsequent studies demonstrated that the 
oxidation of both fat and glucose is increased in these 
mice (Oh et  al., 2005; Choi et  al., 2007). Furthermore, 
ACC2 GKO mice are protected from high-fat/high-
carbohydrate diet-induced obesity as well as insulin 
resistance (Abu-Elheiga et al., 2003; Choi et al., 2007). This 
suggests that the lack of malonyl-CoA produced by ACC2 
confers the protection against obesity, as the synthesis of 
the molecule responsible for inhibition of CPT1 is itself 
inhibited, allowing fatty acid oxidation to occur. Although 
these data suggest that the malonyl-CoA produced from 
ACC1 and ACC2 are functionally distinct, recent evidence 
from ASO experiments is largely inconsistent with this 
hypothesis. Fatty acid oxidation is significantly increased 
when either isoform is selectively reduced or when both 
isoforms are simultaneously reduced (Savage et al., 2006). 
However, triglyceride synthesis was reduced only when 
ACC1 alone or ACC1 and ACC2 together were decreased 
but not when ACC2 alone was reduced. These results 
suggest that the malonyl-CoA produced from either iso-
form can regulate fatty acid oxidation but only malonyl-
CoA produced by ACC1 is used for fatty acid synthesis  
(Savage et al., 2006).

More recently, studies have emerged on the tissue-
specific importance of the ACC1 isoform in DNL. 
Liver-specific deletion of ACC1 (ACC1 LKO) resulted 

in reduced accumulation of lipids in liver tissue dur-
ing chow-diet or short-term fat-free diet conditions. 
Additionally, the synthesis of cholesterol and fatty acids 
was significantly impaired in primary hepatocytes from 
these mice (Mao et al., 2006). Surprisingly, in ACC1 LKO, 
the hepatic expression of several genes that encode pro-
teins involved in DNL including ACL, FAS, long chain 
fatty acid elongase, and PPARγ were all increased. In 
addition, ACC2 was increased and CPT1 was decreased 
(Mao et al., 2006). The gene expression and nuclear pro-
tein level of SREBP-1 was not reported but may be an 
important factor accounting for the increased expres-
sion of the lipogenic genes. It was hypothesized that this 
gene expression profile may be a metabolic response of 
the liver in an effort to increase the synthesis of fatty 
acids when they are limiting (Mao et al., 2006). Despite 
impaired hepatic DNL, total fat pad weights did not dif-
fer by genotype following short-term very low-fat diet 
feeding, which suggests that liver-specific ACC1 defi-
ciency might not be protective against the development 
of obesity during a more chronic exposure to adverse 
dietary conditions. As expected, ACC1 LKO mice fed a 
high-fat/high-carbohydrate diet for five months were 
susceptible to diet-induced obesity and gained weight 
to a similar extent as the WT mice (Figure 3) (Mao et al., 
2006). It should also be noted that under this chronic 
dietary treatment, hepatic steatosis was not prevented 
in ACC1 LKO. Overall, these data suggest that ACC1 is 
required for an appropriate hepatic lipogenic response 
to short-term feeding of high-carbohydrate diets, and the 
deficiency of ACC1 only in liver tissue is not sufficient 
to reduce fatty acid and triglyceride synthesis to protect 
against the obesigenic consequences of long-term con-
sumption of a high-fat/high-carbohydrate diet.

Harada et  al. (2007) also explored the metabolic 
effects of hepatic ACC1 deficiency. Chow-fed ACC1 LKO 
mice did not exhibit altered hepatic lipid accumulation 
or impaired hepatic fatty acid synthesis relative to WT 
animals. However, after short-term high-sucrose feeding, 
liver triglycerides were dramatically reduced and hepatic 
DNL was slightly reduced in ACC1 LKO mice relative to 
WT mice (Harada et al., 2007). These results provide addi-
tional evidence to demonstrate that the lack of hepatic 
ACC1 may protect against the development of hepatic 
triglyceride accumulation induced by a short-term high-
carbohydrate diet while the results by Mao et al. (2006) 
demonstrate that ACC1 LKO mice are not protected from 
high-fat diet-induced weight gain.

A recent report describes the metabolic effects of 
aP2-cre-mediated deficiency of ACC1 (ACC1 AKO) in a 
panel of tissues including WAT, BAT, peritoneal macro-
phages, and bone marrow (Mao et al., 2009). Although 
it will not be discussed in significant detail, it should 
be noted that profound growth and bone development 
defects are evident in ACC1 AKO mice, demonstrating 
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that in addition to lipogenesis, ACC1 plays a role in 
other pathways, such as skeletal development (Mao 
et al., 2009). ACC1 AKO mice exhibited reduced cellular 
differentiation at growth plate chondrocytes as well as 
significantly reduced IGF-1 levels, both of which were 
likely to have had negative effects on the bone growth 
(Mao et al., 2009). Knockout mice (ACC1 AKO) weigh 
significantly less than the WT counterparts, however this 
reduction in body weight is not solely due to reduced fat 
mass, per se. Rather, aP2-cre positive mice exhibited an 
overall reduction in body size with significantly shorter 
bones, although they followed a post-weaning growth 
trajectory similar to WT mice (Mao et al., 2009). Despite 
reduced ACC1 mRNA and activity levels in adipose tis-
sue, lipogenesis was not negatively impacted in ACC1 
AKO mice under control or insulin-induced conditions. 
This lack of reduced lipogenesis may be due to ineffi-
cient Cre recombinase mediated recombination at loxP 
sites in the ACC1 gene (Mao et al., 2009). Although lipo-
genesis itself was not impaired, adipocytes in ACC1 AKO 
mice accumulated fewer lipids following a FRF dietary 
program. However, long-term consumption of a high-
fat/high-carbohydrate diet induced weight gain, obes-
ity, and hepatic lipid accumulation to a similar extent in 
ACC1 AKO and WT mice (Figure 3) (Mao et al., 2009).

Fatty acid synthase

Fatty acid synthase (FAS) is a large multi-subunit pro-
tein that synthesizes the 16-carbon saturated fatty acid 

palmitate through the sequential addition of two carbon 
units at a time, with the carbons donated by malonyl-
CoA (Figure 2). The absolute requirement for FAS dur-
ing embryonic development was first demonstrated 
during an effort undertaken to produce FAS GKO mice 
(Chirala et al., 2003). However, global FAS deficiency was 
discovered to be embryonically lethal and mice with a 
complete deficiency in the enzyme were not born. FAS 
heterozygotes displayed a high degree of lethality as well, 
with a reduction in expected frequency by approximately 
70%. The requirement for de novo fatty acids to support 
embryonic development was demonstrated further by 
a study in which male and female FAS heterozygote 
breeders were fed a high-fat, lard based diet. Despite 
this dietary supplement of saturated fatty acids, only 
a minor increase in the number of heterozygote FAS 
mice born was observed (Chirala et  al., 2003). These 
data imply that the fatty acids absorbed by the parents 
during the breeding period and the fatty acids absorbed 
by the mother during gestation were largely insufficient 
to support the development and growth of pups. These 
data may therefore suggest that fatty acids synthesized 
de novo and fatty acids provided through the diet are 
functionally distinct in vivo.

Chirala and coworkers (2003) clearly demonstrated 
that FAS is required for normal embryonic development; 
however, much remained to be understood regarding 
the specific role of FAS in maintenance of lipid metabo-
lism homeostasis in the liver as well as in extrahepatic 
tissues. A liver-specific FAS knockout model (FAS LKO) 
has been produced and the metabolic effects described 

ACC1 LKO 
- Protected from ZF DI 
  hepatic steatosis
  and hepatic steatosis
- Susceptible to HF DI obesity
  and hepatic steatosis

Adipose

ACC1 AKO

- Susceptible to HF DI obesity 
  and hepatic steatosis

Liver

FAS LKO 

- Susceptible to ZF DI    
  hepatic steatosis

Hypothalamus

FAS HKO

- Reduced food intake 
- Protected from HF DI 
  obesity and hepatic steatosis 

- Protected from HF DI obesity 
  and hepatic steatosis

SCD1 SKO

- Protected from HC DI obesity 
  and hepatic steatosis
- Susceptible to HF DI obesity 
  and hepatic steatosis

Skin

SCD1 LKO

Figure 3.  Summary of metabolic phenotypes of tissue-specific gene knockout mouse models discussed in detail in text: ACC1, FAS, and SCD1 liver 
knockout (LKO) models, ACC1 adipose tissue knockout (AKO), FAS hypothalamus knockout (HKO), and SCD1 skin knockout (SKO). ACC, acetyl-
CoA carboxylase; FAS, fatty acid synthase; SCD, stearoyl-CoA desaturase; HC, high carbohydrate; HF, high-fat; DI, diet-induced, ZF, zero-fat.
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(Chakravarthy et al., 2005). FAS LKO mice have increased 
level of malonyl-CoA and decreased level of palmitate 
in the liver, as might be expected in the absence of the 
enzyme that utilizes malonyl-CoA to ultimately syn-
thesize palmitate. Long-term (four weeks) zero-fat, 
high-carbohydrate diet feeding induced hypoglycemia 
with both low insulin and high glucagon levels. Fat pad 
weight was significantly reduced in FAS LKO mice com-
pared to WT mice, which may be explained by reduced 
expression of SREBP-1c. Additionally, the lack of FAS in 
the liver caused hepatic steatosis when the zero-fat diet 
was fed (Figure 3). The increased accumulation of lipids 
in the liver may be due to the increase in malonyl-CoA 
levels and its negative regulation of fatty acid oxidation. 
The authors noted that the phenotype of FAS LKO mice is 
strikingly similar to that of whole-body PPARα deficient 
mice (Kersten et al., 1999).

New fat, that is, fat synthesized de novo or provided 
via dietary sources, was hypothesized to be the endog-
enous ligand for PPARα, as PPARα-regulated genes and 
metabolic pathways were blunted in the absence of 
hepatic FAS but restored following PPARα activation with 
a known PPARα agonist, Wy14,643. Furthermore, fatty 
acids liberated from adipose tissue largely failed to acti-
vate the receptor to induce gluconeogenic and fatty acid 
oxidative pathways. The mechanism by which new fatty 
acids, but not old fatty acids, would have access to PPARα 
is unknown but it was suggested that perhaps PPARα 
moves back and forth between the nucleus and the cyto-
plasm and subsequently binds “new fat” available in the 
cytoplasm (Chakravarthy et al., 2005). Palmitate is the 
primary product of the reaction catalyzed by FAS, and 
the hypothesis posed by this group therefore suggested 
that palmitate could be the specific fatty acid that serves 
as the endogenous PPARα ligand. However, more recent 
work, in which sophisticated mass spectrometry-based 
analyses were conducted, demonstrated that a more 
complex molecule, 1-palmitoyl-2-oleoyl-sn-glycerol-3-
phosphocholine (16:0/18:1-GPC) may be an important 
physiological ligand for PPARα (Chakravarthy et  al., 
2009a). The identification of a molecule that incorpo-
rates one molecule of 16:0 and one of 18:1 is interesting 
in that these are the main products of FAS and SCD1, 
respectively, enzymes that catalyze rate-limiting steps 
in the synthesis of saturated and monounsaturated fatty 
acids, respectively, and that are commonly incorporated 
into other complex lipid species.

In addition to its direct role in de novo fatty acid 
synthesis, FAS has also been shown to be important in 
food intake, originally demonstrated through the use of 
FAS chemical inhibitors (Loftus et al., 2000). Following 
intraperitoneal injection, radiolabeled FAS inhibitor 
was detected in the brain, and a significant reduction in 
food intake and body weight occurred. The physiologi-
cal mechanisms by which reduced FAS activity leads to 

reduced food intake was determined to be through the 
accumulation of malonyl-CoA in the brain with subse-
quent protection conferred against the development of 
obesity (Loftus et al., 2000). The role of the central nerv-
ous system in regulation of food intake and metabolism 
is a rapidly expanding area of research (see reviews by 
Dowell et al., 2005; Wolfgang and Lane, 2006).

Additional insights regarding the mechanism of inhi-
bition of FAS activity on metabolism have been obtained 
from a genetic mouse model in which FAS expression is 
disrupted in the hypothalamus and pancreatic β-cells 
(FAS HKO) (Chakravarthy et  al., 2007; 2009b). While 
there was no apparent phenotype specifically related to 
β-cell function, chow-fed FAS HKO mice gained signifi-
cantly less weight than their WT counterparts (Figure 3). 
This reduction in body weight was largely determined 
to be due to their hypophagic feeding behavior but 
also perhaps also partially due to increased physical 
activity. Similar to the study by Loftus et  al. (2000), 
hypothalamic malonyl-CoA increased in FAS HKO 
mice, and was lowered upon PPARα agonist treatment 
(Chakravarthy et al., 2007). As expected, treatment with 
PPARα agonist also induced expression of PPARα target 
genes in the hypothalamus, which were expressed to 
a higher degree than in WT mice, but food intake and 
body weight normalized to WT levels. These data sug-
gest that a relationship exists among FAS, PPARα activa-
tion, and feeding behavior. Additionally, the results from 
this study suggested that the reduction of FAS activity in 
the hypothalamus may be a useful method to reduce 
food consumption and prevent diet-induced obesity, 
although this was not tested in this study (Chakravarthy 
et al., 2007).

Follow-up work conducted in the FAS HKO model 
did, however, test whether FAS deficiency in the hypoth-
alamus protects against the development of obesity 
due to consumption of a high-fat diet (Chakravarthy 
et  al., 2009b). High-fat fed FAS HKO mice gained sig-
nificantly less weight and were protected against obes-
ity as compared to WT mice (Figure 3). Not only was 
fat mass significantly reduced, but lean body mass was 
increased. Similar to the response in chow-fed FAS HKO 
mice, high-fat fed mice lacking hypothalamic FAS con-
sumed less food when it was provided ad libitum and 
had increased energy expenditure (Chakravarthy et al., 
2009b). Notably, FAS HKO mice were protected from 
hepatic steatosis, with significantly reduced accumula-
tion of both triglycerides and cholesterol following long-
term HFD feeding (Figure 3); hepatic expression of the 
gene encoding SREBP-1c was also dramatically reduced. 
It is striking that inactivation of a single enzyme in a spe-
cific region of the brain not only modulates behavior, 
but also imparts dramatic metabolic effects in peripheral 
tissues and protect against the development of various 
metabolic diseases.
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Elongation of long-chain fatty acids family member 6

Palmitate is the final product of the series of reactions 
catalyzed by FAS. However, the major fatty acids that are 
used to synthesize other lipid compounds commonly 
include 18-carbon fatty acids as well as the 16-carbon 
chains; thus, 16-carbon chains must be elongated. 
Elongation of long-chain fatty acids family member 
6 (ELOVL6) is an elongase that catalyzes the addition 
of two-carbon units primarily to 12, 14, and 16-carbon 
fatty acid chains (Figure 2) (see review by Matsuzaka and 
Shimano, 2009). ELOVL6 is highly expressed in several 
tissues including liver, BAT, WAT, brain, skin and kidney, 
among others (Moon et al., 2001; Matsuzaka et al., 2002). 
Numerous studies have demonstrated that ELOVL6, like 
many of the other fatty acid biosynthetic enzymes, is a 
target gene of the SREBP family of transcription factors 
(Moon et  al., 2001; Matsuzaka et  al., 2002; Kumadaki 
et al., 2008). Consistent with regulation by SREBPs, the 
expression of hepatic ELOVL6 is dramatically induced 
upon refeeding of a high-sucrose diet following a period 
of fasting (Matsuzaka et  al., 2002). However, ELOVL6 
expression induced by FRF is not completely eliminated 
in livers of SREBP-1 knockout mice, suggesting that other 
factors in addition to SREBP-1 are involved in the regula-
tion of ELOVL6 expression (Matsuzaka et al., 2002).

Although the development of tissue-specific mouse 
models of ELOVL6 deficiency has not been reported, a 
global knockout mouse model of ELOVL6 (ELOVL6 GKO) 
has been produced and recently described (Matsuzaka 
et al., 2007). ELOVL6 null mice display partial embry-
onic lethality; however, metabolic characterization of 
surviving ELOVL6 GKO mice was conducted. Relative to 
WT mice, ELOVL6 GKO mice maintained slightly lower 
body weights when fed either chow or high-fat/high-
sucrose diets over the course of long-term feeding stud-
ies, with a body weight reduction of approximately 10%. 
The expression of several lipogenic as well as oxidative 
genes was dramatically blunted in livers of ELOVL6 
GKO mice (Matsuzaka et  al., 2007). Primary hepato-
cyte experiments further demonstrated that both fatty 
acid synthesis and fatty acid oxidation was impaired in 
ELOVL6 GKO mice. Nuclear ChREBP protein was not 
assessed, but the mature, nuclear form of SREBP-1 was 
determined to be lower in livers of ELOVL6 GKO, which 
would at least partially explain reduced expression of 
lipogenic genes. Surprisingly, lipids tended to accumu-
late more in ELOVL6 GKO livers as compared to WT.

Fatty acid analyses revealed significant accumulation 
of 16-carbon fatty acids, including 16:0 and 16:1n-7, con-
comitantly with reductions in 18:0 and 18:1n-9 in both 
plasma and liver tissue in ELOVL6 GKO mice relative to 
WT mice (Matsuzaka et al., 2007). The significant enrich-
ment of 16:1n-7 in liver and plasma of Elovl6 GKO mice 
is reminiscent of the fatty acid profiles of adipose tissue 

and plasma of mice lacking fatty acid binding proteins 
(FABP GKO) 4 and 5 (Cao et al., 2008). FABP GKO mice 
are less susceptible to diet-induced obesity and hepatic 
lipid accumulation and are more insulin sensitive as 
compared to WT mice (Maeda et al., 2005), which has 
subsequently been hypothesized to be due to the effects 
of increased 16:1n-7 levels in adipose tissue and plasma 
(Cao et  al., 2008). Interestingly, despite ELOVL6 GKO 
mice not being protected from diet-induced obesity, they 
are more insulin sensitive than WT mice (Matsuzaka 
et al., 2007). Perhaps the increased level of circulating 
palmitoleate can explain the similarity in improved 
insulin sensitivity in these two models, although this 
has not been directly tested in the ELOVL6 GKO model. 
It should be noted, however, that while FABP GKO mice 
are also resistant to diet-induced obesity and fatty liver 
disease, these two specific metabolic improvements 
are in contrast to those observed in ELOVL6 GKO mice. 
Perhaps other factors that regulate lipogenesis and fatty 
acid oxidation are responsible for these divergent effects, 
or possibly the level of 16:1n-7 is not sufficiently elevated 
in ELOVL6 GKO mice to protect against these additional 
diet-induced metabolic consequences. Future studies in 
ELOVL6 GKO or tissue-specific knockout mice may pro-
vide additional insight into metabolic regulation during 
ELOVL6 deficiency.

Stearoyl-CoA desaturase

Stearoyl-CoA desaturase (SCD) is a delta-9 desaturase 
that catalyzes the conversion of saturated fatty acids, 
with preference for stearate and palmitate, to their 
monounsaturated fatty acid (MUFA) counterparts, oleate 
and palmitoleate, respectively (Figure 2). This is the rate-
limiting enzymatic reaction in the synthesis of MUFAs. 
The mouse SCD1 isoform is expressed in a wide panel of 
tissues and at relatively high levels in skin, WAT, and BAT 
(Miyazaki et al., 2001; Zheng et al., 2001). In addition, 
lipogenic, high-carbohydrate diets induce SCD1 gene 
expression to a very high level in liver (Miyazaki et al., 
2004) which may be explained by increased nuclear 
levels of the active SREBP-1 and ChREBP transcription 
factors, which are known to be induced by this feeding 
pattern (Horton et al., 1998b; Denechaud et al., 2008). 
Mice with a naturally occurring mutation in the SCD1 
gene (referred to as asebia mice) and those with a whole-
body targeted disruption of SCD1 (SCD1 GKO) have been 
studied extensively over the past several years (Miyazaki 
et al., 2001; 2004; Ntambi et al., 2002).

SCD1 asebia mice exhibit reduced liver triglycer-
ide levels when fed either chow or high-carbohydrate 
diets, and reduced plasma triglycerides when fed a 
lipogenic high-carbohydrate diet (Miyazaki et al., 2001; 
2004). SCD1 GKO mice are protected from diet-induced 
obesity after long-term feeding of either high-fat or 
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high-carbohydrate diets (Ntambi et al., 2002; Miyazaki 
et al., 2007). The protection from diet-induced obesity 
appears to be multi-factorial with increased energy 
expenditure and fatty acid oxidation as well as a con-
comitant reduction in the lipogenic program regulated 
by SREBP-1c (Ntambi et al., 2002). The blunted lipogenic 
response includes a reduction in expression of SREBP-1c 
as well as several target genes including ACC, FAS, and 
GPAT (Ntambi et al., 2002). In addition, convincing evi-
dence exists to support a role for AMP-activated protein 
kinase (AMPK) in mediating some of these beneficial 
metabolic effects due to SCD1 deficiency (Dobrzyn 
et  al., 2004). In SCD1 GKO mice fed a standard chow 
diet, hepatic AMPK activity was increased. The increased 
AMPK phosphorylation and activation was associated 
with increased phosphorylation of ACC and a significant 
reduction in its activity. Malonyl-CoA, the product of the 
reaction catalyzed by ACC, inhibits CPT1 and thereby 
reduces fatty acid oxidation (McGarry et al., 1978). Thus, 
in SCD1 GKO mice, it is perhaps not surprising that an 
increase in CPT1 activity and fatty acid oxidation accom-
panies the reduction in hepatic malonyl-CoA (Dobrzyn 
et al., 2004).

Although much information regarding the role of 
SCD1 in metabolism was gleaned from studying mice 
with complete deficiency of functional SCD1, it has 
been of interest to identify key tissues that contribute 
to the improved metabolic profile when the mice are 
challenged with high-fat or high-carbohydrate diets. 
Furthermore, the absence of SCD1 throughout the body 
results in undesirable side effects including dry skin and 
alopecia (Zheng et al., 1999; Miyazaki et al., 2001). Two 
distinct technologies have been used in order to probe 
the role of liver SCD1 in metabolism and the suscep-
tibility to obesity: the use of ASO-mediated inhibition 
of SCD1 (Jiang et al., 2005) and the use of the Cre-loxP 
system to generate liver-specific SCD1 knockout mice 
(Miyazaki et al., 2007).

The development of a mouse model that is deficient 
in SCD1 in the liver only (SCD1 LKO) and its altered 
metabolism has been described recently (Miyazaki 
et  al., 2007). Under control dietary conditions, SCD1 
LKO mice lack the dry skin and thin hair phenotypes 
of SCD1 GKO mice and are indistinguishable from 
their SCD1 flox/flox (Lox) littermates. One of the most 
striking metabolic effects of the SCD1 LKO mice is their 
resistance to high-carbohydrate diet-induced obesity. 
When fed a high-carbohydrate diet for 18 weeks, SCD1 
LKO mice gained significantly less weight than the Lox 
controls, and they are protected from the development 
of hepatic steatosis (Figure 3) (Miyazaki et al., 2007). The 
reduced weight gain in SCD1 LKO mice is likely be due 
to impaired lipogenesis in response to carbohydrate 
feeding, as a reduction in expression of SREBP-1c and 
its downstream target genes involved in DNL including 

ACC, FAS, and ELOVL6 was observed. However, palmi-
toleate (16:1n-7), a product of the reaction catalyzed by 
SCD1, has recently been proposed to be a lipokine that 
acts as both an insulin sensitizing lipid and a regulator 
of hepatic lipid synthesis (Cao et al., 2008). While mice 
infused with triglyceride:palmitate had a significant 
induction of the expression of several hepatic lipo-
genic genes including SCD1, FAS and Elovl6, infusion 
of triglyceride:palmitoleate reduced the expression of 
these genes (Cao et al., 2008). Thus, the complexity of 
the metabolic effects of specific fatty acids remains to 
be fully understood.

Despite the significant increase in the hepatic expres-
sion of PGC-1α in SCD1 LKO mice, there was no signifi-
cant increase in expression of oxidative genes (Miyazaki 
et al., 2007). Thus, increased oxidation was not convinc-
ingly demonstrated and may not be a likely explana-
tion for the high-carbohydrate diet-induced obesity 
protection in SCD1 LKO, although additional experi-
ments are necessary to conclusively determine a lack 
of increased fatty acid oxidation. However, consistent 
with increased PGC-1α expression there was evidence 
for increased thermogenesis, as the expression of several 
uncoupling proteins (UCPs) was significantly increased. 
Additionally, SCD1 LKO mice are hypoglycemic when 
fed a very low-fat diet, which is surprising given that 
PGC-1α, an important coactivator of a number of genes 
involved in gluconeogenesis, is up-regulated (Miyazaki 
et al., 2007). Evidence for hepatic inflammation has also 
been demonstrated when SCD1 LKO mice consume a 
very low-fat diet. These two metabolic phenotypes 
are in striking contrast to those described in the liver-
specific ACC1 null mice, in which blood glucose did not 
differ from control mice and there was no evidence of 
liver inflammation or damage (Mao et  al., 2006). The 
hypoglycemia is, however, consistent with that in FAS 
LKO, as discussed previously in this review. In contrast 
to FAS LKO mice, however, PPARα activation could 
not rescue the hypoglycemic response of SCD1 LKO 
mice (Miyazaki et  al., 2007). Another noteworthy dif-
ference is that FAS LKO mice develop hepatic steatosis 
while SCD1 LKO mice do not. A surprising result from  
the SCD1 LKO study is that these mice gained weight to 
a similar extent as their Lox littermates when fed a lard-
based high-fat diet during an 18-week long-term study 
and thus were quite susceptible to high-fat diet-induced 
obesity (Miyazaki et al., 2007). These data from the SCD1 
LKO study demonstrate that liver SCD1 is important in 
maintaining normal lipogenesis in response to con-
sumption of a high-carbohydrate load. In addition, these 
data also suggest that the increase in fatty acid oxidation 
and energy expenditure and protection from a high-fat 
diet-induced obesity observed in SCD1 GKO mice is 
apparently due to the lack of SCD1 in extrahepatic tis-
sues, as discussed in greater detail below.
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In contrast to the results with SCD1 LKO mice, C57/
B6 mice treated with twice-weekly injections of ASOs 
against SCD1 were largely resistant to high-fat diet-
induced weight gain and hepatic steatosis (Jiang et al., 
2005). Similar to the SCD1 LKO mice, however, was a 
reduction in expression of lipogenic genes including 
SREBP-1c, FAS, and ACC after 10 weeks of ASO treat-
ment. The resistance to obesity during treatment with 
ASO may be at least partially due to increased energy 
expenditure and activity. Although there was an increase 
in CPT1 expression, which conflicts with the data from 
the SCD1 LKO study, other genes involved in fatty acid 
oxidation were not simultaneously increased, which is 
in agreement with the study by Miyazaki and colleagues 
(2007). An explanation for the conflicting results regard-
ing high-fat diet-induced susceptibility is currently 
unknown, but may be due to the lack of strict specifi-
city of the ASOs for the liver. For example, a reduction 
in WAT and BAT SCD1 expression occurred following 
ASO treatment (Jiang et  al., 2005). Expression of ther-
mogenic genes, such as UCPs, was increased in BAT. If 
SCD1 deficiency is required in extrahepatic tissues in 
order for high-fat diet-induced obesity resistance, then 
a lack of ASO specificity for liver tissue could potentially 
confound results and explain the apparent discrepancy 
between the two studies. A separate study demonstrated 
that short-term SCD1 ASO treatment improves hepatic 
insulin sensitivity and levels in rats (Gutierrez-Juarez 
et  al., 2006). In addition, short-term SCD1 ASO treat-
ment reduced hepatic ACC but not FAS, and an impact 
of ASO treatment on lipogenesis was not conclusively 
demonstrated although liver triglycerides significantly 
increased (Gutierrez-Juarez et al., 2006).

Results from the dietary studies conducted in SCD1 
LKO demonstrated that although the liver is an impor-
tant tissue in mediating the metabolic effects of SCD1 
during high-carbohydrate feeding, SCD1 deficiency in 
extrahepatic tissues must be involved in mediating pro-
tection from high-fat diet-induced obesity. Additionally, 
the strong skin phenotype that presents in SCD1 GKO 
mice is suggestive for an important role for SCD1 in the 
maintenance of healthy skin. It is well known that the 
lack of SCD1 in the skin imparts a negative impact on 
sebaceous glands and hair follicles (Zheng et al., 1999; 
Miyazaki et al., 2001). Interestingly, mice lacking acyl-
CoA:diacylglycerol acyltransferase 1 (DGAT1 GKO) 
share a number of skin-specific characteristics in com-
mon with SCD1 GKO mice, including hair loss, atrophy 
of sebaceous glands, and impaired thermoregulation 
(Chen, H.C. et al., 2002). It has recently been discovered 
that DGAT1 activity is important in retinol esterification 
(Shih et al., 2009). Interestingly, dietary retinol deficiency 
prevents hair loss in DGAT1 GKO mice, which suggests 
that retinol toxicity develops in skin of DGAT1 GKO and 
leads to the alopecia (Shih et al., 2009).

SCD1 is typically expressed at a high level in skin tis-
sue, and as with the generation of SCD1 LKO, Cre-loxP 
technology was used to produce mice with a skin-specific 
SCD1 deletion (SCD1 SKO) using Cre recombinase 
expression driven by the Keratin-14 promoter (Sampath 
et  al., 2009). Skin-specific SCD1 deficiency resulted 
in a dramatic loss of wax diesters but increase in free 
cholesterol in skin. Similar to SCD1 GKO mice, energy 
expenditure is increased in SCD1 SKO mice during both 
light and dark periods. Surprisingly, SCD1 SKO mice were 
also resistant to high-fat diet-induced obesity during an 
8-week feeding study (Figure 3) (Sampath et al., 2009). 
However, although hepatic SREBP-1c expression was 
reduced in SCD1 SKO, other lipogenic genes including 
ACC and FAS were expressed at comparable levels to Lox 
controls. Furthermore, hepatic nuclear SREBP-1 protein 
levels were comparable to controls, yet SCD1 SKO mice 
had reduced fat pad weights and reduced hepatic lipid 
accumulation (Sampath et  al., 2009). These molecular 
results suggest that reduced lipogenesis is not the mecha-
nism responsible for the protection from high-fat diet-
induced obesity during skin-specific SCD1 deficiency. An 
alternative explanation for the protection is that fatty acid 
oxidation is increased sufficiently to prevent the accu-
mulation of the excess dietary fat. Indeed, during chow 
and high-fat dietary treatments, a number of oxidative 
genes are significantly increased in several tissues includ-
ing liver, muscle and adipose tissue of SCD1 SKO mice 
including CPT1, acyl-CoA oxidase and the transcriptional 
coactivator PGC-1α (Sampath et al., 2009). In addition, 
increased thermogenesis is also a likely contributor to 
reduced fat storage in SCD1 SKO mice, and several UCPs, 
which are also regulated by PGC-1α, were consistently 
up-regulated (Sampath et al., 2009). The mechanism by 
which deficiency of SCD1 in skin tissue affects systemic 
metabolism remains unknown at this time. However, we 
can speculate, based on the current results, that perhaps 
a skin-derived signaling molecule enters the circulatory 
system and subsequently affects metabolism in periph-
eral tissues. Future work will likely aim to identify the 
link that connects skin tissue with peripheral tissues and 
confers the beneficial metabolic profile.

Fatty acid-mediated regulation of SREBP-1 and 
ChREBP

The SREBP-1 and ChREBP transcription factors are 
involved in the down-regulation of carbohydrate-
stimulated fatty acid and triglyceride synthesis in the 
SCD1 LKO model. The mature, nuclear fractions of both 
lipogenic transcription factors were reduced in the livers 
of SCD1 LKO mice, but not Lox mice, after short-term 
feeding of a high-sucrose diet (Miyazaki et  al., 2007). 
Interestingly, supplementation of the high-sucrose 
diet with triolein increased the nuclear levels of both 
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SREBP-1 and ChREBP and restored the expression of 
lipogenic genes to levels observed in the Lox controls 
(Miyazaki et  al., 2007). These data suggest that MUFAs 
are sufficient to restore the maturation and activation of 
these transcription factors during SCD1 deficiency; and 
more specifically the current data strongly support an  
in vivo role for oleic acid.

Potential mechanism(s) by which MUFAs or the 
endogenous products of the reaction catalyzed by SCD1 
may regulate lipogenesis via the SREBP-1 and ChREBP 
transcription factors is unknown, yet several studies have 
demonstrated that fatty acids are involved in the regula-
tion of SREBP-1 and ChREBP. One study has shown that 
polyunsaturated fatty acids (PUFA) negatively regulate 
ChREBP (Dentin et al., 2005). While the consumption of 
a high-carbohydrate diet supplemented with PUFA was 
shown to reduce hepatic ChREBP mRNA and nuclear 
protein levels in mice, triolein supplementation did not 
have an effect (Dentin et al., 2005). Primary hepatocyte 
experiments provided additional evidence that various 
PUFAs down-regulate ChREBP level but neither stearate 
nor oleate exerts such an effect (Dentin et al., 2005).

Additionally, results from in vitro experiments and 
animal feeding studies are largely inconsistent with 
observations from SCD1 KO mice that suggest oleic acid 
positively regulates SREBP-1 maturation. Worgall et al. 
(1998) demonstrated that oleate and PUFA reduced the 
expression of a reporter gene that contained an SRE in 
the promoter, while saturated fatty acids had no effect. In 
addition, treatment of CV-1 cells with oleate reduced the 
nuclear fraction of SREBP-1 (Worgall et al., 1998). Hannah 
et al. (2001) also demonstrated that palmitoleate, oleate 
and a number of PUFAs, but not saturated fatty acids, 
negatively regulate SREBP-1c and SREBP-1a mRNA levels, 
and that these same fatty acids reduced nuclear SREBP-1 
protein levels in HEK-293 cells (Hannah et al., 2001). In 
contrast, oleate did not have an effect on SREBP-1 expres-
sion in HepG2 cells although arachidonic acid drastically 
reduced SREBP-1 mRNA (Xu et al., 1999). Animal feed-
ing studies have consistently reported that fish oil, which 
contains high levels of PUFA, reduces hepatic SREBP-1 
mRNA and nuclear protein levels (Kim, H.J. et al., 1999; 
Xu et  al., 1999, 2002). However, feeding triolein as the 
sole dietary fat source did not have an effect on SREBP-1 
mRNA, nuclear protein, or SREBP-1 regulated genes (Xu 
et al., 1999, 2002). The results from these studies dem-
onstrated that fatty acids regulate SREBP-1 at the level of 
mRNA as well as protein maturation.

More recent work has provided insight into the 
mechanism by which fatty acids down-regulate 
SREBP-1 maturation (Lee et  al., 2008). The treatment 
of CHO cells with oleate or PUFA increased Insig-1, a 
protein that retains SREBP in the ER membrane and 
thus prevents it maturation to its nuclear form. Lee 
et al. further demonstrated that unsaturated fatty acids 

block the association between ubiquitinated Insig-1 
and UBX domain-containing protein 8, an interaction 
that is required for the Insig-1 protein to be removed 
from the ER membrane and subsequently degraded in 
the proteasome (Lee et al., 2008). Consistent with the 
studies described above, there was no effect of satu-
rated fatty acids on level of Insig-1 protein. While these 
studies describe the effect of one mechanism by which 
mono- and polyunsaturated fatty acids reduce SREBP-1 
processing and thus presumably affect lipogenesis, 
they are in stark contrast to the results observed in 
the SCD1 KO mice, in which MUFA are limiting but 
saturated fatty acids are not, yet nuclear SREBP-1 is 
reduced and lipogenesis is severely impaired. This 
suggests a unique mechanism may be involved in the 
reduction of SREBP-1 processing in the context of SCD1 
deficiency.

Conclusion

De novo lipogenesis is a complex and highly regulated 
metabolic pathway that can lead to adverse metabolic 
consequences when dysregulated. Transcriptional regu-
lation of many of the genes encoding enzymes involved in 
DNL often occurs via more than one transcription factor, 
of which LXRs, SREBPs, and ChREBP are crucial cellular 
molecules that mediate adaptive metabolic responses 
to changing dietary exposures (Figure 2). The ability to 
manipulate the genome of mice has vastly expanded our 
knowledge of how the modification of a single enzyme 
in one metabolic pathway can impart extensive effects 
on other pathways, thus demonstrating that these meta-
bolic pathways are inextricably connected. Moreover, 
the ability to create mouse models lacking metaboli-
cally important enzymes in a tissue-specific manner has 
also greatly expanded our current understanding of the 
array of tissues that contribute to whole body metabolic 
homeostasis; also that signaling among tissues may 
occur such that metabolic regulation is also affected. 
While several gene knockout mouse models of enzymes 
required for fatty acid synthesis have been generated, 
including ACC, FAS, ELOVL6, and SCD1, future experi-
ments will likely yield many additional insights into the 
regulation of metabolism, lipogenesis and diet-induced 
obesity and how these enzymes mediate these metabolic 
processes.
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