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Function and Regulation of Macrophage
Stearoyl-CoA Desaturase in Metabolic
Disorders
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Introduction

Macrophages are key members of the innate immune system, which reside in most
tissues of the body. The primary function of macrophages was traditionally consid-
ered to be phagocytosis and killing of foreign pathogens. More recently, a prepon-
derance of evidence from cell to human studies suggests that macrophages play an
important role in metabolic homeostasis as well (Bhargava and Lee 2012). For
example, macrophages in adipose tissue and skeletal muscle regulate local inflam-
matory responses and insulin sensitivity, while macrophages in arterial walls are
involved in atherosclerotic plaque formation. Further, macrophages in the liver, also
known as Kupffer cells, are responsible for hepatic inflammation, steatosis, and
insulin resistance. Therefore, macrophages play a key role in the pathogenesis of
metabolic disorders such as type-2 diabetes and atherosclerosis.

Stearoyl-CoA desaturase (SCD) is a microsomal enzyme which facilitates the
formation of monounsaturated fatty acids (MUFA) from saturated fatty acid (SFA)
precursors (discussed in previous chapters). More specifically, SCD converts
palmitoyl-CoA and stearoyl-CoA to palmitoleoyl-CoA and oleoyl-CoA, respec-
tively (Mauvoisin and Mounier 2011). Of the two human SCD isoforms (SCD1 and
SCDS5), macrophages mainly express SCD1. While mice have four SCD isoforms,
only SCD1 has been widely studied in macrophages, with a few studies reporting
the expression of SCD2 as well (Saez et al. 2007; Sun et al. 2003).

Interestingly, macrophages isolated from subjects with type 2 diabetes have a
higher linoleic acid content and fatty acid profiles consistent with increased SCD
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activity compared to control subjects (Senanayake et al. 2007). Moreover, incuba-
tion of human macrophages in serum isolated from dyslipidemic subjects leads to
increased expression of SCD1 (Wong et al. 2011). Macrophages from obese animal
models also express higher levels of SCDI1 (Leroux et al. 2012). Therefore, it is
likely that SCD plays an important role in the pathogenesis of macrophage-medi-
ated metabolic disorders. This chapter discusses the functions of macrophages in
relation to metabolic derangements, regulation of macrophage SCD expression, and
effects of macrophage SCD expression in metabolic disorders.

Role of Macrophages in Metabolic Disorders

Macrophages and Obesity-Associated Insulin Resistance

Adipose tissue is considered as an endocrine organ (discussed in a separate chapter in
this book), which consists of adipocytes and a stromal vascular fraction. The latter
contains blood cells, endothelial cells, adipose tissue precursors, and macrophages
(Kalupahana et al. 2012). Adipose tissue from a lean, normal-weight person contains
macrophages which are of the M2 type. These are adipose tissue-resident macro-
phages (Rull et al. 2010), which have anti-inflammatory functions (Rull et al. 2010;
Mosser and Edwards 2008). Adipose tissue of an obese individual is characterized by
increased adipocyte (fat cell) numbers (hyperplasia) and cell size (hypertrophy).
Obesity and adipocyte hypertrophy can cause lack of nutrients for cells, hypoxia, and
endoplasmic reticulum stress, which can lead to adipocyte death via necrosis and
apoptosis. Dead adipocytes are surrounded by macrophages, which can be identified
microscopically as a “crown-like structure” (Yudkin 2007). The majority of macro-
phages in expanded adipose tissue are of the M1 type, which are mainly induced and
recruited by proinflammatory cytokines. Expanded adipose tissue has an increased
local inflammatory response. Monocyte chemoattractant protein 1 (MCP-1) is a che-
mokine secreted by adipocytes, macrophages, and activated endothelial cells in
expanded adipose tissue. MCP-1 promotes the recruitment of monocytes into adipose
tissue. Subsequent exposure of the monocytes to macrophage colony-stimulating fac-
tor causes differentiation to macrophages, which can lead to secretion of more MCP-1
(Kanda et al. 2006). M1 type macrophages in expanded adipose tissue secrete not only
MCP-1 but also other proinflammatory cytokines including tumor necrosis factor o
(TNFa), interleukin (IL)-6, IL-1, and IL-8, which can further amplify the local inflam-
matory response and decrease adipocyte insulin sensitivity (Coppack 2001; Zeyda
and Stulnig 2009).

Obesity and increased fat mass are also accompanied with hepatic steatosis and
inflammation. Since hypertrophic, insulin-resistant adipocytes have increased lipo-
lytic rates, expanded adipose tissue continuously releases free fatty acids into the
blood stream. These fatty acids can be taken up by the liver, skeletal muscle, and
other tissues. Increased uptake of free fatty acids from adipose tissue and triglyceride-
rich lipoproteins including chylomicrons and very low-density lipoproteins
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(VLDLs) can increase fat accumulation in the liver, resulting in hepatic steatosis
(Maher et al. 2008). Excess fat accumulation can recruit more inflammatory cells
into the liver. These immune cells and Kupffer cells can secrete more inflammatory
factors and amplify this inflammatory response, which can lead to hepatic insulin
resistance (Huang et al. 2010; Neyrinck et al. 2009). Kupffer cells in obese rodents
also express high levels of lipogenic genes such as SCDI, fatty acid synthase (FAS),
and diacylglycerol acyltransferase 2 (DGAT?2) (Leroux et al. 2012). As a conse-
quence, these cells have elevated lipid content and recruit more immune cells, pro-
ducing high levels of inflammatory factors.

Macrophages play an essential role in skeletal muscle repair during tissue dam-
age and exercise (Chazaud et al. 2009). Increased blood free fatty acid concentra-
tions can cause elevated fat content in skeletal muscle, which may recruit more
immune cells including macrophages. This fat accumulation and inflammation can
decrease insulin sensitivity in the muscle (Trayhurn et al. 2011).

Macrophages and Atherosclerosis

Macrophages play an important role in atherosclerotic lesion progression by facili-
tating cholesterol accumulation and amplifying the local inflammatory responses in
blood vessel walls (Kunjathoor et al. 2002; Ludewig and Laman 2004). As early as
in 1958, experimental data in rabbits suggested that the increase in white blood cells
adhering to the vessel wall signaled an early stage of atherosclerotic lesion progres-
sion (Lusvarghi et al. 1958). It was likewise demonstrated that fatty streaks, the
earliest detectable atherosclerotic lesions, contain macrophage-derived foam cells
(MDFC) which were differentiated from blood monocytes. Monocytes adhere to the
blood vessel wall by inflammatory signals such as vascular cell adhesion molecule-
1 (VCAM-1), P-selectin, and E-selectin (Hope and Meredith 2003). Under normal
conditions the endothelial monolayer of the vasculature resists adhesion of blood-
borne monocytes. The presence of VCAM-1, P-selectin, and E-selectin increases
the adhesion of monocytes to the blood vessel wall. Once adherent to the endothe-
lial monolayer, the monocytes migrate between endothelial cells at their junction to
penetrate the intimal layer (Parker et al. 2001). Modified lipoprotein particles, espe-
cially high levels of low-density lipoprotein (LDL) and low levels of high-density
lipoprotein (HDL), have been shown to increase the expression of VCAM-1 (Lopez-
Garcia et al. 2005; Baker et al. 1999). MCP-1, a chemoattractant cytokine (chemo-
kine), also plays an important role in the recruitment of monocytes into the arterial
intima (Sheikine and Hansson 2004).

After monocyte migration into the arterial intima, these monocytes differentiate
into macrophages in response to macrophage colony-stimulating factor (Tojo et al.
1999). Macrophages express many scavenger receptors and membrane proteins,
which can regulate cellular cholesterol and fat content. Macrophage scavenger
receptor 1 (MSR1) and CD36 are membrane proteins involved in the uptake of
cholesterol-rich modified lipoproteins (Kunjathoor et al. 2002; de Winther et al.
2000). Two important macrophage membrane proteins involved in cholesterol
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efflux are ATP-binding cassette transporter A1 (ABCA1) and scavenger receptor B
class 1 (SR-B1). ABCAI promotes cholesterol and phospholipid efflux from cells
to HDL, while SR-B1 mediates the selective efflux of cellular cholesterol to HDL
(Vedhachalam et al. 2004; Baranova et al. 2002). Cholesteryl ester (CE) in HDL is
then selectively taken up by hepatocytes and used to synthesize bile acids or excreted
into the bile completing a process termed reverse cholesterol transport. When mac-
rophage cholesterol influx is greater than cholesterol efflux, cholesterol homeostasis
in the macrophages is disturbed and CE accumulates in cytoplasmic droplets. These
lipid-laden macrophages are known as MDFC. Both macrophage- and smooth mus-
cle cell-derived foam cells characterize the early atherosclerotic lesion (Guyton and
Klemp 1996). This cholesterol accumulation in the vessel intima leads to the forma-
tion of a cholesterol core, characteristic of advanced atherosclerotic lesions. MDFC
in the atheroma secrete several inflammatory factors and proteases involved in
lesion progression. Secretion of MCP-1 and matrix metalloproteinases promotes the
progression of the atherosclerotic lesion formation.

Regulation of Macrophage SCD Expression

Only a few studies have investigated the regulation of SCD1 expression in macro-
phages. These studies indicate that macrophage SCD1 is regulated mainly by tran-
scription factors and polyunsaturated fatty acids (PUFA).

Several transcription factors regulate SCD1 expression in macrophages. For
example, activation of liver X receptor (LXR)/retinoid X receptor (RXR) via 22(R)-
OH cholesterol and 9-cis-retinoic acid leads to increased expression of SCD1 and
SCD2 in peritoneal macrophages (Martin-Fuentes et al. 2009). CCAAT/enhancer-
binding protein (CEBP) p is a transcription factor which represses SCD1 expression
(Zhang et al. 2012). The peroxisome proliferator-activated receptor (PPAR) y ago-
nist troglitazone suppresses macrophage SCD1 expression (Wang et al. 2004).
Atorvastatin, an inhibitor of the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, also suppresses SCD1 expression in THP-1-derived macro-
phages. f-Amyloid peptide is an important mediator of Alzheimer’s disease (AD),
which induces inflammation in brain macrophages (microglia). One study has
shown that this peptide can increase SCD1 expression in microglial cells, suggest-
ing that it is a positive regulator of SCD1 in macrophages (Uryu et al. 2003).

Similar to its regulation in other tissues, macrophage SCDI1 expression is
repressed by PUFA. For example, alpha linolenic acid (ALA), an n-3 PUFA, reduces
SCD1 expression in THP-1 MDFC (Zhang et al. 2011). The mechanism of ALA-
induced SCDI repression is as follows. ALA activates the nuclear receptor
farnesoid-X-receptor (FXR), which increases the expression of small heterodimer
partner (SHP), which in turn decreases LXR-dependent sterol regulatory element-
binding protein 1c (SREBPIc) transcription, leading to repression of SCD1 expres-
sion (Zhang et al. 2012). Conjugated linoleic acid (CLA) also suppresses SCD1 in
macrophages (Wang et al. 2004).
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SCD and Macrophage Biology in Metabolic Disorders

Role of Macrophage SCD in the Pathogenesis of Obesity-
Related Inflammation

Macrophages play a key role in the pathogenesis of adipose tissue inflammation and
obesity-associated metabolic disorders such as type-2 diabetes and atherosclerosis.
While obesity promotes a proinflammatory macrophage phenotype, the key mole-
cules and the molecular signaling pathway (s) involved in this process are not clearly
known. Interestingly, macrophages from subjects with type-2 diabetes exhibit
higher accumulation of linoleic acid and fatty acid profiles consistent with increased
SCD activity compared to control subjects (Senanayake et al. 2007). Recent studies
have found that peritoneal macrophages from global C/EBPp deletion exhibit sig-
nificantly higher SCD1 gene expression and attenuated the expression of palmitate-
induced inflammatory cytokines including TNFa (Rahman et al. 2012). Thus, it is
reasonable to propose that forced expression of macrophage SCD1 might be protec-
tive against high-fat diet-induced macrophage lipotoxicity.

The assertion that macrophage SCD1 expression is unlikely to promote an
inflammatory phenotype is also supported by findings from SCD1 knockout mice.
While SCD1 deficiency in obese mouse models such as Agouti and high-fat diet-fed
mice prevents inflammation in white adipose tissue and adipocytes, it does not pre-
vent the inflammatory activation of peritoneal macrophages (Liu et al. 2010).
Moreover, adipocytes isolated from SCD1 knockout adipose tissue show a blunted
response to lipopolysaccharide (LPS) stimulation. However, peritoneal macro-
phages isolated from SCD1 knockout and wild-type (WT) mice show similar
expression of inflammatory genes when challenged with LPS. These results suggest
that the modulation of inflammation by SCD1 is cell type-specific. In order to assess
a paracrine connection between adipocytes and macrophages, Liu et al. collected
conditioned medium (CM) from WT and SCD1 knockout adipocytes and tested its
effects on inflammation in RAW264.7 macrophage cells. The induction of proin-
flammatory genes TNFa and IL-1p was significantly lower in RAW264.7 macro-
phages treated with SCD1-deficient conditioned medium (CM), compared with the
treatment with WT CM. These data indicate that adipocyte-derived soluble factors
are the likely mediators of inflammation in macrophages and that the levels of these
factors are lower in SCD1-deficient CM.

Macrophage SCD as a Mediator of Atherosclerosis

Macrophage-mediated inflammation also plays a critical role in the pathogenesis of
atherosclerosis, a leading cause of cardiovascular morbidity and mortality in the
world. Macrophages play a central role in atherogenesis through regulation of accu-
mulation of cholesterol and inflammation (discussed above). As discussed earlier in
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Fig. 6.1 Regulation and functions of macrophage SCD. Macrophage SCD expression is induced
by activation of LXR/RXR transcription factors, while repressed by CEBPP. SCD activity is also
inhibited by PUFA, Atorvastatin, and PPARy agonist troglitazone. SCD catalyzes MUFA forma-
tion from SFA, which in turn destabilize ABCA1 leading to reductions in cholesterol efflux.
Therefore, SCD inhibition leads to increased cholesterol efflux. However, SCD inhibition leads to
accumulation of SFA, which can activate TLR4 and thereby the NF-kB signaling pathway, leading
to production of proinflammatory cytokines, which can aggravate atherogenesis. Fish oil can pre-
vent this effect, probably via inhibition of the NF-kB pathway. SCD stearoyl-CoA desaturase, LXR
liver X receptor, RXR retinoid X receptor, CEBP CCAAT/enhancer-binding protein, PUFA poly-
unsaturated fatty acids, PPAR peroxisome proliferator-activated receptor, MUFA monounsaturated
fatty acids, SFA saturated fatty acids, ABCAI ATP-binding cassette transporter Al, TLR4 toll-like
receptor-4, NF-kB nuclear factor-kB

this chapter, ABCALI is an important cholesterol efflux receptor, which promotes
cholesterol and phospholipid efflux from macrophages to HDL. When macrophage
cholesterol influx is greater than cholesterol efflux, cholesterol homeostasis in the
macrophage is disturbed and cholesteryl ester accumulates in cytoplasmic droplets.
These lipid-laden macrophages are known as MDFC, which characterize the early
atherosclerotic lesion (Vedhachalam et al. 2004). Cholesterol efflux from these
foam cells provides protection against the progression of the plaque.

Because of the promising role of SCD in the regulation of metabolic functions,
much effort has been directed in elucidating the role of SCD in atherosclerosis.
A summary is given in Fig. 6.1. Sun et al. have shown that SCD1 and SCD2 are
induced in peritoneal macrophages after treatment with LXR/RXR activators, 22(R)-
OH cholesterol and 9-cis-retinoic acid. This induction is associated with inhibition of
ABCAL1 (Sun et al. 2003). Other studies also report the LXR-mediated induction of
SCD gene expression and subsequent reduction of ABCAI in macrophages (Wang
et al. 2004). Conversely, SCD inhibitors, CLA and troglitazone attenuate the ABCA1
destabilization induced by palmitate and stearate but not by linoleate. These results
suggest that LXR/RXR ligands activate SCD, which in turn promote the production
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of MUFA from SFA precursors, which destabilize ABCA1. However, there is a body
of literature showing that LXR agonists increase both ABCA1 and ATP-binding cas-
sette subfamily G member 1 (ABCG1) gene transcription and cholesterol efflux in
macrophages (Larrede et al. 2009; Zhou et al. 2010). These studies, however, do not
clarify whether LXR activation-mediated increase of ABCAIl and ABCGI1 gene
expression and therefore cholesterol efflux in macrophages is dependent on SCD
expression (Beyea et al. 2007; Teupser et al. 2008). Thus, the role of SCD in LXR
activation-mediated induction of ABCA1 and ABCGI1 remains unclear. Further work
in this area to determine the exact relationship between LXR agonism, SCD1 expres-
sion, and cholesterol efflux is certainly warranted.

Consistent with the effect of SCD inhibitors on attenuating SFA-induced ABCA1
destabilization, SCD inhibition also promotes cholesterol efflux from foam cells. For
example, ALA treatment and siRNA-mediated knockdown of SCD1 significantly
reduce SCD1 expression in macrophage foam cells with concomitant increases in cho-
lesterol efflux and reductions in intracellular cholesterol storage in these cells (Zhang
et al. 2012). SCD1 knockdown also reduces fatty acid content, increases ABCA1 pro-
tein levels, and increases cholesterol efflux in cultured human macrophages (Wong
etal. 2011). Taken together, this suggests a negative effect of macrophage SCD expres-
sion on cholesterol efflux, thereby potentially promoting atherogenesis. Interestingly,
the anti-atherogenic pharmacological agent atorvastatin is also known to suppress SCD
gene expression in macrophages. In one such study, Martin-Fuentes et al. assessed the
effects of atorvastatin on oxidized low-density lipoprotein (oxLDL)-loaded human
macrophage cells (THP-1). They found a significant reduction in the percentage of
palmitoleic and oleic acids in THP-1 cells incubated with atorvastatin, which was asso-
ciated with marked reduction of SCD and sterol regulatory element-binding protein 1
(SREBP1) gene expression (Martin-Fuentes et al. 2009).

Since increased macrophage SCD expression is associated with reduced choles-
terol efflux, SCD inhibition could possibly have a favorable effect on atherogenesis.
Paradoxically, rodent studies have indicated otherwise. Brown et al. used antisense
oligonucleotides (ASO) to inhibit SCD1 in a mouse model of hyperlipidemia and
atherosclerosis (LDLr—/—Apob100/100) and showed that inhibition of SCD1 atten-
uated diet-induced obesity, insulin resistance, and hepatic steatosis but promoted
aortic atherosclerosis, which was not reversed by dietary oleate (Brown et al. 2008).
Furthermore, these mice had increased levels of SFA in plasma and tissues, reduced
plasma triglycerides, and normal LDL cholesterol levels. Next, they examined
whether increased SFA availability in this model affected toll-like receptor-4
(TLR4) activation. As expected, mice with SCD1 inhibition exhibited hypersensi-
tivity to TLR4 agonists. It is possible that inhibition of SCD1 in the liver leads to
secretion of VLDL particles that are enriched in SFA-rich cholesteryl esters (CE),
giving rise to SFA-CE-rich LDL particles. Since the macrophages also have reduced
SCD1 expression, they are unable to convert the SFA delivered to them via LDLs to
MUFA, and therefore are exposed to high levels of SFA. This in turn will activate
TLR4 which can further activate the nuclear factor-kB (NF-kB) pathway, leading to
transcription of proinflammatory cytokines (Fig. 6.1). This proinflammatory
environment promotes atherogenesis, especially in hyperlipidemic conditions.
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This model is further supported by the finding that the atherosclerosis in LDLr—/—
Apob100/100 mice with SCD1 knockdown can be prevented by the co-treatment
with fish oil (Brown et al. 2010). We and others have previously shown that eicosa-
pentaenoic acid (EPA), an n-3 PUFA found in fish oil, can inhibit the NF-kB path-
way, possibly via activation of the G protein-coupled receptor 120 (Siriwardhana
et al. 2012; Oh et al. 2010). It is plausible that fish oil attenuates the SFA-induced
activation of TLR4 and subsequent activation of the NF-kB pathway and transcrip-
tion of proinflammatory cytokines in the LDLr—/—Apob100/100 mice treated with
SCD1 ASO, providing protection against the development of atherosclerosis.

Other studies have also shown that SCD1 deficiency promotes atherosclerosis
under hypercholesterolemic conditions. For example, low-density lipoprotein
receptor (LDLr)-deficient mice with SCD1 deficiency have increased atherosclero-
sis when fed a Western-type diet (Macdonald et al. 2009). In addition, SCD1 dele-
tion in bone marrow cells of LDLr—/— mice also does not prevent atherosclerotic
lesion formation. However, SCD1 knockdown in the chronic intermittent hypoxia
mouse model, a model of obstructive sleep apnea which exhibits atherosclerosis, is
protected from atherosclerosis. This discrepancy of the effects of SCD1 knockdown
on atherosclerosis could indicate that under hypercholesterolemic conditions, SCD
might protect against SFA-mediated inflammation (Liu et al. 2011). Taken together,
this indicates that while macrophage SCD deficiency seems to promote cholesterol
efflux, the proinflammatory environment induced by SFA-mediated TLR4 activa-
tion promotes atherogenesis.

Conclusion

SCD plays a pivotal role in metabolic function and exerts diverse cell-specific patterns
of function and regulation. SCD is nutritionally and hormonally regulated and is
altered in various metabolic and inflammatory disorders including obesity and diabe-
tes. The role of SCD in macrophages in obesity and atherosclerosis is not fully under-
stood and very limited studies have addressed its regulation in immune cells. Most of
the studies were conducted either in RAW macrophages or in peritoneal macrophages
isolated from global SCD1—/— mice. Several isoforms of SCD exist (Liu et al. 2011)
and their comparative role in macrophage inflammation and lipotoxicity in response
to obesity and its associated disorders have not been addressed. Future studies with
isoform-specific roles of SCDs in macrophages might shed new insights into SCD’s
role in obesity-induced macrophage lipotoxicity and metabolic disorders.
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