EDITORIAL
Macrophage-Speciﬁc SCAP Promotes Liver and Adipose Tissue
Damage in a Lean NAFLD Model: Lean, Mean, Proinﬂammatory
Machine

N

onalcoholic fatty liver disease (NAFLD) generally is
described as an obesity-associated condition;
nevertheless, NAFLD also is reported in nonobese and lean
persons with global rates of nonobese NAFLD and lean
NAFLD being 36%–45% and 7%–23%, respectively.1 Lean
NAFLD is characterized by reduced subcutaneous adipose
tissue and ectopic fat deposition in the liver. In addition,
lean NAFLD patients present with metabolic abnormalities,
leaving them susceptible to the development of metabolic
syndrome and severe liver disease.2 In addition, this patient
group presents with higher adverse adipokine proﬁles,
contributing to persistent, low-grade inﬂammation (ie,
metainﬂammation).3 For these reasons, the cholesterol-rich
Paigen diet is a suitable model to study lean NAFLD.4
Sterol regulatory element binding protein cleavageactivating protein (SCAP) is a cholesterol sensor that regulates intracellular cholesterol levels.5 Inﬂammatory mediators increase SCAP activity, thereby disrupting intracellular
cholesterol homeostasis, leading to atherosclerosis.6
Furthermore, SCAP overexpression activates the NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3)
inﬂammasome, thus contributing to atherosclerosis development.7 For these reasons, Huang et al8 postulated that
SCAP is an important mediator of cholesterol metabolism
and metainﬂammation during lean NAFLD. Their study in
the current issue of Cellular and Molecular Gastroenterology
and Hepatology delineates the role of macrophage-speciﬁc
SCAP in the Paigen diet model of lean NAFLD. Speciﬁcally,
Huang et al8 aimed to characterize the Paigen diet feeding
model of lean NAFLD, to carefully characterize SCAP
signaling in macrophages, and to determine how this can
impact the liver and adipose tissue phenotypes. In addition,
they evaluated signaling mechanisms downstream of SCAP
in macrophages that mediate inﬂammatory responses.
Male macrophage-speciﬁc SCAP-/- mice (SCAPDM4) and
controls (age, 6–8 wk) were fed either a normal chow diet or a
Paigen diet for 12 weeks. Huang et al8 found that Paigen
diet–fed control mice had a reduction in body weight accompanied with manifestations of metabolic syndrome. Paigen
diet–fed control mice presented with enhanced liver weight
but reduced epidydimal white adipose tissue (eWAT) weight,
along with smaller adipocyte size in eWAT but enhanced
steatosis and lobular inﬂammation in the liver. Paigen diet–fed
control mice had enhanced systemic inﬂammation and signiﬁcant inﬁltration of macrophages to the eWAT and liver,
which was accompanied with enhanced serum alanine
aminotransferase (ALT) levels indicative of liver injury. These
ﬁndings validate this as a model of lean NAFLD.

Considering the imbalance of lipid deposition in eWAT
and liver, Huang et al8 evaluated lipid metabolism genes. In
Paigen diet–fed control mice, eWAT showed increased
expression of lipolysis, synthesis, and lipid uptake genes;
however, the liver had decreased lipolysis and increased
synthesis and lipid uptake gene expression. These data
suggest that imbalance of lipid metabolism in eWAT vs liver
plays a role in the development of lean NAFLD.
As introduced earlier, metainﬂammation is an important
process of lean NAFLD, and SCAP is a key inﬂammatory
marker in macrophages. Macrophage SCAP expression was
enhanced in eWAT and liver of Paigen diet–fed control mice,
establishing the rationale for developing SCAPDM4 mice.
Chow-fed control and SCAPDM4 mice had no differences in
eWAT and liver lipid content and metabolism, metainﬂammation, or tissue structure. However, Paigen diet–fed
SCAPDM4 mice had an increase in eWAT adipocyte size
and improvement of liver weight, lobular inﬂammation, and
hepatic steatosis, as well as a reduced incidence of metabolic syndrome when compared with Paigen diet–fed control mice. Therefore, macrophage-speciﬁc deletion of SCAP
may improve metabolic disturbances and eWAT and liver
damage associated with lean NAFLD.
Investigating eWAT and liver injury further, Paigen
diet–fed SCAPDMR4 mice had reduced macrophage inﬁltration, expression of proinﬂammatory cytokines and
serum ALT levels as compared with Paigen diet-fed controls. In addition, Paigen diet–fed SCAPDM4 mice showed
reduced eWAT lipolysis and lipid uptake but enhanced
lipid synthesis gene expression compared with Paigen
diet–fed controls, indicating restoration of adipocyte lipid
storage. In the liver, Paigen diet–fed SCAPDM4 mice had
decreased lipid uptake and synthesis but unchanged
lipolysis gene expression as compared with Paigen
diet–fed controls. Macrophage–SCAP-dependent modulation of adipocyte and hepatocyte lipogenesis and inﬂammatory response were veriﬁed in vitro using co-culture
systems. Therefore, macrophage–SCAP deletion may
reverse dyslipidemia and metainﬂammation associated
with lean NAFLD.
When delving into the mechanisms underlying these
processes, Huang et al8 ﬁrst found that macrophage nuclear factor-kB (NF-kB) activity was up-regulated in Paigen
diet–fed control mice, which was reduced in Paigen
diet–fed SCAPDM4 mice. Previous studies have found that
stimulator of interferon genes (STING) promotes inﬂammation by activating NF-kB,9 and within this study STING
expression was enhanced in both the eWAT and liver of
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Paigen diet–fed control mice but reduced in Paigen
diet–fed SCAPDM4 mice. Similarly, macrophage presence
correlated with STING expression in both the liver and
eWAT of Paigen diet–fed control mice that was blocked in
Paigen diet–fed SCAPDM4 mice. The SCAP/STING/NF-kB
pathway was veriﬁed in vitro using overexpression and
knockdown studies. Furthermore, SCAP was found to
directly bind to STING, inducing translocation to the Golgi,
in vitro. SCAP direct translocation of STING to the Golgi
may be necessary for STING/NF-kB activation.
In the last set of studies, Huang et al8 circled back to
their Paigen diet model, but this time fed control or
SCAPDM4 mice for 16 weeks to induce hepatic ﬁbrosis.
Similar to 12 weeks of feeding, Paigen diet–fed SCAPDM4
mice had reduced hepatic steatosis, lobular inﬂammation,
macrophage inﬁltration, and ALT levels compared with
Paigen diet–fed control mice. Paigen diet–fed SCAPDM4 mice
also had a signiﬁcant amelioration of liver ﬁbrosis compared
with Paigen diet–fed control mice. These phenotypic
changes were accompanied with reduced STING/NF-kB
activation. Therefore, the macrophage-speciﬁc SCAP/
STING/NF-kB pathway may modulate liver ﬁbrogenesis in
lean NAFLD.
The current consensus is that lean NAFLD is less severe
than obese NAFLD; however, this concept has been challenged recently10 and the utilization of a lean NAFLD
model will be useful to evaluate pathogenesis and therapeutics. In an obese NAFLD model, the liver was shown to
modulate obesity and white-to-brown fat conversion via
paracrine signaling11; therefore, studies evaluating eWAT
in lean NAFLD are novel. However, Huang et al8 only
investigated the eWAT or the liver separately, and studies
determining crosstalk would be of interest. Furthermore,
this study deﬁnes a damaging role for macrophages in both
eWAT and liver inﬂammation, but also for liver ﬁbrosis in
lean NAFLD. These ﬁndings are provocative, considering
the controversy regarding the reparative vs damaging roles
of macrophages.12 This segues into another notorious
debate on macrophage polarization and the proinﬂammatory and anti-inﬂammatory properties of macrophages during disease. This study did not investigate
polarization; however, it would be interesting to analyze
this phenomenon in lean NAFLD. Lastly, it would be of
interest to understand if these mechanisms can be therapeutically targeted in lean but also obese NAFLD, because
these 2 etiologies can share similar pathogenic mechanisms. In summary, this study deﬁnes macrophage-speciﬁc
SCAP signaling and the effects on eWAT and liver phenotypes in a model of lean NAFLD.
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