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HIGHLIGHTS GRAPHICAL ABSTRACT

Schematic model for SCAP in macrophage polarization of adipose tissue in metabolic diseases.
Introduction:

« Deletion of SCAP in macrophages
increases the fat accumulation of
HFHS from an increase in M1 Adipose
tissue macrophages.

o Loss of SCAP reduces M2 macrophage
polarization.
o SCAP-induced activation of SREBP-1a
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Introduction: Sterol regulatory element binding protein (SREBP) cleavage-associating protein (SCAP) is a
sterol-regulated escort protein that translocates SREBPs from the endoplasmic reticulum to the Golgi
apparatus, thereby activating lipid metabolism and cholesterol synthesis. Although SCAP regulates lipid
metabolism in metabolic tissues, such as the liver and muscle, the effect of macrophage-specific SCAP
deficiency in adipose tissue macrophages (ATMs) of patients with metabolic diseases is not completely
understood.

I;g;//\vl;/ords: Objectives: Here, we examined the function of SCAP in high-fat/high-sucrose diet (HFHS)-fed mice and
White adipose tissue investigated its role in the polarization of classical activated macrophages in adipose tissue.
Macrophages Methods: Macrophage-specific SCAP knockout (mKO) mice were generated through crossbreeding lyso-

zyme 2-cre mice with SCAP floxed mice which were then fed HFHS for 12 weeks. Primary macrophages
were derived from bone marrow cells and analyzed further.
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Results: We found that fat accumulation and the appearance of proinflammatory M1 macrophages were
both higher in HFHS-fed SCAP mKO mice relative to floxed control mice. We traced the effect to a defect
in the lipopolysaccharide-mediated increase in SREBP-1a that occurs in control but not SCAP mKO mice.
Mechanistically, SREBP-1a increased expression of cholesterol 25-hydroxylase transcription, resulting in
an increase in the production of 25-hydroxycholesterol (25-HC), an endogenous agonist of
liver X receptor alpha (LXRo) which increased expression of cholesterol efflux to limit cholesterol accu-
mulation and M1 polarization. In the absence of SCAP mediated activation of SREBP-1a, increased M1
macrophage polarization resulted in reduced cholesterol efflux downstream from 25-HC-dependent

LXRo activation.

Conclusion: Overall, the activation of the SCAP-SREBP-1a pathway in macrophages may provide a novel

therapeutic strategy that ameliorates obesity by controlling cholesterol homeostasis in ATMs.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Fat accumulation is accompanied by the elevation of circulating
proinflammatory cytokine levels and accumulation of adipose tis-
sue macrophages (ATMs) [1,2]. Macrophages exhibit significant
plasticity and can modify phenotypes and functions in response
to tissue stress and inflammatory responses [3]. Generally, ATMs
are classified as either the proinflammatory M1 or anti-
inflammatory M2 phenotype [4,5]. Although this grouping does
not consider the complexity and functional diversity of macro-
phages in vivo, the ratio of M1 to M2 ATMs correlates with the
occurrence of metabolic syndromes, including obesity, diabetes,
hepatic steatosis, and atherosclerosis in humans and mice [6,7].
Therefore, macrophage polarization and infiltration may be key
events triggering the development of obesity-associated metabolic
syndromes.

Sterol regulatory element binding protein (SREBP) cleavage-
activating protein (SCAP) is involved in controlling triglyceride
(TG) and cholesterol homeostasis via the regulation of SREBP
movement from the endoplasmic reticulum to the Golgi apparatus
[8]. Several studies in tissue-specific SCAP depleted mice have
established critical functions of SCAP in various cells and tissues
[9]. Though genetic deletion of SCAP markedly enhanced type 1
interferon response in macrophages through a decrease in flux
through the sterol biosynthesis pathway [10], the effect of
macrophage-specific SCAP knockout (SCAP mKO) has not been
studied in metabolic dysregulation in vivo. Previously, SREBP-1a
has been shown to be a predominant form of SREBP-1 in immune
cells and is required for regulating the synthesis of inflammation-
mediated unsaturated fatty acids in macrophages [11,12]. Further-
more, SREBP-1-deficient macrophages exhibited a hyper-
inflammatory response to an increased expression of inflammatory
cytokine-encoding genes, and exaggerated inflammatory states
were induced by lipopolysaccharide (LPS) challenge in SREBP-1
KO mice, and this was accompanied by increased levels of plasma
cytokines, such as interleukin (IL)-6 and IL-1o [11]. However,
whether SCAP and SREBPs modulate ATM function during meta-
bolic challenge has not been reported. Thus, a functional study of
SCAP in the ATMs may help provide a connection between SREBP
function in immune cells and tissue selective contributions to
metabolic syndrome disorders.

Previous studies have demonstrated that the accumulation of
intracellular cholesterol crystals generally induces proinflamma-
tory responses and macrophage infiltration in tissues [13,14]. In
particular, oxysterol 25-hydroxycholesterol (25-HC), among pro-
duced cholesterols, suppresses IL-1-induced proinflammatory
responses [15]. Cholesterol 25-hydroxylase (Ch25H) plays an
important role in converting cholesterol to 25-HC in macrophages
[16], which is involved in immune responses and contributes to the
anti-inflammatory response via the repression of inflammasome
activity. In adipose tissue, Ch25H was identified as a member of

the macrophage-enriched metabolic network [17]. Along with
25-HC, it functions via the activation of the Toll-like receptor
(TLR) [18-20], interferon receptor (IFNR) [21], and liver X receptor
(LXR) [22] in macrophages, indicating that Ch25H links metabolic
signaling to inflammatory responses. Previous study with Ch25H
KO mice has revealed its protective effect during inflammatory
responses and the subsequent reduction in the severity of pul-
monary lesions [19]. However, although its functional regulation
has been revealed in various tissues, such as in the liver, lungs,
intestines, brain, kidneys, heart, and muscles [18], no studies have
been reported on Ch25H expression and function in adipose tissue.

Most of the macrophages in the adipose tissue of obese or dia-
betic mice have been identified as activated proinflammatory M1-
like macrophages. In contrast, the major macrophages in lean mice
are anti-inflammatory M2-like macrophages [23]. Several studies
have reported that cholesterol plays an important role in macro-
phage differentiation. Functional studies on SCAP have revealed
that the regulation of the activity of SREBP is associated with the
formation of cholesterol crystals [24], which indicates a link
between macrophage differentiation and metabolic diseases. How-
ever, the role of SCAP in macrophages is not completely
understood.

Here, we showed that SCAP KO macrophages link the regulation
of cholesterol efflux to the acceleration of M1 polarization in ATMs,
thereby increasing adipose tissue inflammation and insulin resis-
tance. We observed that Ch25H gene expression was reduced in
SCAP KO macrophages. Consistent with our earlier report (Im
et al Cell Met. 2011), LPS-induced SREBP-1a stimulated cholesterol
synthesis, but it also leads to increased 25-HC levels, via SREBP-1a
dependent activation of Ch25H gene expression as well. Decreases
in 25-HC levels resulted in reduced liver X receptor alpha (LXRa)-
mediated cholesterol efflux in macrophages, suggesting that intra-
cellular free cholesterol might accumulate due to the reduced
cholesterol efflux in SCAP KO macrophages. In addition, a high-
fat high- sucrose diet resulted in increased M1 macrophage infil-
tration in SCAP mKO mice, suggesting that SCAP may play a pivotal
role in dietary regulated macrophage polarization and obesity.
These results suggest that obesity was induced in SCAP mKO mice
via the regulation of the SCAP-SREBP-1a pathway-stimulated acti-
vation of Ch25H gene expression in ATMs. Our results indicate that
the activation of this pathway in macrophages may provide a novel
therapeutic strategy against obesity via the regulation of choles-
terol homeostasis in ATMs.

Material and methods

Animal models

The SCAP floxed allele was generated from the mixed strain
originally described [8] by back-crossing onto C57BL/6] mice for
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over 10 generations [12], and SCAP mKO mice were generated by
crossing SCAPYM with Lyz2-Cre mice. SREBP-1a-deficient (1aDF)
and SREBP-1c KO (1cKO) mice lines were housed as described pre-
viously [12,25]. All of the backcrossed mice used in this study were
further backcrossed for 3-4 more round to facilitate recombination
and maintain the C57BL/6] background. C57BL/6] mice were pur-
chased from the Jackson Laboratory (Stock #000664, Bar Harbor,
ME, USA) and used as a control for 1aDF and 1cKO mice. Age-
matched male SCAP mKO and SCAPY" mice (8 weeks old) were
randomly assigned to groups fed normal chow (CD) or a high-fat/
high-sucrose diets (HFHS) (D12327, 40% fat and sucrose as kcal,
Research Diets, NJ, USA) for 16 weeks (n = 4-7 per group). Body
weight and food consumption were monitored weekly, and body
composition was assessed using nuclear magnetic resonance
(NMR, LF50 BCA-Analyzer, Bruker, Brussels, Belgium). All mice
were housed in ventilated cages at 22-24 °C under a 12 h light-
dark cycle in a specific pathogen-free facility. All animal experi-
ments were approved by the Animal Care and Use Committees of
the Keimyung University School of Medicine, Daegu, Republic of
Korea (IRB #KM-2016-22R1).

Isolation of bone marrow-derived macrophages (BMDM:s)

BMDMs were isolated from C57BL/6], SCAPY?, SCAP mKO, 1aDF,
and 1cKO mice as described previously [12]. Briefly, femurs and
tibias were isolated and flushed with Dulbecco’s modified Eagle’s
medium (DMEM) including 2% fetal bovine serum (Hyclone, Logan,
UT, USA). After removing red blood cells by ammonium-chloride-
potassium (ACK) lysis buffer (Invitrogen, Carlsbad, CA, USA),
macrophages were plated and differentiated in culture with 20%
1929 complement DMEM for 7 days. The BMDMs were polarized
into M1 or M2 macrophages after 24 h of culturing using the indi-
cated activators: 100 ng/ml LPS (Sigma-Aldrich, MO, USA) or 20 ng/
ml recombinant mouse IL-4 (R&D System, Minneapolis, MN, USA)
for M1 vs M2 polarization, respectively.

Isolation of adipose stromal vascular fractions (SVFs)

Mouse adipose tissues were isolated and digested with 0.1% col-
lagenase type I (Worthington Biochemical Corp., Freehold, NJ, USA)
for 45 min at 37 °C using the gentleMACS™ Dissociator (Miltenyi
Biotech Inc. Bergisch Gladbach, Germany). The digested adipose
tissues were filtered through a 70 uM cell strainer and centrifuged
at 500g for 5 min to separate the SVFs from the adipocytes. The SVF
pellets were then collected and resuspended in ACK lysis buffer to
remove red blood cells prior to further analysis.

Flow cytometric analysis

SVFs and BMDMs were washed and stained with FITC-anti-
integrin subunit alpha M (CD11b, 101205, BioLegend, San Diego,
CA, USA), PE-Cy7-anti-F4/80 (25-4801-82, Invitrogen), APC-anti-
integrin, and alpha X (CD11c¢, 117309, BioLegend), PE-anti-CD86
(105607, BioLegend), and PE- mannose receptor C-type 1 (CD206,
141705, BioLegend). The cells were then subjected to flow cyto-
metric analysis using BD FACS Caliber (BD Biosciences, San Jose,
CA, USA).

Intracellular cholesterol assay

A cholesterol assay was performed on BMDMs using the Choles-
terol assay kit (ab133116, Abcam, Cambridge, MA, USA) that mon-
itored intracellular filipin staining according to the manufacturer’s
instructions [26]. Subsequently, isolated BMDMs (5 x 10° cells/
well) were seeded overnight in 8-well chamber slides (Lab-Tek II,
Nalgene Nunc, Naperville, IL, USA) and cultured in control medium
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or media containing 100 ng/ml LPS. The images were acquired
using confocal laser scanning microscopy (Carl Zeiss, Oberkochen,
Germany). The fluorescent intensity of the cells with filipin stain-
ing was quantified using the Image] software version 1.53r (NIH,
Bethesda, MD, USA). Outlines of the cells were drawn manually.

Statistical analysis

All results are presented as the mean = SEM. All statistical anal-
yses were performed in GraphPad Prism version 8.4.3 (GraphPad
Software Inc., La Jolla, United States). Comparisons between two
groups were performed using an unpaired t-test. Probability values
p < 0.05 were considered statistically significant.

Results

SCAP mKO mice are more susceptible to HFHS-induced fat
accumulation

To evaluate the potential contribution of macrophage-specific
SCAP to metabolic diseases, we compared weight gain in SCAP%/!
and SCAP mKO mice fed an HFHS diet or CD (Fig. 1). Both lines
gained significant weight by 16 weeks, but the SCAP mKO mice
gained significantly more weight than SCAPY® mice (Fig. 1A). How-
ever, food consumption levels expression levels didn’t differ
between genotypes (Fig. S1A). And leptin gene expression was
increased in eWAT of HFHS-fed mice groups, but there was no dif-
ference of leptin level between genotypes (Fig. S1B). Most of the
excess weight in the HFHS-fed SCAP mKO mice was due to
increased fat mass (Fig. 1B). Simultaneously, lean body mass
decreased in SCAP mKO mice (Fig. 1C). Furthermore, upon visual
inspection, the epididymal white adipose tissue (eWAT) depot
was enlarged in HFHS-fed SCAP mKO mice (Fig. 1D) and further-
more, fat pad weights of eWAT and inguinal white adipose tissue
were higher in HFHS-fed SCAP mKO than in SCAPY" mice (Fig. 1E
and F). Histologically, SCAP mKO mice had larger adipocytes in
eWAT than SCAPY® mice, reflected in the average size of the adipo-
cytes; in addition, F4/80 staining showed that macrophage infiltra-
tion was increased in SCAP mKO mice (Fig. 1G). These results
suggested that the size of adipocytes and macrophage infiltration
were increased in adipose tissue of SCAP mKO mice and that SCAP
deficiency in macrophages increases the severity of obesity and
metabolic disease.

SCAP mKO mice have a reduced energy expenditure and induce insulin
resistance

Next, we assessed energy expenditure using metabolic cages. In
accordance with the increase in body weight gain and elevated
body fat mass, the whole-body energy expenditure of SCAP mKO
mice on HFHS diet was slightly reduced relative to control SCAPY
f mice (Fig. 2A), and this was accompanied by a slight decrease in
physical activity (Fig. 2B). To assess the metabolic consequences
of SCAP deficiency in macrophages, we analyzed plasma choles-
terol and free fatty acids levels. Total cholesterol, high-density
lipoprotein-cholesterol, low-density lipoprotein-cholesterol, and
non-esterified fatty acid (NEFA) levels were higher in HFHS-fed
SCAP mKO than in SCAP"® mice (Fig. S1C-F). In addition, there
was a significant increase in plasma aspartate aminotransferase
and alanine aminotransferase levels, indicating more liver damage
in SCAP mKO mice (Fig. S1G and H).

To evaluate nutrient metabolism, we performed glucose toler-
ance and insulin tolerance tests in HFHS-fed mice. Compared to
SCAPY® mice, SCAP mKO mice showed impaired glucose tolerance
(Fig. 2C). However, glucose tolerance did not differ between the
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Fig. 1. Macrophage SCAP ablation increased body weight and fat mass. (A) Body w
(HFHS) diets for 16 weeks (n = 6 per each group). (B and C) Fat and lean body mass
tissue (eWAT) from CD or HFHS diet-fed SCAP"" and SCAP mKO mice. SCAPY" and

eight of SCAP"M and SCAP mKO mice fed normal chow diet (CD) or high-fat high-sucrose
were normalized by body weight. (D) Representative images of epididymal white adipose
SCAP mKO mice (n = 6 per group) were fed either CD or HFHS diets for 16 weeks. (E) The

weight of eWAT. (F) The weight of inguinal white adipose tissue (iWAT). (G) Hematoxylin and eosin (H&E) staining or immunohistochemistry using anti-F4/80 on eWAT
sections (5 pum) of SCAP"" and SCAP mKO mice exposed to HFHS diets for 16 weeks. The regions within the squares are enlarged on the right. Values are expressed as
mean + SEM. **p < 0.01 compared to CD-fed SCAPY™ mice. 'p < 0.05 compared to HFHS-fed SCAP"" mice.

CD-fed groups for both genotypes. These results were confirmed by
measuring the area under the curve (AUC) values (Fig. 2D). SCAP
mKO mice showed mildly impaired insulin sensitivity (Fig. 2E
and F). Additionally, serum insulin levels in SCAP mKO mice were
higher than in WT mice (Fig. S11). But there were no differences in
serum glucose levels between genotypes (Fig. S1J). Homeostasis

model assessment of insulin resistance (HOMA-IR) analysis con-
firmed that there was an increase in insulin resistance in HFHS-
fed SCAP mKO mice (Fig. S1K). These results indicated that SCAP
mKO mice were more susceptible to increases in metabolic dys-
function owing to increases in fat accumulation after the consump-
tion of HFHS diet.
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Fig. 2. Macrophage SCAP deletion promoted diet-induced insulin resistance. (A) Energy expenditure (EE) over 24 h period using metabolic cages. SCAP"" and SCAP mKO mice
fed CD or HFHS diet. Average EE over the light and dark phases (right panel). (B) Metabolic cage studies were performed in a CD or a HFHS diet fed SCAP" or SCAP mKO mice.
The physical activity and average physical activity during indicated period (right panel). (C) Glucose tolerance test (GTT) of SCAP"/™ and SCAP mKO mice after 16 weeks on CD
or HFHS diet. (D) Quantification of GTT area under the curve (AUC). (E) Insulin tolerance test (ITT) of SCAP and SCAP mKO mice after 16 weeks on CD or HFHS diets. (F)
Quantification of ITT AUC. Values are expressed as mean + SEM. *p < 0.05 compared to CD-fed SCAP" mice. fp < 0.05, /p < 0.01 and '’p < 0.001 compared to HFHS-fed SCAP"/"
mice.
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Numbers of M1 macrophages are increased in the adipose tissue of
HFHS-fed SCAP mKO mice

To evaluate macrophage accumulation and polarization in adi-
pose tissue, the expression of M1 and M2 ATM marker genes was
assessed in eWAT of HFHS-fed mice. The expression levels of
macrophage infiltration and M1 marker genes encoding F4/80,
monocyte chemoattractant protein 1 (MCP1), CD11c were
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increased (Fig. 3A), whereas those of M2 maker genes encoding
IL-10, CD206, c-type lectin domain containing 10a (Clec10a), and
inflammatory zone 1 (Fizz1) were significantly downregulated in
eWAT of HFHS-fed SCAP mKO mice (Fig. 3B). These results sug-
gested that SCAP macrophage-specific deficiency increases M1
macrophage polarization and macrophage infiltration in eWAT,
which could accelerate fat accumulation. We further quantified
ATMs in eWAT from HFHS-fed SCAP"® and SCAP mKO mice using
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Fig. 3. SCAP deficiency in macrophages increased M1 polarization in eWAT of HFHS diet-fed SCAP mKO mice. SCAP? and SCAP mKO mice (n = 6 per each group) were fed
either CD or HFHS diet for 16 weeks. (A) mRNA levels of M1 macrophage markers, F4/80, Mcp1, and CD11c in eWAT. (B) Gene expression levels of M2 macrophage markers,
such as IL-10, CD206, Clec10a, and Fizz1 in the eWAT were assessed using qPCR. The Ct values obtained were normalized to that of L32. (C) SCAP"" and SCAP mKO mice were
fed either CD or HFHS diet for 16 weeks. The macrophage composition of the SVFs prepared from eWAT was analyzed using FACS. Flow cytometric analysis of CD11c
population in CD11b* F4/80" cells among SVF cells of eWAT. (D) Representative flow cytometry histograms showing CD11b and CD11c population in SVF cells of eWAT. (E)
Quantitative analyses of M1 (CD11b*CD11c*) and M2 macrophages (CD11b* CD11c ™). Values are expressed as mean + SEM. *p < 0.05 and **p < 0.01 compared to CD-fed
SCAP"® mice. fp < 0.05 and 'p < 0.01 compared to HFHS-fed SCAP"® mice. SVF: stromal vascular fractions.



Jae-Ho Lee, Sun Hee Lee, Eun-Ho Lee et al.

flow cytometry to confirm the gene expression data. The SVFs iso-
lated from eWAT of SCAPY™ and SCAP mKO mice were stained for
CD11b"* and F4/80, which are M1 macrophage markers. The popu-
lation of CD11b*-stained macrophages in SCAP mKO mice was
higher than that in SCAPY" mice, indicating that the M1 ATM pop-
ulation was increased in SCAP mKO mice (Fig. 3C). Next, BMDMs
were stained for CD11c¢" as a marker of M2 macrophages, and
M2 macrophages in eWAT were counted. Consistent with the gene
expression profiles, the number of M2 macrophages was lower in
eWAT of SCAP mKO mice (Fig. 3D). These results demonstrated
that M1 ATMs were significantly enriched in SCAP mKO mice,
whereas the number of M2 macrophages was reduced in the eWAT
of SCAP mKO mice.

M1 macrophage polarization is increased in SCAP KO macrophages

Previous studies have demonstrated that the function of SREBPs
contribute to innate immune responses in macrophages [11]. To
eveluate the function of SCAP in macrophage polarization, we iso-
lated BMDMs from SCAP™" and SCAP mKO mice and induced
macrophage polarization to M1 and M2 by treating them with
LPS (100 ng/ml) or IL-4 (20 ng/ml), respectively. The LPS dependent
increase in expression of genes related to proinflammatory cyto-
kine secretion, such as IL-12 subunit beta (IL-12p), IL-6, and IL-1p,
was significantly higher in SCAP KO macrophages (Fig. 4A). To
assess the effects on IL-1B secretion, the BMDMs were exposed
to LPS and treated with adenosine triphosphate (ATP). IL-1p secre-
tion was also higher in SCAP KO BMDMs than in SCAPY® BMDMs
(Fig. 4B). In contrast, M2 polarization markers including Fizz1, argi-
nase 1 (Argl), CD206, IL-10, and Clec10a were reduced following IL-
4 treatment in SCAP KO BMDMs (Fig. 4C). Next, macrophage M1/
M2 polarization was evaluated using gene expression and flow
cytometric assays. The FACS analysis showed that M1 polarization
of macrophages in SCAP KO BMDMs was increased after LPS treat-
ment as analyzed by staining for F4/80 and CD86 (Fig. 4D and E),
whereas the IL-4 treatment showed decreased M2 polarization
which was assessed by staining for F480 and CD206 (Fig. 4F and
G). These results suggest that SCAP deficiency in macrophages
increases M1 polarization while impairing M2 polarization.

SCAP transcriptionally induces Ch25H gene expression via regulation
of SREBP-1a

SCAP mRNA levels were reduced by approximately 80% in SCAP
KO BMDMs (Fig. 5A). The RNA expression for the three SREBP iso-
forms was assessed using quantitative polymerase chain reaction
(qPCR) (Fig. 5B) and protein levels for SREBP-1 were measured by
western blotting (Fig. 5C). The results showed that the expression
of Srebp-1c and Srebp-2, but not that of Srebp-1a, were downregu-
lated in SCAP KO macrophages (Fig. 5B and C). This is likely
because SREBP-1c and -2 genes are auto-regulated by SREBPs.
LPS induced the expression of nuclear SREBP-1 protein in SCAP™/f
BMDMs as observed in our earlier report [27], but not in SCAP
KO macrophages (Fig. 5C). The expression of lipogenic genes, such
as those encoding fatty acid synthase, acetyl-CoA carboxylase 1, 3-
hydroxy-3-methyl-glutaryl-CoA reductase, and stearoyl-CoA
desaturase-1, did not differ between the genotypes (Fig. 5D).

Regulation of cholesterol efflux is of particular importance to
macrophage lipid homeostasis during innate immune responses
[28], so we measured ABCA1 and ABCG1 expression in BMDMs
from SCAPY® and SCAP mKO mice. ABCA1 and ABCG1 mRNA
(Fig. 5E) and protein (Fig. 5F) levels were significantly reduced in
SCAP KO macrophages. Interestingly, Abcal and Abcg1 expression
levels were restored in SCAP KO BMDMs by ectopic expression of
SREBP-1a from an adenovirus vector (ad-SR-1a) (Fig. 5G and H).
Furthermore, Abcal and Abcgl expression were also lower in
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1aDF BMDMs which only lack the SREBP-1a isoform (30), and once
again, expression was recovered by supplying SREBP-1a ectopically
(Fig. 51 and J).

SCAP regulates cholesterol efflux via SREBP-1a-mediated Ch25h

ABCA1 and ABCG1 expression are known to be directly regu-
lated by the oxysterol activated LXR and a major macrophage
endogenous macrophage selective oxysterol is 25-HC which is pro-
duced from cholesterol through the action of ch25 hydroxylase.
Interestingly, LXR induced proinflammatory responses via the reg-
ulation of macrophage Ch25H expression [22] and another study
demonstrated that cholesterol synthesis was regulated by LPS in
macrophages [29]. To investigate the role of Ch25H in our studies,
we treated BMDMs with LPS and assessed whether Ch25H mRNA
expression was affected (Fig. 6A). Consistent with previous results,
Ch25H expression was stimulated by LPS in SCAP"® BMDMs, how-
ever this was significantly blunted in SCAP KO BMDMs, suggesting
that Ch25H transcription might be dependent on SREBPs. We
ectopically expressed the individual human SREBP-1a, SREBP-1c,
or SREBP-2 from adenovirus vectors in SCAP" and SCAP KO
BMDMs and interestingly, Ch25H expression was more sensitive
to activation by SREBP-1a overexpression in SCAP KO BMDMs,
although SREBP-1c and SREBP-2 both induced Ch25H gene expres-
sion to lower levels (Fig. 6B).

In an earlier study, we found that LPS stimulated SREBP-1
mRNA and protein production in BMDMs [27] and we showed that
SREBP-1a mRNA is ten-fold higher than SREBP-1c. To evaluate
which SREBP-1 isoform might be involved in stimulation of
Ch25H expression we measured Ch25H expression in BMDM
derived from mice that were specifically lacking either SREBP-1a
(1aDF) or SREBP-1c (1cKO). The data in Fig. 6C shows LPS-
stimulated Ch25H mRNA was reduced in 1aDF but not in SREBP-
1cKO BMDM. Next, we measured intracellular cholesterol levels
in LPS-treated BMDMs using filipin staining as the read out. First,
we found that BMDMs of SCAP mKO mice exhibited an increased
filipin fluorescent intensity after LPS stimulation (Fig. 6D). There
was also an increase in filipin intensity in BMDMs from 1aDF mice
(Fig. 6E). Collectively, these data are consistent with a significant
role for SCAP and SREBP-1a in regulating intracellular cholesterol
levels by balancing synthesis and efflux.

Because Ch25H expression was reduced in SREBP-1aDF BMDM
we investigated whether it might be a direct transcriptional target
of SREBP-1. First, we identified three highly conserved potential
SREBP response elements (SRE) in the mouse Ch25H gene promoter
(Fig. 6F) and assessed promoter activity and SREBP transactivation
through a transient transfection assay protocol in human embry-
onic kidney 293 T (HEK 293 T) cells. The mouse Ch25H gene pro-
moter was activated by the overexpression of SREBP-1a (Fig. 6G).
The binding of SREBP-1 to these SREs were then evaluated at the
chromatin level using a chromatin immunoprecipitation assay
with an antibody to SREBP-1 and BMDM chromatin from WT and
1aDF mice. The data show SREBP binds specifically to sites labeled
1 and 2 of the mouse Ch25H gene promoter (Fig. 6H and I). Taken
together, the expression data in the mutant macrophages and the
direct activation and ChIP studies suggest that Ch25H is likely a
putative direct target of SREBP-l1a in macrophages and that
SREBP-1a might act as a key mediator of the SCAP-Ch25H regula-
tory axis.

To determine whether this mechanism revealed in detailed
studies in BMDM might help explain the weight gain and meta-
bolic disease phenotypes in the SCAP mKO mice, we first evaluated
gene expression levels for Srebp-1a, Ch25H, Abcal, and Abcg1 in the
ATMs of eWAT from HFHS-fed SCAPY™ and SCAP mKO mice. Con-
sistent with previous results, the gene expression levels of
Ch25H, Srebp-1a, and Abcal were significantly lower in SCAP
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mKO ATMs, although Abcgl mRNA levels was only slightly
decreased (Fig. 7A-D). These results confirmed that SCAP-Ch25H
regulatory axis we described in BMDM likely plays a significant
role in the response of ATMs to HFHS challenge.

Discussion

In this study, we showed that SCAP deletion exacerbated HFHS-
induced polarized proinflammatory macrophage infiltration in adi-
pose tissue, which might significantly stimulate the secretion of
proinflammatory cytokines and induce metabolic diseases such
as obesity and diabetes (Fig. 7E).

A recent study reported that cholesterol recycling was impaired
in M1-like macrophages of adipose tissue in individuals with obe-
sity [30]. Therefore, increases in the number of M1-like macro-

phages in SCAP mKO mice might aggravate HFHS-mediated fat
accumulation and dysregulation of cholesterol efflux in adipose tis-
sue. Furthermore, previous study on SCAP have revealed a mecha-
nism of inhibition of fatty liver formation using liver-specific SCAP
KO mice [31]. In SCAP mKO mice, fat accumulation and fatty liver
formation were expected to decrease; however, we observed that
fat accumulation increased in both livers and adipose tissue from
SCAP mKO mice on an HFHS diet (Fig S2). Although expression
levels of lipogenic genes were lower in the livers of SCAP mKO
mice (Fig. S3A and B), hepatic steatosis might be associated with
increased transcription of genes involved in liver fibrosis, macro-
phage infiltration, and proinflammation (Fig. S3C-F). Presumably,
it appears that most macrophages infiltrating the adipose tissue
differentiated into the M1 population. Several factors,
granulocyte-macrophage-colony stimulating factor, interferon
gamma (IFN-v), and LPS, are involved in the differentiation into



Jae-Ho Lee, Sun Hee Lee, Eun-Ho Lee et al. Journal of Advanced Research 45 (2023) 1-13

A Cc

W

Ch25H Ch25H Ch25H :
i 1-1.1- [ o . % % %k c _
S0 . M B3 mochrr o £ 2mWT ]
n 7] » B 1aDF
o 154 o | o 15+
S S 21 s
3 10- 3 3 101
2 2 1 s
5 % = s 5
[} o 8
r o (14 0- & i
Mock LPS a::’l-(s;:;l”1 + - - - Mock LPS
ad-SR-1a - + - =
ad-SR-1c - - + -
ad-SR-2 - - - +
D Il sCAP E EwT
[l SCAP mKO Mock LPS M 1aDF
2 2
= g 150' E .g 100- $kk =
= 7] ]
™= ] - 80'
.E 100_ .E
E E 60'
3 3 40
] L o 1
2 g ©0 g .
€ (] - o
3 . 3 .
= Mock LPS v Mock LPS
F G Ch25H
:;‘ . 5_ * %k
E =
5 &4 |
© g 3
Conserved SRE : ACNNACT (Reverse) 2 o
SRE1 : ACCAACT 83 2]
SRE2 : ACGCACT 5 9 11
e QN
=, 1N
pcDNA SREBP-1a
H ChIP for SRE1 ' ChIP for SRE2
+
4- t 81 * %k %k
mWT *
B 1aDF
. 3 | . 6
= =
Q. Q.
£ 21 £ 41
2 X
1- 2]
0- 0-
Mock LPS Mock LPS Mock LPS Mock LPS
IgG Anti-SREBP-1 IgG Anti-SREBP-1

Fig. 6. Ch25H is the putative target of SREBP in SCAP mKO. (A) Ch25H gene expression levels in BMDMs. BMDM were incubated with 100 ng/ml LPS for 24 h. (B) The
expression levels of the Ch25H gene by overexpression of SREBP isoforms in BMDMs. Ch25H mRNA expression was assessed using qPCR in the BMDMs infected with
adenoviruses harboring ad-GFP, ad-SR-1a, ad-SR-1c, and ad-SR-2. (C) mRNA level of Ch25H in LPS-treated BMDMs extracted from WT, 1aDF, and 1cKO mice. (D)
Representative filipin staining of SCAP" and SCAP KO BMDM s (left). Quantification of the filipin staining intensity (right). (E) Filipin expression in BMDMs from WT and 1aDF
mice (left). Quantification of filipin immunofluorescence intensity in BMDMs (right). BMDMs were incubated with 100 ng/ml LPS for 24 h. (F) The putative SREBP-1 response
element (SRE) on mouse Ch25H gene promoter. The locations of the three highly conserved SREs from the transcription start site are indicated. (G) Ch25H promoter activity.
Plasmid constructs of mouse Ch25H gene promoter was transiently transfected into HEK 293 T cells, and the luciferase assay was performed. (H and I) ChIP assay for SREBP-1
binding on chromatin from SCAP"" and SCAP KO BMDMs. Chromatin from BMDMs was analyzed for recruitment of SREBP-1 to the SRE region of mouse Ch25H promoter
using ChIP assay. Values are expressed as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to Mock WT or SCAP"" mice, ad-GFP group, or pcDNA group. p < 0.05,
ifp < 0.01, and !p < 0.001 compared to LPS-treated WT or SCAP"/" mice.

10



Jae-Ho Lee, Sun Hee Lee, Eun-Ho Lee et al.

A Ch25H B Srebp-1a c
1.5+ . 1.54 * ok K
= c [ \ [ =
o o o
(7] [} [}
£ 1.0 2 1.0 o
Q. Q. Q.
x x x
3 Q Q
Q Q [
Z 0.5 = 0.5 2
© © ©
@ ] ]
o o o
0.0- 0.0-
E
A
J
A
Adipocytes

A M2 . LXRa activation |
S polarization
LY ) ¢
2 2t ABCA1
M 1§ et ABCG1
polarization 74 ok !
¥* Intracellular
Pro-inflammatory L Cholesterol

1.5+
1.0+
0.5+

0.0-

SCAP mKO>< s,,,? étshjm:

cytokines

Journal of Advanced Research 45 (2023) 1-13

Abca1 D Abcg1
* K 1.54 ns B SCAPHA
' 15 BSCAP mKO
o
@ 1.0
o
>
Q
[}
2 0.5-
s
Q
v
0.0-

Macrophage

Pre-SREBP-1a "9

ER

Golgi

Ch25H | (

S2P

nSREBP-1a Cholesterol

AVAVAVE T3 AVAV,Y, 25-Hydroxycholesterol |

*
¥* *** Cholesterol !
* efflux
Pro-inflammatory QbesityT
cytokines

Fig. 7. Deficiency of SCAP regulation in macrophages reduces intracellular cholesterol content via suppression of Ch25H gene expression in eWAT. SCAP" and SCAP mKO
mice (n =5 per group) were fed HFHS diets for 16 weeks. (A-D) Relative mRNA expression levels of Ch25H, Srebp-1a, Abcal, and Abcg1. The macrophage gene expression of the
SVFs isolated from eWAT was analyzed using qPCR. (E) Proposed mechanism for SCAP in macrophage polarization of adipose tissue in metabolic diseases. Values are

expressed as mean + SEM. **p < 0.01 and ***p < 0.001 compared to SCAP"" mice.

M1 macrophages [32,33]. However, studies on the mechanism of
M1 differentiation by SCAP are lacking. Here, we suggested that
M1 macrophage polarization might be regulated by SCAP.

IFN-v is a major activator of the innate and adaptive immune
responses [34,35]. Studies also show that Ch25H is directly acti-
vated by STAT1 signaling downstream from INF. In this study,
IFN-v activated Ch25H and SREBP-1a genes expression in BMDMs
from SCAP"® and WT mice, but not SCAP mKO and 1aDF BMDMs
(Fig. S4A-C). In addition, IFN-y-treated BMDMSs resulted in an
increase the accumulation of SREBP-1 protein as well (Fig. S4D
and E). The mechanism for how INF-y activates SREBP-1 and
whether SREBP-1 and STAT-1 synergize to activate Ch25H and
25-0H cholesterol production is an interesting direction for future
investigation.

In SCAP mKO mice, we observed an increase in classical M1
macrophage infiltration in the adipose tissue. This was due to a
reduction in 25-HC synthesis owing to a decrease in Ch25H gene
expression; the expression of Abcal and Abcg1 were also downreg-
ulated because the reduction in 25-HC levels which would limit
their activation by LXR. In addition to activating cholesterol efflux,
LXR represses proinflammatory cytokine secretion in macrophages
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by suppressing the expression of inflammatory genes induced by
LPS or TNF-a via NF-kB signaling [36]. In several cohort studies
on human obesity and insulin resistance, LXRa and LXRp signaling
was dysregulated, indicating that the reduction of LXR activity and
mutant LXRs were associated with adipose tissue dysfunction and
obesity [37,38]. Previous studies on mice harboring individual or
double KO of LXRo and LXRp in adipose tissue have revealed that
the double KO mice showed glucose tolerance and insulin sensitiv-
ity [39]. In addition, double KO mice are resistant to diet-induced
obesit [40]. These phenotypes may rely on the inhibition of adipo-
genesis and increased utilization of TG via lipid oxidation and adi-
pose lipolysis. However, the results obtained with macrophages
deficient in LXRs contradicted those obtained with LXR KO in adi-
pose tissues and muscle. Although the phenotype of liver-specific
SCAP KO mice was opposite to that of SCAP mKO mice, our data
indicated that the phenotype of the SCAP mKO mice was similar
to that of LXR-deficient macrophages. These results suggested that
tissue-specific roles for LXR and SREBPs significantly contribute to
development of metabolic syndrome.

In a recent study on IL-4 activated SREBP-1 regulation, M2-like
macrophage activation and lipogenesis were decreased in the
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BMDMs of SCAP KO mice treated with IL-4, compared with those in
WT mice [41]. Similarly, we found reduced gene expression levels
of the lipogenic genes and Ch25H in the IL-4-treated BMDMs from
SCAP"M and SCAP mKO mice. These results suggest that M2 differ-
entiation might be controlled by SCAP and further studies will be
required to evaluate the mechanism.

Conclusions

Our findings demonstrated that SCAP deficiency in macro-
phages accelerates the development of obesity and insulin resis-
tance in response to HFHS diets via the regulation of Ch25H
expression and suggested that SCAP is a key regulator of inflamma-
tory macrophage polarization as well as cholesterol efflux and syn-
thesis. The suppression of SCAP activity induced polarization of
macrophages toward a proinflammatory phenotype and promoted
fat accumulation. Indeed, the function of SCAP in macrophage
polarization is systemically important, and the regulation of SREBP
activity by SCAP is associated with diet-induced obesity and dia-
betes. As SCAP deficiency modulates macrophage polarization
toward a proinflammatory phenotype in response to LPS or IL-4
treatment, these findings highlight the function of SCAP in regulat-
ing the balance in macrophage polarization and thereby preventing
chronic metabolic diseases, such as obesity and insulin resistance.
Hence, we revealed a mechanism by which SCAP regulates macro-
phage polarization, which may provide the foundation for novel
therapeutic avenues for obesity and insulin resistance in the
future.
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