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Abstract

Abdominal aortic aneurysm (AAA) is strongly correlated with obesity, partially due to the abnormal expansion of abdominal perivas-
cular adipose tissue (PVAT). Cell death-inducing DNA fragmentation factor-like effector C (CIDEC), also known as fat-specific protein
27 (FSP27) in rodents, is specifically expressed in adipose tissue where it mediates lipid droplet fusion and adipose tissue expansion.
Whether and how CIDEC/FSP27 plays a role in AAA pathology remains elusive. Here, we show that FSP27 exacerbates obesity and angi-
otensin II (Ang II)-induced AAA progression. FSP27 deficiency in mice inhibited high-fat diet-induced PVAT expansion and inflam-
mation. Both global and adipose tissue-specific FSP27 ablation significantly decreased obesity-related AAA incidence. Deficiency of
FSP27 in adipocytes abrogated matrix metalloproteinase-12 (MMP12) expression in aortic tissues. Infiltrated macrophages, which
partially colocalize with MMP12, were significantly decreased in the FSP27-deficient aorta. Mechanistically, knockdown of Fsp27 in
3T3-L1 adipocytes inhibited C-C motif chemokine ligand 2 (CCL2) expression and secretion through a c-Jun N-terminal kinase (JNK)-
dependent pathway, thereby leading to reduced induction of macrophage migration, while Cidec overexpression rescued this effect.
Overall, our study demonstrates that CIDEC/FSP27 in adipose tissue contributes to obesity-related AAA formation, at least in part, by
enhancing PVAT inflammation and macrophage infiltration, thus shedding light on its significance as a key regulator in the context
of obesity-related AAA.
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Introduction physiological stimulation and metabolic stress, with some of
these secretory factors regulating cardiovascular remodeling [14].
Perivascular adipose tissue (PVAT), a unique type of adipose tis-
sue that surrounds the big aortic vessels, is thought to play a
role in obesity-induced AAA. Except for providing mechanical
support for aorta, PVAT is also a crucial endocrine tissue that
modulates vascular function [15]. Under normal physiological
conditions, PVAT exerts an anticontractile effect on the vascula-
ture by releasing vasoactive molecules. In the context of obesity,
PVAT expands dramatically and becomes dysfunctional, leading
to pro-inflammatory cytokine release [15-19] and immune cell
infiltration in aortic aneurysms [20-22], which may contribute
to AAA formation. In AAA, macrophages are the most abundant
immune cells that reside in the aortic wall and contribute to AAA
progression by producing proteolytic enzymes, specifically matrix
metalloproteinases (MMPs) and cytokines [16]. Although previous

Abdominal aortic aneurysm (AAA) is a degenerative vascular dis-
ease characterized by progressive structural deterioration and
dilation of the aortic wall [1, 2]. AAA mostly affects aged men and
accounts for 150,000-200,000 deaths globally every year [3]. Most
patients with AAA are usually asymptomatic until the aneu-
rysm ruptures, resulting in a mortality rate of 85%-90% [4, 5].
While progress has been made in understanding the underlying
mechanisms of AAA, there is no effective therapy at present to
prevent AAA progression, emphasizing the need to better under-
stand AAA molecular pathophysiology.

Obesity is an important risk factor for AAA [6-12]. A previous
study has shown that people with high body mass index (BMI)
are more likely to develop AAA than those with lower BMI [13].
In addition to their key roles in energy storage and expendi-
ture, adipose tissues secrete bioactive molecules in response to
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study has suggested the correlation between obesity-induced
PVAT inflammation and AAA formation, direct evidence support-
ing the casual relationship between PVAT inflammation and AAA
formation in the context of obesity is still lacking [17].

Cell death-inducing DNA fragmentation factor-like effector C
(CIDEC), also known as fat-specific protein 27 (FSP27) in mice, is a
lipid droplet (LD)-associated protein that plays an important role
in lipid storage in adipose tissue [18, 19]. Studies from our group
and others reported that CIDEC/FSP27 promotes LD growth by
mediating the exchange and transfer of lipid at the contact sites
of LDs [20-23]. A recent study from our group demonstrated that
mice lacking Fsp27 are protected from high-fat diet (HFD) or lep-
tin deficiency (ob/ob)-induced obesity due to lipodystrophy [20].
However, the role of CIDEC/FSP27 in PVAT dysfunction and AAA
pathogenesis remains unknown.

Given that CIDEC/FSP27 is implicated in lipid storage and adi-
pose tissue expansion, we hypothesize that it may play a role in
the development of obesity-related AAA. In the present study, we
demonstrated that CIDEC/FSP27 exacerbates PVAT inflammation
in HFD-induced obesity and consequently promotes HFD and
angiotensin II (Ang II)-induced AAA progression. Our findings
expand our knowledge of the role of PVAT in AAA and highlight
the potential of CIDEC/FSP27 as a therapeutic target for obesity-
related AAA.

Results

Reduced fat mass and inflammation in PVAT of
Fsp27-- mice

To determine whether CIDEC/FSP27 contributes to HFD-induced
PVAT expansion and inflammation, we first compared the expres-
sion level of Fsp27 in abdominal PVAT in wild-type (WT) and
Fsp27 knockout (Fsp27--) mice fed with chow or a 60% HFD for
three months. The results showed that Fsp27 mRNA and pro-
tein levels in abdominal PVAT were significantly upregulated in
response to HFD treatment (Fig. 1a and b). As previously reported,
Fsp27-- mice weighed about 40% less than the controls after
12-week HFD treatment (Fig. 1c), and the volume of both gonadal
and subcutaneous fat was significantly reduced in Fsp27-- mice
(Supplementary Fig. S1a and b). In mice, it is recognized that PVAT
around the abdominal and thoracic aortas have the features
of white adipose tissue (WAT) and brown adipose tissue (BAT),
respectively. We observed that the weight of abdominal PVAT was
significantly decreased in Fsp27-- mice fed with a chow diet or an
HFD, whereas no difference was observed in the weight of thoracic
PVAT between Fsp27-- mice and WT mice (Fig. 1d; Supplementary
Fig. Slc). Given that the abdominal PVAT is considered to con-
tribute to AAA progression, we focus on abdominal PVAT, which
is hereinafter referred to as PVAT. Histological analysis of PVAT
from WT and Fsp27-- mice showed that perivascular adipo-
cytes from Fsp27-- mice were characterized by multilocular LDs
when fed with a chow or an HFD (Fig. 1e). We next investigated
whether PVAT from Fsp27-- mice is protected from HFD-induced
inflammation by analyzing the expression levels of inflamma-
tory genes in PVAT by quantitative real-time polymerase chain
reaction (qPCR). We observed significantly reduced expression
levels of Ccl2 (C-C motif chemokine ligand 2), Tnfa (tumor necro-
sis factor-a), 116 (interleukin-6), and Il1b (interleukin-1B), as well
as Adgrel (F4/80, a macrophage-specific marker) in the PVAT of
Fsp27-"- mice (Fig. 1f). Overall, FSP27 deficiency leads to resistance
against the pathological expansion and inflammation of PVAT
induced by HFD.
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FSP27 deficiency attenuates HFD and Ang II-
induced AAA formation

We next investigated the role of CIDEC/FSP27 in the development
of AAA triggered by HFD-induced obesity. The current widely used
murine AAA models include Ang II infusion in apolipoprotein E
deficient (ApoE~-) mice, elastase infusion, and calcium chloride
exposure, which are not physiologically relevant to obesity-
related AAA in humans. To better study the involvement of PVAT
in obesity-related AAA in vivo, we induced AAA development by
using mice fed with an HFD and infused with Ang II. Both WT and
Fsp27-- mice were fed with HFD for three months and then sub-
jectedtoAng II infusion or sham treatmentfor four weeks (Fig. 2a).
In total, HFD and Ang II infusion led to the development of AAA
in 57% (8 of 14) of WT mice, including 14% (2 of 14) mortality from
aneurysm rupture. In contrast, only 15% (2 of 13) of Fsp27-- mice
developed AAA, with 7% (1 of 14) mortality from aneurysm rup-
ture (Fig. 2b and c). Either HFD or Ang II treatment only did not
induce AAA formation or death. Morphologically, aorta expan-
sion in Fsp27-- mice fed with an HFD and infused with Ang II
was significantly reduced (Fig. 2d). We did not observe any inci-
dence of aneurysms in mice treated with Ang II alone. However,
it is noteworthy that five-month-old C57BL/6] mice treated with
Ang II at a dosage of 1 pg/kg/min resulted in an approximate
10%-20% incidence of aneurysms. Our observation may be attri-
buted to a sampling bias, as the group consisted of only five mice,
which may not accurately reflect the true incidence of aneu-
rysms. No significant differences in systolic blood pressure were
observed between WT and Fsp27-- mice (Supplementary Fig. S2).
Ultrasonography further confirmed a significant reduction in the
diameter of the abdominal aorta in Fsp27-- mice (Fig. 2e and f).
Histologically, cellular and architectural changes of typical AAA
induced by HFD and Ang II treatment, including thrombus for-
mation and adventitial remodeling, were significantly decreased
in Fsp27-- mice compared to WT mice (Fig. 2¢g). In addition, we
observed no obvious structural difference in the formed aneu-
rysms between WT and Fsp27-- groups. These results indicated
that the main difference between WT and Fsp27-/- groups lied
in the incidence of AAA (Supplementary Fig. S4). Together, these
results suggest that Cidec/FSP27 deficiency protects against HFD
and Ang II-induced AAA formation.

To understand whether FSP27 deficiency affects the development
of thoracic aortic aneurysms and dissection (TAAD), we ana-
lyzed echocardiography and found that the incidence of
TAAD was comparable in WT (1 in 9) and Fsp27-- mice (1 in 7)
fed with an HFD and infused with Ang II (Supplementary
Fig. S5a). Although there was an increase in the luminal diame-
ter of the descending aorta in Fsp27-- mice, this observed change
did not reach statistical significance. It is noteworthy that the
thoracic PVAT from WT mice shared a morphological similarity
with BAT, as evidenced by the multilocular appearance of the adi-
pocytes (Supplementary Fig. S5b). In contrast, the thoracic PVAT
from Fsp27-- mice exhibited similarities to WAT, characterized by
adipocytes predominantly displaying a unilocular appearance. This
observation aligns with findings from our group and others [24, 25],
which showed that the size of LD was markedly larger in
the BAT of Fsp27-/- mice than in that of WT mice. This phenom-
enon can be explained by the predominant expression of FSP273
isoform in BAT, which contains 10 additional amino acids at the
N-terminal domain of the conventional FSP27a isoform in WAT.
FSP278 was suggested to promote small multilocular LD forma-
tion in BAT by inhibiting the homodimerization of CIDEA [25]. The
differential regional susceptibility of the aorta to aneurysm in the
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Figure 1 PVAT fat mass and inflammation are reduced in Fsp27-- mice. (a and b) Relative mRNA (a) and protein (b) levels of FSP27 in PVAT of WT and
Fsp27-- mice fed with a chow diet or an HFD for three months were determined by gPCR (a) and western blot analysis (b). (c and d) Body weight (c) or
weight of abdominal adipose tissues (d) from WT and Fsp27-- mice fed with a chow diet or an HFD for three months (n = 6). (¢) Hematoxylin and eosin
(H&E) staining of abdominal adipose tissues dissected from WT and Fsp27--mice fed with a chow diet or an HFD for three months. Scale bar, 50 pm.
(f) Relative mRNA expression levels of inflammatory genes in PVAT from WT and Fsp27-~ mice fed with an HFD for three months (n =5). Data are pre-
sented as the means + SEM. P values were calculated by two-way ANOVA with Bonferroni test (a, ¢, and d) and two-tailed unpaired Student’s t-test (f).

context of FSP27 deficiency could be attributed to the dual role
of FSP27 in modulating PVAT function across the abdominal and
thoracic regions.

FSP27 deficiency in adipose tissue protects mice
from HFD and Ang II-induced AAA formation

To further elucidate the contribution of adipocyte-derived CIDEC/

FSP27 in AAA formation, we generated adipocyte tissue-specific
Fsp27 knockout mice (Fsp274%°) by crossing Fsp27ix/lox (Fsp27%/1)

mice with Cre transgenic mice expressing the Cre recombinase
under the control of adipocyte-specific adiponectin promoter
(Adipog-Cre). The efficiency of Fsp27 knockout in PVAT was veri-
fied by gPCR and western blot analysis (Supplementary Fig. S3a
and b). Both Fsp27%% and Fsp274%° mice were fed with an HFD for
three months and infused with saline or Ang II for four weeks
(Fig. 3a). Adipocyte-specific deletion of Fsp27 resulted in reduction
of body weight and fat mass of PVAT (Supplementary Fig. S3c and d).
Consistent with the findings in Fsp27--mice, the incidence of AAA
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Figure 2 FSP27 deficiency reduces the incidence of HFD and Ang II-induced AAA. (a) Schematic experimental design. WT and Fsp27-~ mice fed with a
chow diet or an HFD for three months were administered with saline or Ang 1II for four weeks to induce AAA. (b) Table showing the incidence of AAA in
WT and Fsp27-- mice. (c) The incidence of AAA as described in (a). (d) Representative images showing the features of Ang II-induced aneurysms from
mice treated as described in (a). The arrow indicates an aorta aneurysm. Scale bar, 2 mm. (e) Representative ultrasound images of the abdominal aortas
from mice treated as described in (a). Aorta lumina are indicated by the yellow lines. (f) The quantitative results of (e). (g) Representative H&E staining
of the abdominal aortas from mice treated as described in (a). Scale bar, S0 ym. Data are presented as the means + SEM in (e). P values were calculated

by Fisher’s exact test (c) and two-way ANOVA with Bonferroni test (f).
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Figure 3 Fsp27 ablation in adipocytes protects mice from HFD and Ang II-induced AAA. (a) Schematic experimental design. In brief, WT and Fsp27-/-
mice fed with a chow diet or an HFD for three months were administered with Ang II for four weeks to induce AAA. (b) Table showing the incidence
of AAA in Fsp27%% and Fsp274%° mice. (c) Bar graph showing incidence of AAA as described in (a). (d) Representative images showing the features of
Ang II-induced aneurysms. The arrow indicates an aorta aneurysm. Scale bar, 2 mm. (e) Representative ultrasound images of the abdominal aortas
from mice treated as described in (a). Aorta lumina are indicated by the yellow lines. (f) The quantitative results of (e). (g) Representative H&E staining
of the abdominal aortas from mice treated as described in (a). Scale bar, 50 um. Data are presented as the means + SEM in (f). P values were calculated

by Fisher’s exact test (c) and two-way ANOVA with Bonferroni test (f).

in Fsp274%© mice (22%, 4 of 18, including 1 died from aneurysm rup-
ture) was significantly reduced compared to that of Fsp27%% mice
(63%, 14 of 22, including 4 died from aneurysm rupture) (Fig. 3b
and c). Aortic width expansion induced by HFD and Ang I was
significantly reduced in Fsp274%° mice compared to Fsp27%! mice
(Fig. 3d). FSP27 deficiency in adipose tissue significantly reduced
HFD and Ang II-induced aortic dilation as determined by ultra-
sound (Fig. 3e and f). We further examined the pathophysiological
changes of the aortic tissue. Representative photographs of aor-
tic specimens show that aortic wall thickness was significantly

reduced in HFD and Ang Il-treated Fsp274%° mice compared to
Fsp27%% mice (Fig. 3g). These data demonstrate that Fsp27 abla-
tion in adipocyte tissue significantly decreases the incidence of
obesity-triggered AAA.

FSP27 deficiency in adipose tissue reduces
MMP12 expression and macrophage infiltration
in AAA lesions

To understand the mechanism by which CIDEC/FSP27 regulates
AAA formation, we profiled the transcriptome of aortic samples
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Figure 4 FSP27 deficiency in adipocytes reduces macrophage infiltration in AAA lesions. (a) Schematic illustration of experimental design. Fsp27%% and
Fsp274%© mice were fed with a chow diet or an HFD for three months and administered with Ang II for four weeks. Aortas were subjected to RNA-seq
analysis (n =4). (b) PCA score plot of the aortic transcriptome data obtained from mice as described in (a). (c) Volcano plot of DEGs using the same data
as in (a) (blue, downregulated; red, upregulated; gray, not significant; adjusted P value < 0.05 and absolute fold change (FC) > 2). (d-f) Relative mRNA
expression of Mmp2, Mmp9, and Mmp12 in the aneurysmal tissues of mice fed with a chow diet or an HFD and then infused with or without Ang II
(n="5). (g-1) Relative mRNA expression of Mmp2, Mmp9, and Mmp12 in the aortas of Fsp27%% and Fsp274° mice fed with a chow diet or an HFD and then
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from both Fsp27%" and Fsp274%° mice subjected to an HFD and Ang
II treatment using RNA sequencing (RNA-seq) (Fig. 4a). Principal
component analysis (PCA) of the gene expression profiles revealed
asignificantseparation between Fsp27¥% and Fsp274*°mice (Fig. 4b).
Using adjusted P < 0.05 and absolute log,(fold change) > 1 as the
cutoff criteria, we have identified 883 differentially expressed
genes (DEGs), with 113 transcripts upregulated and 770 tran-
scripts downregulated in Fsp274%© mice compared to Fsp27¥1
mice. Notably, one of the most downregulated genes in the aortas
of Fsp272¥© mice was Mmp12 (Fig. 4c), which is primarily expressed
in macrophages and is involved in the breakdown of extracellular
matrix proteins in AAA [26].

The degradation of elastin and collagen in the aneurysm wall
by MMPs is recognized as a critical contributor to the pathogene-
sis of AAA. To assess the involvement of MMPs in obesity-related
AAA progression, we examined the expression of MMPs in the
aortas of both chow and HFD-fed mice infused with saline or
Ang II. The results showed that HFD induced a two-fold increase
in the expression level of Mmp2, whereas there was no signifi-
cant difference in the expression level of Mmp9 between the
two groups of mice (Fig. 4d and e). The expression of Mmp13 was
barely detectable (data not shown). Notably, Mmp12 was dramati-
cally increased in mice fed with an HFD compared to those fed
with a chow diet, regardless of whether the mice were infused
with Ang II or not (Fig. 4f), suggesting that MMP12 might be
specifically correlated with HFD-induced PVAT inflammation.
We next checked the expression levels of MMPs in the aortas
from both Fsp27¥1 and Fsp27%° mice fed with either a chow diet
or an HFD and infused with Ang II. The mRNA levels of Mmp2
and Mmp9 were either unchanged or increased in the absence
of FSP27, respectively (Fig. 4g and h; Supplementary Fig. S6). In
contrast, the mRNA level of Mmp12 was significantly decreased
in the aortas of Fsp274%° mice than those of Fsp27%! mice
(Fig. 4i; Supplementary Fig. S6). Immunohistochemical analysis
further confirmed that MMP12 staining was significantly reduced
in the aortas of Fsp274%° mice compared to that of Fsp27%f mice
(Fig. 4j and k).

Previous studies showed that MMP12 is predominantly
secreted by macrophages during AAA formation [27]. Therefore,
we investigated the possibility that reduced infiltration of mac-
rophages leads to decreased MMP12 production in the aortas
during AAA formation in the absence of FSP27. Gene set enrich-
ment analysis showed that the Gene Ontology (GO) gene sets
“macrophage migration” was substantially downregulated in
the aortas from Fsp274%0 mice (Fig. 41). The expression levels of
most genes associated with these GO gene sets “macrophage
migration”, including the chemokine CCL2, were decreased in
the aortas of Fsp274%° mice (Fig. 4m). Furthermore, the mRNA
level of F4/80 was significantly reduced in the aortas of Fsp274k0
mice (Fig. 4n). Immunohistochemical staining revealed a signifi-
cant reduction in the number of F4/80* cells in the aortic walls
of Fsp27#%© mice (Fig. 40 and p). These results indicate a signifi-
cant decrease in macrophage recruitment in Fsp274% mice.
Furthermore, immunohistochemical staining of MMP12 and
F4/80 in serial sections from Fsp27%% mice showed a correlation
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between the positive stained regions of MMP12 and F4/80 (Fig. 4q),
indicating that the expression of MMP12 probably derives
from macrophages, in accordance with previous studies [27].
Collectively, these findings suggest that MMP12 levels and infil-
tration of macrophages were diminished in the aortas of Fsp274%©
mice in obesity-related AAA.

FSP27 in adipocytes promotes macrophage
recruitment by modulating the production of
CCL2

We furtherreasoned that the decrease in macrophage recruitment
to the aortas observed in Fsp274%° mice was probably attributed to
the reduced secretion of chemokines by perivascular adipocytes.
One such chemokine, CCL2 (also known as monocyte chemoat-
tractant protein-1, MCP1), a potent recruiter of monocytes and
macrophages, was shown to be downregulated in the aortas of
Fsp274%0 mice compared to that of Fsp27%f mice (Fig. 4m). We con-
firmed that CCL2 expression was downregulated in the aortas of
Fsp274%° mice as determined by gPCR and immunohistochemistry
(Fig. 5a and b). This led us to hypothesize that FSP27 plays an
important role in regulating Ccl2 expression in adipocytes. To
investigate this potential role of FSP27, we used lentiviral vector-
based short hairpin RNA (shRNA) to silence the expression of
FSP27 in 3T3-L1 pre-adipocytes and induced adipocyte differenti-
ation. This resulted in efficient suppression of FSP27 expression in
differentiated 3T3-L1 adipocytes (Fig. 5¢c). Knockdown of FSP27 led
to a reduction in the expression and secretion of CCL2, as deter-
mined by gPCR and enzyme-linked immunosorbent assay (ELISA)
(Fig. 5d and e).

To confirm the effects of FSP27 on macrophage recruitment,
we collected the conditioned culture medium from scrambled
shRNA lentivirus (shNC) and FSP27-targeting lentivirus (shFSP27)-
transduced 3T3-L1 adipocytes and performed in vitro transwell
assays with mouse RAW?264.7 cells. We found that the conditioned
medium from shFSP27 adipocytes significantly reduced mac-
rophage infiltration compared to that from shNC 3T3-L1 adipo-
cytes (Fig. 5f). These results led us to investigate the possibility
that FSP27 deficiency in adipocytes may result in reduced mac-
rophage infiltration in PVAT. We performed whole-mount staining
of PVAT from WT and Fsp27--mice fed with an HFD, and the results
showed that PVAT-infiltrated macrophages were significantly
reduced in Fsp27-/- mice compared to that of WT mice (Fig. 5g).
Furthermore, overexpression of FSP27 in 3T3-L1 adipocytes
increased the expression and secretion of CCL2 (Fig. 5h—j), leading
to an increase in macrophage infiltration compared to the controls
(Fig. 5k). To confirm that this effect is mediated by the CCL2/C-C
motif chemokine receptor 2 (CCR2) axis, we used a CCR2-selective
antagonist RS102895 in the transwell assay. We found that block-
ade of CCR2 signaling in RAW264.7 cells significantly decreased
macrophage migration when cultured with the supernatant from
FSP27-overexpressing 3T3-L1 adipocytes (Fig. 5k).

To further assess the direct impact of FSP27 deficiency on
CCL2 production and macrophage migration in PVAT, we col-
lected PVAT from WT and Fsp27-- mice subjected to an HFD for
two months, and then collected conditioned medium from these

infused with Ang II (n = 5). (j) Immunohistochemical staining of the abdominal aortic sections for MMP12 in Fsp27%1 and Fsp274¥° mice as described in
(a). Scale bar, 50 pm. (k) Statistical analysis of MMP12 expression in (j). (1 and m) GSEA enrichment plot (1) and heatmap (m) of macrophage migration-
associated gene set from the same data as in (a). (n) Relative mRNA expression of F4/80 in the aneurysmal tissues of Fsp27%1 and Fsp274%° mice (n = 5).
(0) Immunohistochemical staining of the abdominal aortic sections for F4/80 in Fsp27%% and Fsp274%° mice as described in (a). Scale bars, 50 um.
(p) Statistical analysis of F4/80 expression in (0). (q) Representative immunohistochemical staining in serial sections showing the expression of F4/80
and MMP12 in the aortas of Fsp27%¥% mice treated with HFD and Ang II. Data are presented as the means + SEM. P values were calculated by Fisher’s
exact test (c), two-way ANOVA with Bonferroni test (d-i), and Student’s t-test (m). ns, not significant.
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Figure 5 FSP27 in adipocytes promotes macrophage migration through the CCL2/CCR2 axis. (a) Relative mRNA expression of Ccl2 in the aneurysmal
tissues of Fsp27%% and Fsp274%° mice fed with an HFD and then infused with Ang II (n =6). (b) Immunohistochemical staining of CCL2 and quantitative
analysis of positive staining signals in the abdominal aortic sections from Fsp27%% and Fsp274¥© as treated in (a). Scale bar, 50 pm. (c and d) Gene expres-
sion levels of Fsp27 (c) and Ccl2 (d) determined by qPCR in 3T3-L1 adipocytes expressing negative control (shNC) or Fsp27 shRNA (shFsp27). (e) Secreted
CCL2 in the supernatant from shNC and shFSP27 3T3-L1 adipocytes after 24 h culture (n = 4). (f) RAW264.7 cells were allowed to migrate towards the
conditioned medium from shNC and shFsp27 3T3-L1 adipocytes for 24 h, followed by staining with crystal violet. Three fields from each chamber were
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PVAT samples and determined the levels of CCL2. The results
revealed a significant reduction in CCL2 levels in the conditioned
medium derived from Fsp27-- PVAT (Fig. 51). We next analyzed
the capacity of the conditioned medium to stimulate mac-
rophage migration using a transwell assay. The results showed
that the number of migrated macrophages cultured with condi-
tioned medium from Fsp27-- PVAT was dramatically decreased
(Fig. 5m). Subsequently, the capacity of PVAT to induce mac-
rophage migration was assessed using the transwell co-culture
system, in which RAW?264.7 cells were incubated with PVAT
from WT and Fsp27-- mice fed with an HFD. The results showed
that the number of migrated cells in Fsp27-/- group was much
reduced than that of WT group (Supplementary Fig. S7). These
results suggest that FSP27 deficiency can negatively impact
the ability of PVAT to induce macrophage recruitment. In addi-
tion, vascular smooth muscle cells (VSMCs) can also adopt a
pro-inflammatory phenotype and secrete inflammatory factors
including CCL2. To determine whether FSP27 deficiency in adi-
pocytes affect CCL2 production from VSMCs, we isolated PVAT
from WT and Fsp27-- mice that were fed with an HFD for two
months, and then cultured primary VSMCs with the conditioned
medium collected from WT and Fsp27-- PVAT samples. CCL2
expression and secretion were shown to be comparable between
VSMCs treated with conditioned medium from WT and Fsp27--
PVAT samples (Supplementary Fig. S8). Moreover, to understand
the clinical relevance of CIDEC/CCL2 axis in AAA progression,
we analyzed the expression levels of CIDEC/FSP27 and CCL2 in a
published human AAA study [28]. Microarray data from 59 sam-
ples including 10 control organ donors, 20 patients with small
AAAs, and 29 patients with large AAAs were obtained. The levels
of both CIDEC and CCL2 were significantly upregulated in large
AAA sections compared to control aortas (Supplementary Fig. S9).
Together, these data indicate that FSP27 promotes the expression
and secretion of CCL2 by adipocytes, leading to an increase in
macrophage migration through the CCL2/CCR2 axis.

FSP27 enhances CCL2 expression through c-Jun
N-terminal kinase (JNK) activation

The activation of mitogen-activated protein kinases (MAPKs),
including JNK and p38, was suggested to mediate CCL2
expression and secretion in many cell types including adi-
pocytes [29-31]. We thus investigated whether JNK and
p38 signaling are regulated by FSP27 in adipocytes. In pri-
mary adipocytes isolated from Fsp27-- mice, TNF-a stim-
ulated JNK and p38 phosphorylation was significantly
decreased compared to that from WT mice (Fig. 6a and b).
Conversely, overexpression of Fsp27 in 3T3-L1-derived adipo-
cytes resulted in elevated phosphorylation levels of JNK and p38
(Fig. 6c and d). To address the possible role of specific members of
the MAPK family in mediating this process, we tested the process
with chemicalinhibitors of JNK and p38. We observed thatJNKinhi-
bition by SP600125, butnot p38inhibition by SP230580, significantly
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abrogated Fsp27 overexpression-induced Ccl2 expression in 3T3-
L1 adipocytes (Fig. 6e). These results suggest that CIDEC/FSP27
promotes Ccl2 expression by activating JNK pathway.

Discussion

Obesity is an important risk factor for AAA, but the underlying
mechanisms remain unclear. The identification of genes that
regulate PVAT function in the context of obesity is crucial to
understanding the correlation between obesity and AAA. In
this study, we describe and dissect the functional importance of
CIDEC/FSP27 in mediating PVAT expansion and AAA progression.
We demonstrate that genetic deletion of Fsp27 both in whole body
and in adipocytes was sufficient to abrogate HFD/Ang Il -triggered
AAA growth, and CIDEC/FSP27 promotes adipocyte-derived CCL2
production through JNK signaling (Fig. 6f). Modulation of FSP27/
CCL2 axis may be a novel therapeutic target for obesity-related
AAA.

Obesity was reported to increase the incidence of AAA. In a
Swedish population-based study, a positive correlation was found
between waist circumference and the risk of developing AAA
[32]. Specifically, in a large US cohort of middle-aged and older
men, the multivariable hazard ratio (HR [95% confidence inter-
val (95% CI)]) for newly diagnosed AAA was 1.30 for baseline
BMI 25-30 kg/m? and 1.69 for BMI > 30 kg/m? compared to men
who had BMI < 25 kg/m? [13]. PVAT, characterized by low-grade
inflammation and dysfunction in the context of obesity, has
been considered to be a critical link between obesity and AAA
[17]. Importantly, transcriptome profiling in patients with AAA
has revealed that immune-response genes are strongly overrep-
resented in PVAT of AAA compared with PVAT of the non-dilated
aortas [33-35]. Infiltrated inflammatory cells and expression
of proteases were observed in PVAT adjacent to human AAAs
[36]. In our study, we have discovered a mechanistic respect of
obesity-driven AAA formation that is mediated by CIDEC/FSP27,
an LD-associated protein mainly expressed in adipocytes, act-
ing as a pivotal regulator of aortic inflammation and vascular
remodeling. We put mice on an HFD to induce obesity and then
infused mice with Ang II according to previous study [17]. We
have discovered that global deletion or adipocyte-specific defi-
ciency of Fsp27 provides protection against obesity-driven AAA in
mice. Transcriptome profiling has revealed that FSP27 deficiency
downregulates MMP12 and macrophage infiltration in the aortas.
Mechanistically, in vitro findings have shown that FSP27 promotes
the expression and production of CCL2 by adipocytes via JNK sig-
naling, leading to subsequent macrophage infiltration to PVAT
and the aortic walls. These observations reinforce the causal link
between PVAT inflammation and AAA progression.

According to the studies of our group and others, in mice fed
with HFD, FSP27 deficiency-related defective adipose lipid stor-
age results in increased circulating triglyceride and insulin resist-
ance [24, 37], both of which are established risk factors for AAA.

counted and averaged. Scale bar, 50 ym (n = 4). (g) Representative images of F4/80* (red) stained macrophages of PVAT sections from WT and Fsp27-/~
mice fed with an HFD. F4/80* (red) stained macrophages are denoted by arrowheads. Scale bar, 50 pm. Quantification of F4/80* macrophages per field
is shown on the right (n = 4). (h and i) Gene expression of Fsp27 (h) and Ccl2 (i) determined by gPCR in 3T3-L1 adipocytes expressing an empty vector
(Vector) or Fsp27-overexpression vector (Fsp27-OE) (n = 3). (j) Secreted CCL2 in the supernatant from 3T3-L1 adipocytes overexpressing an empty vector
or Fsp27 after 24 h culture (n = 4). (k) RAW264.7 cells were allowed to migrate towards the conditioned medium from 3T3-L1 adipocytes overexpress-
ing an empty vector or Fsp27 for 24 h in the presence or absence of RS102895 (5 ymol/L). Three fields from each chamber were counted and averaged
(n=4). Scale bar, 50 ym. (1 and m) The concentration of CCL2 was determined by ELISA (l) and the capacity of the conditioned medium to stimulate
RAW?264.7 cell migration was assessed by a transwell assay (m). PVAT was isolated from both WT and Fsp27-~ mice that had been fed with an HFD for
three months, and conditioned medium from the PVAT was collected. Data were expressed as means + SEM. P values were calculated by Student’s t-test

(a-m) and two-way ANOVA with Bonferroni test (k). ns, not significant.
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Figure 6 FSP27 enhances CCL2 expression via JNK pathway. (a) WT and Fsp27-- primary adipocytes (adipose-derived SVF) stimulated with TNF-a for
the indicated times. Cell lysates were analyzed for phosphorylation levels of JNK and p38 by western blot analysis. (b) Corresponding densitometry
analyses of (a) (n=3). (c) Differentiated control and Fsp27-overexpressing 3T3-L1 cells were treated with TNF-a and analyzed for phosphorylation lev-
els of JNK and p38 by western blot analysis. Exogenous and endogenous FSP27 were indicated by black arrowhead and white arrowhead, respectively.
(d) Corresponding densitometry analyses of (c) (n = 3). (€) The expression of Ccl2 determined by qPCR (n = 3). 3T3-L1 adipocytes overexpressing an empty
vector (Vector) or Fsp27 (Fsp27-OFE) were treated with SP600125 (20 pmol/L) or SP230580 (20 pmol/L) for 24 h. (f) Schematic model showing that CIDEC/
FSP27 promotes obesity-related AAA by modulating adipocyte-derived CCL2 secretion and macrophage infiltration through JNK signaling. Data are
expressed as means + SEM. P values were calculated by Student’s t-test (b and d) and two-way ANOVA with Bonferroni test (e and f). ns, not significant.

However, our results demonstrated a remarkable decrease in tissues [38, 39]. Inflammatory infiltration is a major pathological

AAA incidence in Fsp27~- and Fsp274%° mice subjected to HFD and
Ang II treatment compared to the controls. This finding implies
that the anti-inflammatory effect of p53 deficiency may mitigate
the impact of FSP27 deficiency-related hypertriglyceridemia and
insulin resistance on AAA progression.

Obesity is marked by chronic, low-grade inflammation, pri-
marily driven by the infiltration of macrophages into adipose

feature of AAA in animal and human studies [40-42]. Infiltrated
macrophages, found in the media and adventitia of the aorta,
have been shown to promote AAA progression through aggravat-
ing inflammation and vascular remodeling [42]. The majority of
macrophages that accumulate in the aortic wall during AAA pro-
gression probably derive from circulating monocytes mobilized
in response to chemokines such as CCL2 [41, 42]. The expression
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of CCL2 in aneurysmal tissue is significantly elevated in both
mouse models and patients with AAA, suggesting its importance
in AAA progression [43]. Mice lacking CCR2 are protected from
AAA due to the limited recruitment of monocytes to the aorta
[44]. Small interfering RNA (siRNA)-mediated inhibition of CCR2,
the receptor of CCL2, leads to reduced AAA formation and mac-
rophage infiltration [45]. Pro-inflammatory chemokines and
cytokines derived from PVAT in the aortic wall might be impor-
tant sources contributing to the development of AAA [46]. For
example, the expression levels of CCL2 were found to be dramati-
cally increased in PVAT of HFD-fed mice compared to chow diet-
fed mice [17]. CCL2 is secreted by various cell types, including
endothelial cells, smooth muscle cells, leukocytes, and adipocytes
[47]. Our study found that CCL2 was significantly reduced in PVAT
from Fsp274%° mice, leading to reduced macrophage infiltration
and MMP12 production. In in vitro experiments, FSP27 overexpres-
sion in 3T3-L1 adipocytes induced CCL2 expression and secretion,
while knockdown of Cidec resulted in reduced CCL2 expression
and secretion. Thus, adipocytes and macrophages appear to work
collaboratively to form a positive feedback loop to promote AAA
progression.

MMPs have been implicated in the development and progres-
sion of aortic disease like AAA and aortic dissections [48, 49].
Specifically, MMP2 and MMP9 have been implicated as key play-
ers in aneurysmal expansion [50]. However, we showed that
when mice were fed with an HFD and infused with Ang II,
the expression of Mmp9 was barely detectable, suggesting that
MMP9 is probably not involved in obesity-related AAA progres-
sion. Instead, we found that Mmp12 was specifically increased
in mice fed with an HFD. MMP12 is prominently expressed by
aneurysm-infiltrating macrophages within the degenerating
aortic media of patients with AAA [27, 51], as well as in the
aortas from mice treated with CaCl, or treated with Ang II and
anti-transforming growth factor- (TGF-B) antibody [26, 52].
In CaCl,-induced murine aneurysm model, Mmp12 deficiency
significantly attenuates aneurysm growth [18]. Notably, a
recent study suggested that Mmp12 deficiency prevents vascu-
lar remodeling and AAA rupture in Apoe”~ mice infused with
Ang II [53]. We further found that Mmp12 was one of the most
significantly reduced genes in the aortas of Fsp27-- mice. The
reduced Mmp12 expression in Fsp274%© mice might be, at least
in part, due to reduced macrophage infiltration to the aortas,
although the exact mechanism of how FSP27 in adipocytes sig-
nals to upregulate MMP12 production remains to be further
established.

The primary effective treatments for AAAs are open surgery
and endovascular repair, but these methods may not provide
clear benefits for small AAAs. Various therapeutic and preventive
drugs have been tested in animals and clinical trials for AAAs,
such as statins, p-adrenoceptor antagonists, renin-angiotensin
system inhibitors, and doxycycline [54, 55]. However, at present,
there is no established drug therapy that can efficiently inhibit
the progression of AAAs or reverse small AAAs. Considering the
potential roles of PVAT in AAA progression, PVAT is being explored
as a potential target for treating AAAs. Notably, a peroxisome
proliferator-activated receptor y (PPARy) agonist has been shown
to reduce MMP12 levels and the inflammatory status of PVAT,
leading to significant attenuation in arterial stiffening in a murine
study [56]. In our study, we utilized an HFD and Ang II-induced
mouse AAA model. Although this model has not been widely
used in AAA studies yet, its pathological changes are consid-
ered to be relevant to the pathophysiological changes in human
obesity-related AAA. We showed that depletion of FSP27 in
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adipose tissue significantly alleviated AAA progression, as evi-
denced by the inhibition of aortic dilation and remodeling in the
infrarenal aorta, thereby establishing a basis for its potential
clinical application in AAA treatment. Indeed, targeting adipose
progenitor cells through gene therapy shows promise for clinical
feasibility. For instance, delivery of human BSCL2 gene via adeno-
associated virus in a pre-clinical mouse model of congenital gen-
eralized lipodystrophy has shown promising results [57]. Further
studies are needed to assess the clinical efficacy of FSP27 deple-
tion in AAA treatment.

One limitation of our study is that we were unable to use PVAT-
specific FSP27-deficient mice due to the unavailability of PVAT-
specific Cre lines. To assess the direct impact of FSP27 on PVAT,
we collected PVAT from both WT and Fsp27-- mice subjected
to an HFD for two months. The CCL2 levels in the conditioned
medium, along with the capacity of this medium from Fsp27-/-
PVAT to induce macrophage migration, were notably decreased.
Subsequent co-culture experiments with macrophages also
demonstrated a significant reduction in the capacity of Fsp27--
PVAT to stimulate macrophage migration. These results sug-
gest that FSP27 deficiency in PVAT alone can negatively impact
macrophage recruitment. Furthermore, the occurrence of TAAD
was similar in both WT and Fsp27-- groups, although FSP27-
deficient mice exhibited a non-significant increase in the luminal
diameter of the descending aorta. Interestingly, WT PVAT resem-
bled BAT and FSP27-deficient PVAT resembled WAT. The varying
susceptibility of the thoracic and abdominal aortas to aneurysms
in the context of FSP27 deficiency suggests that the markedly
decreased AAA incidence in FSP27-deficient mice may be partly
due to changes in the inflammatory status of abdominal PVAT. To
further study the role of PVAT in AAA progression independent
of whole-body adipose tissue, it would be worthwhile to identify
PVAT-specific marker genes and develop PVAT Cre driver lines.

In summary, we demonstrate that loss of CIDEC/FSP27 both in
the whole body and in adipose tissue leads to a significant reduc-
tion of incidence and dilation of AAA after HFD treatment and
Ang 1II infusion. Transcriptome profiling indicates that inflam-
matory responses are reduced in Fsp27-- mice. CIDEC/FSP27 pro-
motes PVAT inflammation by inducing CCL2 expression, which
subsequently induces macrophage infiltration and MMP secre-
tion. These results provide new mechanistic insights on PVAT
inflammation during AAA progression.

Materials and methods

Mice

Fsp27-null (Fsp27--) mice on the CS57BL/6] background were
generated by our group [58]. Fsp27%! mice were kindly provided
by Dr. Gonzalez [37]. Fsp274%° mice were generated by crossing
Fsp27¥" and adiponectin-Cre mice from the Jackson Laboratory.
All mice were maintained at a constant temperature of 22°C
and 60%—65% humidity with a 12-h dark/12-h light cycle in the
pathogen-free animal facility. All experiments were carried out
in accordance with the guidelines of Fudan University Animal
Care Committee for the use and care of laboratory animals. Our
study conformed to the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health.

PVAT isolation

The 10- to 12-week-old male mice were placed on a chow diet or
an HFD (Research Diet, RD12492) for three months. Animals were
sacrificed with an inhalation overdose (5%) of isoflurane. After
opening the abdominal cavity, the abdominal aorta was cut from
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the diaphragm to the infrarenal branch. Aortic tissues were put
under a stereomicroscope and in a Petri dish filled with saline.
Periaortic adipose tissue was then carefully separated from the
aortas.

Aneurysm induction

For establishment of obesity-induced AAA model, 10- to
12-week-old male mice were placed on an HFD (Research Diet,
RD12492) for three months and then infused with Ang II or
saline. Briefly, a mini osmotic pump (Alzet, Model 1004, DURECT
Corporation, Cupertino, CA) loaded with Ang II (A9525; Sigma,
St. Louis, MO) or saline was implanted into the subcutaneous
space through a small incision in the dorsum of the neck. The
injection was performed at a rate of 1 ug/kg/min. During sur-
gery, anesthesia was maintained with inhaled isoflurane (2.5%).
All animals received buprenorphine at 0.25 mg/kg before sur-
gery and every 12 h for 48 h after surgery. The suprarenal aortic
diameters of mice that survived to the end of Ang II infusion
were examined by ultrasonography. Mice were initially anes-
thetized using 3% isoflurane. Ultrasonic B-mode images of the
abdominal aortas were obtained in mice anesthetized with 2%
isoflurane using a Vevo 2100 Imaging System (Visual Sonics,
ON, Canada) equipped with a 40-MHz probe. Long-axis scans of
the aortas were performed on the abdominal aortas from the
left renal arterial branch level to the suprarenal region. Two-
dimensional abdominal images of the abdominal aortas were
acquired and measured to determine the maximal diameter in
the suprarenal region of the abdominal aortas. Aneurysm for-
mation was identified as an increase in the outer width of the
suprarenal aorta by at least 50% or greater compared with that
in saline-treated mice. After animals were sacrificed with an
inhalation overdose (5%) of isoflurane, aortas were harvested
and fixed in 4% paraformaldehyde, and the maximum external
aortic diameters were photographed and measured. The tissues
were then processed for pathological assessment and other bio-
chemical assays.

Measurement of systolic blood pressure

Systolic blood pressure was measured in mice using the tail-cuff
system (Kent Scientific). Mice were placed in the temperature-
controlled restrainer for 15min. Blood pressure was then
measured repeatedly and recorded on a data acquisition system
(PowerLab, 16/s, ADInstruments). This measurement was per-
formed one day before pump implantation as baseline and on
the 28th day after Ang II infusion. Systolic blood pressure was
averaged from five consecutive measurements.

Histology and immunohistochemistry

PVAT and aortic samples isolated from the mice were fixed with
4% paraformaldehyde for 24 h and embedded in paraffin. Serial
sections (5 um each) were created at intervals of approximately
500 pm. Paraffin sections were further used for hematoxylin and
eosin (H&E) staining or immunohistochemistry. For immuno-
histochemistry staining, sections were deparaffinized and rehy-
drated sequentially in xylene, 100% ethanol, 90% ethanol, 70%
ethanol, and distilled water, and then autoclaved in 10 mmol/L
sodium citrate buffer (pH 6.0) for antigen retrieval at 121°C for
15 min. Sections were treated with 3% hydrogen peroxide to
quench endogenous peroxidase activity at room temperature for
10 min and then blocked with 2% bovine serum albumin (BSA) at
room temperature for 1 h. Next, aortic sections were incubated
with anti-MMP12 antibody (Bioss), anti-CCL2 antibody (Bioss), and
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anti-F4/80 antibody (CST) at 4°C overnight, and incubated with
secondary antibodies at 37°C for 30 min. Finally, the sections were
stained with diaminobenzidine and counterstained with H&E.

RNA-seq

Total RNA was extracted from aortic samples containing PVAT
from Fsp27%% and Fsp274%° mice subjected to an HFD and Ang II
treatment. RNA library was prepared with TruSeq RNA Library
Prep Kit v2 (Hlumina) and S0bp non-stranded single-end
sequencing was performed on a HiSeq 4000 platform (Hllumina),
with an average of 43 million reads for each sample. RNA-seq
read mapping was performed. Gene expression quantification
was performed using Salmon v0.14.0, and differential expression
analysis was performed with DESeq2 package in R. The DEGs
were identified by fold change values greater than 2 and P < 0.05.
Genes were mapped to the HALLMARK gene set in the Molecular
Signatures Database (MSigDB) for pathway analysis.

RNA quantification

Total RNA from mouse abdominal aortic tissues or cultured cells
was extracted using TRIzol reagent (Invitrogen). Isolated RNA
was reverse-transcribed to cDNA using reverse transcriptase
(TaKaRa Biotechnology, Dalian, China). gPCR was performed with
the SYBR Green PCR system in an ABI Q5 thermal cycler (Applied
Biosystems, USA). The relative mRNA expression was normalized
to B-actin and assessed by the 2-*2“ method. The primer sequences
used are listed in supplemental material online (Supplementary
Table S1).

ELISA

The concentration of CCL2 in the supernatant from 3T3-L1 adi-
pocytes was quantified using ELISA kit according to the manu-
facturer’s protocols. Optical density values were measured at a
wavelength of 450 nm in an ELISA plate reader.

Plasmid construction

Full-length Fsp27 cDNA construct was generated by our group
[21]. For lentiviral overexpression, Fsp27 cDNA was subcloned into
pCDH-EF1-MCS-IRES-Puro (System Biosciences). For knockdown,
shRNA of Fsp27 was designed and cloned into pLKO.1 (Addgene,
10878).

Primary VSMC isolation

Aortas were collected from WT eight-week old mice. After
removing the adipose tissue, the aortas were incubated in
Dulbecco’s modified Eagle’s medium (DMEM) with 1 mg/mL
collagenase II (Sigma) at 37°C for 10 min. Adventitia were
removed under a dissecting microscope. The remaining aortas
were cut into small pieces and further digested with DMEM
containing 1.5 mg/mL collagenase II and 0.5 mg/mL elastase
(Thermo Fisher Scientific) at 37°C for 1 h, with gentle shaking
every 10 min. The isolated cells were then washed and plated
in complete medium (DMEM-low glucose containing 20% fetal
bovine serum (FBS), 100 IU/mL penicillin (Gibco BRL), and
100 pg/mL streptomycin (Gibco BRL)). Studies were performed
using passage 3-5 cells.

Cell culture and treatment

HEK293T cells, 3T3-L1 preadipocytes, and RAW?264.7 cells were
cultured in DMEM (Thermo Fisher) supplemented with 10% FBS
(Gibco BRL), 100 IU/mL penicillin (Gibco BRL), and 100 ug/mL
streptomycin (Gibco BRL) at 37°C in a humidified atmosphere
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containing 5% CO,. Primary stromal vascular fractions (SVFs)
and 3T3-L1 pre-adipocytes were cultured and differentiated into
mature adipocytes using a standard hormone cocktail as previously
described [59].

Ex vivo fat tissue explant culture and co-culture
experiments

WT and Fsp27-- mice subjected to HFD were sacrificed, and
equal amounts of PVAT were rinsed in phosphate-buffered saline
(PBS) and incubated in serum-free DMEM supplemented with 1%
penicillin-streptomycin for 48 h. Co-culture experiments were
conducted in 12-well transwell plates with 0.8-um pore-sized
filters (Corning Costar, USA). Adipose tissues were placed in the
bottom chamber and RAW264.7 cells were seeded to the insert.

Adipose tissue explant conditioned media

PVAT was isolated from WT and Fsp277/- mice fed with an
HFD for three months. PVAT (20 mg) was incubated as an
explant in serum-free DMEM supplemented with 1% penicillin-
streptomycin, maintained at 37°C in a 5% CO, atmosphere for
24 h. The explant culture media were subsequently collected,
centrifuged, and frozen at —80°C as whole adipose tissue explant
conditioned media.

Transwell assay

Transwell assay was assessed using 8-um transwell filters
(Millipore, Billerica, MA, USA) in a 12-well plate. Macrophages
were added into the upper chamber containing basic culture
medium without serum, and the lower chamber was filled with
conditioned culture medium from 3T3-L1 adipocytes. Macrophage
migration was determined 24 h later. Cells on the lower surface of
the membrane were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet. The number of infiltrating cells was
counted in five randomly selected microscopic fields of each filter.

Western blot analysis

Mouse aortic tissue or cellular proteins were extracted using
radioimmunoprecipitation assay (RIPA) buffer (25 mmol/L
Tris—HCI pH 7.6, 150 mmol/L NacCl, 1% NP-40, 1% sodium deoxy-
cholate, and 0.1% SDS) containing protease inhibitors (Roche).
Protein samples were electrophoresed on 10% SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membranes.
Then, the membranes were blocked with 5% BSA in TBST and
incubated with primary antibodies at 4°C overnight. Membranes
were washed with TBST and incubated with a horseradish
peroxidase-conjugated secondary antibody. Protein bands were
detected by the ECL-plus system (Thermo Fisher).

Lentivirus production and infection

Lentivirus was produced by co-transfecting a knockdown or over-
expression vector with psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) in HEK293T cells, respectively. Lentiviral parti-
cles were collected, concentrated at 70,000 g for 2 h or directly
aliquoted and stored at —80°C until use. For lentivirus infections,
3T3-L1 preadipocytes at 50%-70% confluence were infected with
lentivirus with 8-10 ug/mL polybrene. After 24 h infection, cells
were selected against 5 pg/mL puromycin for at least 48 h before
further use for the described experiments.

Statistical analysis

No data were considered an outlier, or removed from the analy-
ses. Blinding was used for data analysis. Significant differences
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between two independent groups were analyzed using unpaired
Student’s t-test. The aortic incidence between the two groups was
compared using Fisher’s exact test. For multicomparisons, one-
way ANOVA was used followed by pairwise comparisons with
Bonferroni test. The values are presented as the means + SEM.
P < 0.05 was considered statistically significant.

Supplementary data

Supplementary material is available at Life Metabolism online.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (32271334, 32100945, and 81871228), the
National Key R&D Program of China (2018YFA0506900 and
2018YFA0800301), Shanghai Basic Research Field Project “Science
and Technology Innovation Action Plan” (21JC1400400), the
Lingang Laboratory (LG-QS-202204-06), the High-Level Medicine
Foundation of Shanghai Government (to PL.), and Shanghai
Municipal Science and Technology Major Project (2017SHZDZX01).

Author contributions

Qing Zhu (Conceptualization [Equal], Data curation [Equal],
Investigation [Equal]), Da Luo (Data curation [Equal], Investigation
[Equal], Methodology [Equal]), Yining Li (Methodology [Supporting]),
LiyangYu (Investigation [Equal], Methodology [Equal]), Zixuan Zhang
(Methodology [Supporting]),FengOuyang (Methodology [Supporting]),
LiangkuiLi (Resources [Equal]), Manxi Lu (Methodology [Supporting]),
Changyong Hu (Methodology [Supporting]), Yinuo Dong (Data cura-
tion [Equal], Investigation [Equal], Methodology [Equal]), Chengxin Ma
(Methodology [Supporting]), Yan Liang (Methodology [Supporting]),
Feng-Jung Chen (Conceptualization [Equal], Investigation [Equal],
Methodology [Equal]), and Peng Li (Conceptualization [Equal],
Funding acquisition [Lead], Resources [Lead], Supervision
[Equal], Writing—review & editing [Equal]).

Conflict of interest

PL. holds the position of Editor-in-Chief and T.J.Z. holds the posi-
tion of Editorial Board Member for Life Metabolism. They were
blinded from reviewing or making decisions for the manuscript.
The other authors declare that no conflict of interest exists.

Ethics approval

All procedures were performed in accordance with the Ethics
Committee of Fudan University.

Data availability

All study data are included in the article and/or supplementary
information. Materials are available upon request.

References

1. Golledge J. Abdominal aortic aneurysm: update on pathogenesis
and medical treatments. Nat Rev Cardiol 2019;16:225-42.

2. Anagnostakos J, Lal BK. Abdominal aortic aneurysms. Prog
Cardiovasc Dis 2021;65:34—43.



14/15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wang Z, You Y, Yin Z et al. Burden of aortic aneurysm and its
attributable risk factors from 1990 to 2019: an analysis of the
Global Burden of Disease Study 2019. Front Cardiovasc Med
2022;9:901225.

Kent KC. Clinical practice. Abdominal aortic aneurysms. N Engl
J Med 2014;371:2101-8.

Nordon IM, Hinchliffe RJ, Loftus IM et al. Pathophysiology and
epidemiology of abdominal aortic aneurysms. Nat Rev Cardiol
2011;8:92-102.

Okrzeja J, Karwowska A, Blachnio-Zabielska A. The role of obe-
sity, inflammation and sphingolipids in the development of an
abdominal aortic aneurysm. Nutrients 2022;14:2438.

Golledge J, Clancy P, Jamrozik K et al. Obesity, adipokines, and
abdominal aortic aneurysm: health in men study. Circulation
2007;116:2275-9.

Sheng C, Liu T, Chen S et al. The neglected association between
central obesity markers and abdominal aortic aneurysm
presence: a systematic review and meta-analysis. Front
Cardiovasc Med 2023;10:1044560.

Stoll S, Sowah SA, Fink MA et al. Changes in aortic diameter
induced by weight loss: the HELENA trial- whole-body MR imag-
ing in a dietary intervention trial. Front Physiol 2022;13:976949.
Cronin O, Walker PJ, Golledge J. The association of obesity with
abdominal aortic aneurysm presence and growth. Atherosclerosis
2013;226:321-7.

Apoloni RC, Zerati AE, Wolosker N et al. Analysis of the correla-
tion between central obesity and abdominal aortic diseases.
Ann Vasc Surg 2019;54:176-84.

Rabben T, Mansoor SM, Bay D et al. Screening for abdominal
aortic aneurysms and risk factors in 65-year-old men in Oslo,
Norway. Vasc Health Risk Manag 2021;17:561-70.

Wang L, Djousse L, Song Y et al. Associations of diabetes and
obesity with risk of abdominal aortic aneurysm in men. J Obes
2017;2017:3521649.

Liu Y, Qian SW, Tang Y et al. The secretory function of adipose
tissues in metabolic regulation. Life Metab. 2024;3:10ae003.

Ye T, Zhang G, Liu H et al. Relationships between perivascular
adipose tissue and abdominal aortic aneurysms. Front Endocrinol
(Lausanne) 2021;12:704845.

Rabkin SW. The role matrix metalloproteinases in the produc-
tion of aortic aneurysm. Prog Mol Biol Transl Sci 2017;147:239-65.
Police SB, Thatcher SE, Charnigo R et al. Obesity promotes
inflammation in periaortic adipose tissue and angiotensin
II-induced abdominal aortic aneurysm formation. Arterioscler
Thromb Vasc Biol 2009;29:1458-64.

Chen FJ, Yin Y, Chua BT et al. CIDE family proteins control lipid
homeostasis and the development of metabolic diseases. Traffic
2020;21:94-105.

XulL,ZhoulL,LiP CIDE proteins and lipid metabolism. Arterioscler
Thromb Vasc Biol 2012;32:1094-8.

Lyu X, Wang J, WangJ et al. A gel-like condensation of Cidec gen-
erates lipid-permeable plates for lipid droplet fusion. Dev Cell
2021;56:2592-606.e7.

Gong]J, Sun Z, Wu L et al. Fsp27 promotes lipid droplet growth by
lipid exchange and transfer at lipid droplet contact sites. J Cell
Biol 2011;195:953-63.

PuriV, Konda S, Ranjit S et al. Fat-specific protein 27, a novel lipid
droplet protein that enhances triglyceride storage. J Biol Chem
2007;282:34213-8.

Nishino N, Tamori Y, Tateya S et al. FSP27 contributes to efficient
energy storage in murine white adipocytes by promoting the for-
mation of unilocular lipid droplets. ] Clin Invest 2008;118:2808-21.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zhu et al.

Zhou L, Park SY, Xu L et al. Insulin resistance and white adipose
tissue inflammation are uncoupled in energetically challenged
Fsp27-deficient mice. Nat Commun 2015;6:5949.

Nishimoto Y, Nakajima S, Tateya S et al. Cell death-inducing
DNA fragmentation factor A-like effector A and fat-specific pro-
tein 27 coordinately control lipid droplet size in brown adipo-
cytes. J Biol Chem 2017;292:10824-34.

Longo GM, Buda §J, Fiotta N et al. MMP-12 has a role in abdomi-
nal aortic aneurysms in mice. Surgery 2005;137:457-62.

Curci JA, Liao S, Huffman MD et al. Expression and localiza-
tion of macrophage elastase (matrix metalloproteinase-12) in
abdominal aortic aneurysms. ] Clin Invest 1998;102:1900-10.
Biros E, Gabel G, Moran CS et al. Differential gene expression
in human abdominal aortic aneurysm and aortic occlusive dis-
ease. Oncotarget 2015;6:12984-96.

GaoY]J, ZhangL, Samad OA et al. JNK-induced MCP-1 production
in spinal cord astrocytes contributes to central sensitization
and neuropathic pain. J Neurosci 2009;29:4096-108.

Takahashi K, Yamaguchi S, Shimoyama T et al. JNK- and IkB-
dependent pathways regulate MCP-1 but not adiponectin
release from artificially hypertrophied 3T3-L1 adipocytes pre-
loaded with palmitate in vitro. Am ] Physiol Endocrinol Metab
2008;294:E898-909.

Mottillo EP, Shen XJ, Granneman JG. B3-adrenergic receptor
induction of adipocyte inflammation requires lipolytic acti-
vation of stress kinases p38 and JNK. Biochim Biophys Acta
2010;1801:1048-55.

Stackelberg O, Bjorck M, Sadr-Azodi O et al. Obesity and abdom-
inal aortic aneurysm. Br J Surg 2013;100:360-6.

Piacentini L, Werba JP, Bono E et al. Genome-wide expression pro-
filing unveils autoimmune response signatures in the perivas-
cular adipose tissue of abdominal aortic aneurysm. Arterioscler
Thromb Vasc Biol 2019;39:237-49.

Meekel JP, Dias-Neto M, Bogunovic N et al. Inflammatory gene
expression of human perivascular adipose tissue in abdominal
aortic aneurysms. Eur J Vasc Endovasc Surg 2021;61:1008-16.
Piacentini L, Chiesa M, Colombo GI. Gene regulatory network
analysis of perivascular adipose tissue of abdominal aortic
aneurysm identifies master regulators of key pathogenetic
pathways. Biomedicines 2020;8:288.

Folkesson M, Vorkapic E, Gulbins E et al. Inflammatory cells,
ceramides, and expression of proteases in perivascular adipose
tissue adjacent to human abdominal aortic aneurysms. J Vasc
Surg 2017;65:1171-9.e1.

Tanaka N, Takahashi S, Matsubara T et al. Adipocyte-specific
disruption of fat-specific protein 27 causes hepatosteatosis
and insulin resistance in high-fat diet-fed mice. J Biol Chem
2015;290:3092-105.

Aaron N, Zahr T, He Y et al. Acetylation of PPARy in macro-
phages promotes visceral fat degeneration in obesity. Life Metab.
2022;1:258-69.

Russo S, Kwiatkowski M, Govorukhina N et al. Meta-
inflammation and metabolic reprogramming of macrophages
in diabetes and obesity: the importance of metabolites. Front
Immunol 2021;12:746151.

Marquez-Sanchez AC, Koltsova EK. Immune and inflamma-
tory mechanisms of abdominal aortic aneurysm. Front Immunol
2022;13:989933.

Yuan Z, Lu'Y, Wei J et al. Abdominal aortic aneurysm: roles of
inflammatory cells. Front Immunol 2020;11:609161.

Raffort], Lareyre F, Clement M et al. Monocytes and macrophages
in abdominal aortic aneurysm. Nat Rev Cardiol 2017;14:457-71.



CIDEC/FSP27 augments obesity-related AAA

43.

44.

45.

46.

47.

48.

49.

50.

Koch AE, Kunkel SL, Pearce WH et al. Enhanced production of
the chemotactic cytokines interleukin-8 and monocyte chemo-
attractant protein-1 in human abdominal aortic aneurysms.
Am ] Pathol 1993;142:1423-31.

Tieu BC, Lee C, Sun H et al. An adventitial IL-6/MCP1 ampli-
fication loop accelerates macrophage-mediated vascular
inflammation leading to aortic dissection in mice. J Clin Invest
2009;119:3637-51.

de Waard V, Bot I, de Jager SC et al. Systemic MCP1/CCR2
blockade and leukocyte specific MCP1/CCR2 inhibition
affect aortic aneurysm formation differently. Atherosclerosis
2010;211:84-9.

Ghigliotti G, Barisione C, Garibaldi S et al. Adipose tissue immune
response: novel triggers and consequences for chronic inflam-
matory conditions. Inflammation 2014;37:1337-53.

Kanda H, Tateya S, Tamori Y et al. MCP-1 contributes to mac-
rophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. J Clin Invest 2006;116:1494-505.
Zhang W, Wang M, Wang E et al. Downregulation of RhoA/
ROCK1/YAP/F-actin causing decreased aortic smooth muscle
cell stiffness promotes aortic dissection formation. Life Metab.
2024;3:102e022.

Atkinson G, Bianco R, Di Gregoli K et al. The contribution of
matrix metalloproteinases and their inhibitors to the develop-
ment, progression, and rupture of abdominal aortic aneurysms.
Front Cardiovasc Med 2023;10:1248561.

Maguire EM, Pearce SWA, Xiao R et al. Matrix metallopro-
teinase in abdominal aortic aneurysm and aortic dissection.
Pharmaceuticals (Basel) 2019;12:118.

51.

52.

53.

54.

55.

56.

57.

58.

59.

15/15

Lagente V, Le Quement C, Boichot E. Macrophage metalloelas-
tase (MMP-12) as a target for inflammatory respiratory diseases.
Expert Opin Ther Targets 2009;13:287-95.

Wang Y, Ait-Oufella H, Herbin O et al. TGF-f activity pro-
tects against inflammatory aortic aneurysm progression and
complications in angiotensin II-infused mice. J Clin Invest
2010;120:422-32.

Salarian M, Ghim M, Toczek ] et al. Homeostatic, non-
canonical role of macrophage elastase in vascular integrity. Circ
Res 2023;132:432-48.

Davis FM, Rateri DL, Daugherty A. Abdominal aortic aneu-
rysm: novel mechanisms and therapies. Curr Opin Cardiol
2015;30:566-73.

Fraga-Silva RA, Trachet B, Stergiopulos N. Emerging pharma-
cological treatments to prevent abdominal aortic aneurysm
growth and rupture. Curr Pharm Des 2015;21:4000-6.

ChenJY, Wu YP, Li CY et al. PPARy activation improves the micro-
environment of perivascular adipose tissue and attenuates aor-
tic stiffening in obesity. ] Biomed Sci 2021;28:22.

Sommer N, Roumane A, Han W et al. Gene therapy restores adi-
pose tissue and metabolic health in a pre-clinical mouse model
of lipodystrophy. Mol Ther Methods Clin Dev 2022;27:206-16.

Toh SY, Gong J, Du G et al. Up-regulation of mitochondrial
activity and acquirement of brown adipose tissue-like property
in the white adipose tissue of Fsp27 deficient mice. PLoS One
2008;3:€2890.

Qian H, Chen Y, Nian Z et al. HDAC6-mediated acetylation of
lipid droplet-binding protein CIDEC regulates fat-induced lipid
storage. J Clin Invest 2017;127:1353-69.



	CIDEC/FSP27 exacerbates obesity-related abdominal aortic aneurysm by promoting perivascular adipose tissue inflammation
	Introduction
	Results
	Reduced fat mass and inflammation in PVAT of Fsp27−/− mice
	FSP27 deficiency attenuates HFD and Ang Ⅱ-induced AAA formation
	FSP27 deficiency in adipose tissue protects mice from HFD and Ang Ⅱ-induced AAA formation
	FSP27 deficiency in adipose tissue reduces MMP12 expression and macrophage infiltration in AAA lesions
	FSP27 in adipocytes promotes macrophage recruitment by modulating the production of CCL2
	FSP27 enhances CCL2 expression through c-Jun N-terminal kinase (JNK) activation

	Discussion
	Materials and methods
	Mice
	PVAT isolation
	Aneurysm induction
	Measurement of systolic blood pressure
	Histology and immunohistochemistry
	RNA-seq
	RNA quantification
	ELISA
	Plasmid construction
	Primary VSMC isolation
	Cell culture and treatment
	Ex vivo fat tissue explant culture and co-culture experiments
	Adipose tissue explant conditioned media
	Transwell assay
	Western blot analysis
	Lentivirus production and infection
	Statistical analysis

	Supplementary data
	Acknowledgements
	References


