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Abstract

Abdominal aortic aneurysm (AAA) is a lethal cardiovascular disease, and there is no proven drug treatment for this
condition. In this study, by using the Connectivity Map (CMap) approach, we explored naringenin, a naturally occurring
citrus flavonoid, as a putative agent for inhibiting AAA. We then validated the prediction with two independent mouse
models of AAA, calcium phosphate (CaPO,)-induced C57BL/6J mice and angiotensin Il-infused ApoE*/* mice.
Naringenin effectively blocked the formation of AAAs and the progression of established AAAs. Transcription factor EB
(TFEB) is the master regulator of lysosome biogenesis. Intriguingly, the protective role of naringenin on AAA was
abolished by macrophage-specific TFEB depletion in mice. Unbiased interactomics, combined with isothermal titration
calorimetry (ITC) and cellular thermal shift assays (CETSAs), further revealed that naringenin is directly bound to 14-3-3
epsilon blocked the TFEB-14-3-3 epsilon interaction, and therefore promoted TFEB nuclear translocation and
activation. On one hand, naringenin activated lysosome-dependent inhibition of the NLRP3 inflammasome and
repressed aneurysmal inflammation. On the other hand, naringenin induced TFEB-dependent transcriptional activation
of GATA3, IRF4, and STAT6 and therefore promoted reparative M2 macrophage polarization. In summary, naturally

derived naringenin or macrophage TFEB activation shows promising efficacy for the treatment of AAA.

Introduction

Abdominal aortic aneurysm (AAA) is a highly lethal dis-
order characterized by permanent dilatation of the
abdominal aorta with an approximately 80% mortality rate
upon rupture’. AAA is epidemiologically associated with
aging, smoking, male sex, high cholesterol, etc., and is
mechanistically characterized by chronic aortic wall
inflammation, proteolysis of extracellular matrix proteins,
and dysfunction of vascular smooth muscle cells>. Although
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progress has been made in surgical options and several
pharmacological agents, including angiotensin-converting
enzyme inhibitors (ACEIs), angiotensin receptor blockers
(ARBs), statins, macrolides, -blockers, tetracycline, pros-
taglandin E2 inhibitors, and indomethacin, have been pro-
posed to be effective in experimental animal models, there is
currently no proven pharmacological therapy that can slow
aneurysm growth or reverse established aneurysms®~”.
Recently, Connectivity Map (CMap) has provided a data-
driven and systematic approach for discovering associations
among genes, chemicals, and diseases based on genome-
wide expression profiling® '". Principally, drugs with similar
transcriptome signatures may share similar mechanisms,
chemical and physiological processes, and efficacies for
similar diseases'”. Previously, doxycycline, a broad-spectrum
inhibitor of matrix metalloproteinases (MMPs) and a
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clinically used tetracycline antibiotic, was proposed to sig-
nificantly prevent aneurysm formation in animal models
based on the observation that aberrant matrix turnover
mediated by MMPs plays a pivotal role in the pathogenesis
of AAA™', In the current study, by using CMap and
doxycycline as bait, we identified naringenin as an anti-AAA
compound that both prevents and reverses the progression
of AAA. Mechanistically, we found that naringenin was
directly bound to 14-3-3 epsilon and interrupted the 14-3-3-
TEEB interaction interface, therefore activating macrophage
TFEB. On one hand, naringenin stimulates TFEB-
dependent macrophage lysosome biogenesis and therefore
inhibits inflammasome activation. On the other hand, nar-
ingenin promotes M2 macrophage polarization and
reparative responses via TFEB-dependent transcriptional
activation of GATA3, IRF4, and STATS6.

Results
Naringenin is a candidate compound for the treatment of
AAA

We used a drug-repositioning strategy to screen all the
compounds that have been integrated into CMap
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(Fig. 1a, Supplementary Table S1). Figure 1b lists the top
ten compounds that showed the highest significance
(P <2.2e—16) and correlation (correlation coefficient:
0.236-0.323) with doxycycline based on their drug-
responsive gene expression profiles. Among the ten
compounds, some are not appropriate for clinical ther-
apy. For example, iopamidol is a contrast material that
enhances computed tomographic brain imaging'®. Sul-
famonomethoxine is a widely used antimicrobial agent
added to the feed of meat-producing animals to treat
infections'®. DL-PPMP is a widely used inhibitor of
glucosylceramide synthase that regulates intracellular
ceramide metabolism'”. Ketotifen is a histamine H1
receptor antagonist and used as an anti-allergic com-
pound but not suitable for oral administration due to its
acute toxicity'®. Podophyllotoxin is used for many years
for topical treatment of warts and for cancer recently
due to its activity in inducing cell cycle arrest'>*°. Some
drugs, such as streptomycin and methyldopate, are
clinically applicable but have frequent or severe side
effects after long-term application*"*?, Calcium folinate
is a clinical act as the first-line chemotherapy regimen
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Fig. 1 Naringenin inhibited CaPO,- and Ang Il-induced AAA formation. a Schematic illustration of the transcriptome in response to doxycycline
compared to the CMap database. The top ten drugs showing a significant correlation with doxycycline are listed in b. The y-axis represents the
correlation coefficient (R) calculated by Spearman’s correlation analysis. The P value is shown on the top. ¢ Representative photographs of
macroscopic features of the CaPO4-induced aneurysms and quantification of the infrarenal aortic maximal diameter in C57BL/6J mice. NaCl, NaCl +
PBS-treated plus water gavage (n = 12); CaPO,, CaCl, + PBS-treated plus water gavage for 7 days (n = 15); CaPO4 + NGN, CaCl, + PBS-treated plus
naringenin gavage (50 mg/kg/day) (n = 13); CaPO, + Dox, CaCl, 4 PBS-treated plus doxycycline gavage (100 mg/kg/day) (n = 13). The right panel
shows the quantification of the maximal diameter of the infrarenal aorta by ex vivo measurement. The data were analyzed using one-way ANOVA
followed by Bonferroni test for post hoc comparison and are presented as the means + SEM. *P < 0.05. d Representative photographs of macroscopic
features of aneurysms in the ApoE "~ mice. Angll, Angll (1000 ng/kg/min) infusion for 4 weeks plus water gavage; Angll + NGN, Angll infusion plus
naringenin gavage (50 mg/kg/day). The right panel shows the incidence of AAA in the ApoE ™~ mice and quantification analysis of the maximal
suprarenal aorta diameter by ex vivo measurement. The incidence of AAA was analyzed using the chi-square test. The maximal suprarenal aorta
diameter was analyzed using an unpaired t test and is presented as the means + SEM (n = 12 mice for each group). *P < 0.05.
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for colon cancer therapy”’. Among the others, the
naturally occurring grapefruit flavonoid naringenin
(NGN) exhibited a significant correlation with doxycy-
cline (R=0.24, P<2.2e—16) and has previously recog-
nized lipid-lowering, anti-atherosclerotic, anti-
hypertensive, and anti-inflammatory properties** >’
Considering the significant involvement of hyperten-
sion, atherosclerosis, and vascular inflammation in the
pathogenesis of AAA?®, we hypothesized that nar-
ingenin may inhibit the formation of AAA.

We applied two clinically relevant animal models to
validate the effect of naringenin on the pathogenesis of
AAA. The first model was the perivascular CaPOgy-
induced mouse model of AAA. 12-week-old male C57BL/
6 ] mice were randomly divided into four groups: the NaCl
group (n=12), the CaPO, group (n=15), the CaPO, +
NGN group that received daily oral gavage with nar-
ingenin (50 mg/kg/day) for 7 consecutive days (n=13)
and the CaPO4+ Dox group that received daily oral
gavage with doxycycline (100 mg/kg/day) for 7 days (n =
13). There was no significant changes in body weight,
blood pressure or plasma levels of total cholesterol and
triglycerides within the groups (Supplementary Table S2).
The maximal infrarenal aortic diameter measured ex vivo
was substantially enhanced in the CaPO, group but sig-
nificantly decreased in both the doxycycline and nar-
ingenin groups (Fig. 1c).

Formation of AAA involves severe matrix degradation
and MMP activation, aortic inflammation, and vascular
smooth muscle cell (VSMC) apoptosis®*. Interestingly,
naringenin suppressed MMP-9 expression and activity to
the same extent as the broad-spectrum MMP inhibitor
doxycycline, as shown by in situ zymography, quantitative
gelatin zymography, and real-time quantitative poly-
merase chain reaction (RT-qPCR) (Supplementary Fig.
Sla—c). Interestingly, naringenin did not significantly alter
the activity or mRNA level of MMP-2. Similarly, admin-
istration of naringenin significantly inhibited CD45"
leukocyte and Mac-3" macrophage infiltration into the
tunica adventitia (Supplementary Fig. S1d). Of interest,
the number of apoptotic cells upon CaPO, injury was
reduced by naringenin but not by doxycycline (Supple-
mentary Fig. Sle, ). Further elastin Van Gieson staining
revealed dramatically decreased elastin fragmentation in
the abdominal aorta of the naringenin-gavaged mice
compared with that of the water-gavaged mice (Supple-
mentary Fig. S1g). Overall, naringenin inhibited CaPO,-
induced AAA in C57BL/6] mice.

To further validate the effect of naringenin on AAA, we
next adopted an Angll-induced AAA model. Four-
month-old male ApoE™’~ mice were infused with AnglI
(1000 ng/kg/min) for 1 month. The ApoE '~ mice were
divided into two groups by a random number table
according to body weight, age, blood pressure, total
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cholesterol, triglycerides, low-density lipoprotein, high-
density lipoprotein: the Angll group (n=17) and the
Angll + NGN group, which received daily naringenin
gavage treatment (50 mg/kg) (n=13). As previously
reported, the plasma lipid profile, including total choles-
terol, triglycerides, and low-density lipoprotein, was
reduced in the naringenin-treated mice 1 month later®'
(Supplementary Table S3). However, naringenin did not
affect body weight, blood pressure, or high-density lipo-
protein levels. Infusion of Angll caused six mice to die
early due to thoracic aortic dissection (n=1) and AAA
rupture (1 =5), as well as suprarenal aneurysm formation
in 6 ApoE™~’~ mice. The combined endpoint of aneurysm
development and aortic rupture occurred in 64.7% of the
mice (11/17, Fig. 1d). In contrast, administration of nar-
ingenin for 28 consecutive days resulted in one case of
mortality from AAA rupture caused by Angll infusion,
and two mice developed aneurysms after 1 month of
Angll infusion. Therefore, the total incidence of AAA
formation and rupture was 23.1% (3 of 13 mice) in the
naringenin group. Consistently, naringenin substantially
reduced the maximum diameter of the abdominal aorta.
Thus, naringenin was effective in preventing the forma-
tion of Angll-induced AAA in ApoE '~ mice.

Similarly, naringenin treatment strongly repressed
MMP-9 activity, leukocyte infiltration, and plasma
levels of IL-6 and MCP-1, and elastin fragmentation of
the abdominal aorta in the Angll-infused ApoE ™/~
mice was also decreased by naringenin (Supplementary
Fig. S1h-1).

Naringenin reverses established AAAs

A recent study showed that doxycycline failed to slow
the growth of established AAAs in animal models®*. Thus,
we asked whether naringenin was still effective in the
treatment of established AAAs. We subcutaneously
infused 1000 ng/kg/min Angll into 4-month-old male
ApoE ™'~ mice (n=70). As shown in Fig. 2a, eight mice
died early in the study due to thoracic aortic dissection or
aneurysm rupture. Twenty-eight days later, all surviving
mice underwent ultrasonography to measure the suprar-
enal aortic diameter; established AAA was defined as a
more than 50% increase in the external diameter of the
abdominal aorta. According to this criterion, 42 out of the
62 mice developed AAA. The mice were then allocated
into two groups by a random number table according to
body weight, age, blood pressure, maximal diameters of
the abdominal aortas (naringenin: n =21, 1.92 + 0.10 mm
vs vehicle: » =21, 1.86 + 0.09 mm, Fig. 2b). All 42 mice
were infused with Angll (1000 ng/kg/min) for an addi-
tional 28 days. Four mice died from AAA rupture in the
vehicle-treated group, and the surviving mice further
developed more severe AAA. In contrast, none of the
naringenin-treated mice died during the second round of



Jia et al. Cell Discovery (2022)8:21 Page 4 of 21
e A
a Water _ ot Angll Ultrasonogra;):g measurement
gavage 1 month ex vivo measurement
AAA
20-week-old n=42 > Q
ApoE™ mice 4
Angll Ultrasonography NGN =
measurement gavage n=21
1 month
n=70 8 mice died early no AAA
=l @'
b Angll Angll+NGN  C d
— An
—q _ gll Angll + NGN 150
5 E B E30 - —~
7 E4071 c E S
Es § 225 rY
SE 56 5100
- ® 8 5
< — 3.04 S ]
E® £'82:0 S
% £ xE £
8 E £ 10/21
Eg 5815 50
© £2.01 Ech
£5 Fow
F o 5 M 1 TR
° 1.0 et ‘ AR
. . | [ PR =] 0
M @ 0 10 20 30 40 50 60 70 80 90 100 110 120 mm
& & & & & éo’é
& 3 Q0 2 v
S S & S 8
& @ & ¢ )
o v & ¥ ¥
<
e f g £
£
o
CaPOs <
o
_— =
L e80 Water S
g & 12-week-old WQ <
G £ C57BL/6 mice " CaPOs+ NGN o
Sg§60 CaPO n=1g 7 day ex vivo
© — s > o
£E @ 7 day measurement i
XE 4.0 g E
8 £ 40
ES n=30 NGN g E
) ' *
2820 WQA ggof
) n=15 TI20] ..
0 £ET - .
<10 r e
T E
53 “—
23 O N
] o’g X$O
oF
<
O'b
Fig. 2 Naringenin rescued established Angll- and CaPO,-induced AAA. a Schematic illustration of the experiment used to explore the effect of
naringenin on established Angll-induced AAA. b Quantification of the maximal suprarenal abdominal aortic diameter of the mice measured by
ultrasonography with Angll-induced AAA before and after water or naringenin gavage. The data were analyzed using paired t test and are presented
as the means + SEM. n = 18-20 for each group. *P < 0.05. ¢ Representative photographs of macroscopic features of aneurysmal aortas in mice with
established Angll induced AAA. d The percentage of abdominal aortic aneurysm in established AAA of the ApoE ™~ mice by ex vivo measurement.
%, the number of aneurysms after vehicle or naringenin gavage relative to the number of established aneurysms in the ApoE ™~ mice. The incidence
of AAA was analyzed using the chi-square test. e Quantification of the maximal suprarenal abdominal aortic diameter of the naringenin- or vehicle-
treated ApoE ™~ mice by ex vivo measurement. The maximal suprarenal aorta diameter was analyzed using an unpaired t-test and is presented as
the means + SEM. *P < 0.05. f Representative photographs of macroscopic features of aneurysmal aortas in mice with established CaPO, induced
AAA. g Representative images (left) and quantification (right) of the maximal abdominal aortic diameter of the naringenin- or vehicle-treated AAA
mice by ex vivo measurement. The maximal suprarenal aorta diameter was analyzed using an unpaired t test and is presented as the means + SEM.
*P < 0.05.

the 28-day Angll infusion, and the suprarenal aortic dia-
meter measured by ultrasonography was strongly
repressed by naringenin (Fig. 2b). The plasma total cho-
lesterol, triglycerides and low-density lipoprotein were
reduced in the naringenin-treated mice (Supplementary
Table S4). Ex vivo measurement of the maximum dia-
meter of the suprarenal aorta revealed that only 10 of 21
naringenin-treated mice still had AAAs; the other mice
had a major reduction in their AAAs (Fig. 2¢, d). The
maximum diameter of the suprarenal aorta was 3.143
0.185mm (n=17) in the Angll group compared to

2.015+0.127 mm (n=21) in the Angll plus naringenin
group (Fig. 2e). Next, 12-week-old male C57BL/6] mice
(n = 30) were treated with CaPO,. When AAA developed
7 days later, the 30 mice were randomly divided into two
groups. One group received daily oral gavage of nar-
ingenin (50 mg/kg/day), whereas the other group received
water for another week (n=15 for each). Naringenin
markedly slowed the progression of AAA and reduced the
diameter of the abdominal aorta compared with those of
the control group (naringenin vs water 1.137 + 0.05 vs
1.538 + 0.11 mm, P < 0.05) (Fig. 2f, g).
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The above data revealed that naringenin not only pre-
vents the formation of AAAs but also delays the pro-
gression of established AAAs.

Naringeninactivates TFEB and lysosome biogenesis in
macrophages

To explore the potential target of naringenin for its
therapeutic effect on AAA, we analyzed naringenin-
responsive genes in the CMap database. Gene ontology
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analysis revealed that the upregulated genes were mostly
related to lysosomes, including lysosomal acid-catalyzed
hydrolysis and lysosomal ion transporters (Fig. 3a, Sup-
plementary Fig. S2a). We therefore asked whether nar-
ingenin can affect lysosome biogenesis. Naringenin dose-
dependently increased lysosomal number, endocytosis,
and degradation in primary peritoneal macrophages but
not in endothelial cells (ECs) or VSMCs in vitro, whereas
starvation substantially enhanced lysosomal number and
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Fig. 3 Naringenin promoted macrophage lysosome biogenesis. a KEGG analysis of mMRNA expression that was upregulated by naringenin in the
CMap database. The x-axis represents the —log;q (P-value). b, ¢ Lysosomal number (b) and DQ-red-BSA analysis (c) of macrophages stimulated with
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naringenin that are related to lysosomes in the RNA-seq analysis. e Western blot analysis and quantification of the protein levels of lysosome
membrane protein (LAMP1) and autophagy receptor (p62) in BMDM lysates upon naringenin (200 uM, 12 h) stimulation. The data were analyzed
using paired two-tailed Student’s t test and are presented as the means + SEM of six independent experiments. *P < 0.05. f Fluorescence microscopy
was used to record the autophagic flux in Hela cells following naringenin (200 uM) treatment for 12 h after transfection with ptfLC3 plasmid. Left,
representative images of fluorescent LC3 puncta. Right panel, the ratio of autophagosomes (green dots) to autolysosomes (red dots) per cell upon
naringenin stimulation. Data were analyzed using unpaired two-tailed Student's t test and are presented as the means + SEM of six independent
experiments; 20-30 cells were analyzed in each independent experiment. *P < 0.05. g Twelve-week-old male C57BL/6J mice were periadventitially
treated with CaPO, and supplemented with vehicle or naringenin (50 mg/kg/day) for 7 days, and the abdominal aorta was separated and digested
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experiment. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means +
SEM of three independent experiments. *P < 0.05. h Western blot analysis and quantification of the protein levels of lysosome membrane protein
(LAMP1) and autophagy receptor (p62) in the primary peritoneal macrophage cell lysates of the 12-week-old male ApoE ™~ mice that underwent
water or Angll (1000 ng/kg/min) infusion for 4 weeks with or without naringenin gavage (50 mg/kg/day). n = 3 for each group. The data were
analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM. *P < 0.05.
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activity in all three types of cells, as revealed by Lyso-
Tracker staining and DQ-RED-BSA assays (Fig. 3b, c,
Supplementary Fig. S2b, c). By using RNA-seq analysis,
we further compared the macrophage mRNA profiles
upon naringenin (200 pM) or vehicle treatment. A total of
643 genes were upregulated, whereas 374 genes were
downregulated in response to naringenin. DAVID Gene
Ontology analysis revealed that the genes upregulated by
naringenin were significantly involved in biological pro-
cesses relevant to lysosomes, synaptic vesicle cycle,
phagosomes, and macrophage polarization, etc. (Supple-
mentary Fig. S2d). The upregulated lysosome genes
included lysosome membrane proteins (ATP6V1A, etc.)
and lysosomal enzymes (such as CTSB, CTSD, etc.), as
further verified by RT-qPCR analysis (Fig. 3d, Supple-
mentary Fig. S2e). Similarly, naringenin increased LAMP1
(a marker of lysosome number) but decreased p62 (a
marker of autolysosome degradation activity) levels in
macrophages, which together indicated induction of
autolysosome formation and degradation (Fig. 3e). Con-
sistent with these findings, naringenin promoted auto-
lysosome formation, as evidenced by the mRFP-GFP
tandem fluorescent-tagged LC3 (tfLC3) assay (Fig. 3f).
Thus, naringenin may accelerate lysosome biogenesis and
activity.

We next asked whether naringenin induced macro-
phage lysosome biogenesis in vivo. Naringenin adminis-
tered via gavage induced a significant increase in lysosome
number within F4/80" macrophages but not in CD31"
ECs in the abdominal aorta of the CaPO,-induced mouse
model of AAA, as evidenced by LysoTracker plus F4/80 or
CD31 staining (Fig. 3g, Supplementary Fig. S2f). Reduced
lysosomal number (detected by LAMP1 expression) and
activity (detected by p62 degradation) were also observed
in the peritoneal macrophages of the Angll-infused
ApoE '~ mice during the early stage (7 days), but these
parameters were rescued by naringenin gavage (Fig. 3h).

The regulation of lysosome biogenesis is fine-tuned by
the MIiTF/TFE family of transcription factors (MITF,
TFEB, TFE3, and TFEC) and the suppressor Zkscan3**?*,
Naringenin dose-dependently upregulated TFEB mRNA
(Fig. 4a) without affecting the expression of TFE3, MiTF,
and Zkacan3 in primary peritoneal macrophages (Sup-
plementary Fig. S2g). TFEB but not TFE3 protein was
markedly upregulated by naringenin in a dose-dependent
manner (Fig. 4b). In general, the activation of TFEB relies
on phosphorylation and dephosphorylation®~3%, TFEB
can be phosphorylated by mTORC1, PKCB, Akt, etc.”” ™.
Phosphorylated TFEB locates in the cytoplasm by inter-
acting with 14-3-3 proteins and remains inactive®*. Under
nutrient and energy stress, TFEB is dephosphorylated by
calcineurin and translocate to the nucleus to activate
transcription of several target genes including TFEB
itself*>. Of note, naringenin (200 uM) time-dependently
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promoted TFEB nuclear translocation in pEGFP-NI1-
TFEB-transfected HEK293A cells (Fig. 4c). Concurrently,
Naringenin increased the nuclear but not the cytoplasmic
level of TFEB in macrophages (Fig. 4d). However, p-PKC
and p-Akt were not altered by naringenin, indicating that
the effect of naringenin on TFEB activation was possibly
independent of PKC and Akt (Supplementary Fig. S2h).
Furthermore, mTORCI activity, lysosome number, lyso-
some degradation activity, and TFEB target gene expres-
sion were not altered by naringenin in TSC Complex
Subunit 1 (TSC1) or TSC Complex Subunit 2 (TSC2)
deficient primary peritoneal macrophages (Supplementary
Fig. S2i-p), indicating the naringenin induced TFEB
activation and lysosome biogenesis is mTORCI1 inde-
pendent. Consistently, naringenin substantially enhanced
the transcriptional activity of TFEB, as evidenced by a 2x
CLEAR reporter luciferase assay. Torin-1 was applied as a
positive control (Fig. 4e). Similarly, the TFEB level was
strongly repressed in the peritoneal macrophages of the
7-day Angll-infused ApoE '~ mice compared to the
control mice, but this effect was strongly circumvented by
naringenin (Fig. 4f). RT-qPCR analysis followed by flow
cytometry cell sorting revealed naringenin gavage resulted
in a significant increase of TFEB and TFEB target gene
expression in CD11b"F4/80" macrophages in aortas from
AAA mice (Supplementary Fig. S2q). Immuno-
fluorescence staining further revealed reduced levels of
TFEB in the CD68-positive macrophages in human
aneurysmal arteries compared to control arteries (Fig. 4g,
Supplementary Fig. S2r). Thus, naringenin stimulates
TEEB expression/activation and lysosome biogenesis in
macrophages in vitro and in vivo.

Naringenin inhibits and reverses AAA via macrophage
TFEB

To test whether macrophage TFEB is involved in AAA
and whether naringenin inhibits AAA formation via
macrophage TFEB in vivo, we generated TFEB™*X© mice
by crossbreeding TFEB floxed (TFEB™*/%*) mice with
LysM-Cre mice (Supplementary Fig. S3a—c). Twelve-
week-old male TFEB™/* mice and TFEB™*X° mice
were grouped by a random number table according to
body weight and underwent sham operation or exposed to
perivascular CaPO, followed by water gavage or nar-
ingenin gavage treatment. There was no significant
alteration in terms of body weight, blood pressure, total
cholesterol or triglycerides within the groups (Supple-
mentary Table S5). No significant difference of infrarenal
aortic diameter was observed between TFEB**® mice
and TFEB™/* mice with the sham operation (TFEB"*
/0% mice vs TFEBM*XC; 1,01 +0.09 mm, n=6 vs 0.91 +
0.12 mm, #n=6). Meanwhile, the maximum infrarenal
aortic diameter was strongly enhanced in the TFEB"*<©
mice compared to the TFEB™/* mjce that were
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Fig. 4 Naringenin promoted macrophage TFEB activation. a RT-qPCR validation of TFEB in macrophages stimulated with naringenin (0, 50, 100,
200 pM) for 12 h. The data were analyzed using one-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as means +
SEM of six independent experiments. *P < 0.05. b Western blot analysis of TFEB and TFE3 in macrophages after naringenin (0, 50, 100, 200 pM)
stimulation for 12 h. The data were analyzed using one-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the
means + SEM of six independent experiments. *P < 0.05. ¢ Transfection of 293 A cells with the pEGFP-N1-TFEB plasmid was followed by vehicle or
naringenin (200 uM) stimulation for 15 min to 12 h or EBSS starvation for 30 min, and then, live-cell confocal analysis was performed to study the
intracellular localization of TFEB. Hochest indicated the nucleus. The white arrow indicated the cells with TFEB in the nucleus. Scale bar, 25 um. The
data were analyzed using one-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM of six
independent experiments. *P < 0.05. d Nuclear-cytoplasmic separation followed by western blot analysis of vehicle- or naringenin (200 uM, 12 h)-
stimulated macrophages. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as
the means + SEM of six independent experiments. *P < 0.05. e Luciferase activity assay of the HEK293A cells transfected with 2x CLEAR-luc plasmid
and B-galactosidase (CMV-B-gal) (the internal control) after Torin-1 (10 nNM, 12 h) and naringenin stimulation (200 uM, 12 h). The data were analyzed
using one-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM of three independent
experiments. *P < 0.05. f Western blot analysis and quantification of the protein levels of TFEB in the primary peritoneal macrophage cell lysates of the
12-week-old male ApoE ™~ mice that underwent water or Angll (1000 ng/kg/min) infusion for 4 weeks with or without naringenin gavage (50 mg/
kg/day). n = 3 for each group. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented
as the means + SEM. *P < 0.05. g Left, representative immunofluorescence images of TFEB (green) and CD68 (red) in human AAA arteries and control
arteries. Right, quantification of the percentage of TFEB positive macrophages (CD68-positive cells). The data were analyzed using unpaired two-
tailed Student's t test and are presented as the means + SEM. n =4 for each group. *P < 0.05.

exposed to perivascular CaPO, (TFEB™* mice vs
TFEBM#X9: 1.71 + 0.19 mm, 7 =6 vs 2.39 + 0.58 mm, 1 =
13, P<0.05). More severe elastin degradation was
observed. In contrast, naringenin no longer inhibited
aortic dilation in the TFEBM?XC mice (water vs nar-
ingenin: 2.39 £ 0.58 mm, n =13 vs 2.27 £0.738 mm, n =
14, Fig. 5a, b).

We then asked whether TFEB overexpression could
mimic the protective effects of naringenin. 12-week-old
male C57BL/6] mice were intravenously injected with

AAV2-GFP or AAV2-TFEB (1 x 10" genomic copies per
mouse). The overexpression of TFEB in macrophages was
confirmed by RT-qPCR (Supplementary Fig. S3d). TFEB
overexpression strongly repressed CaPO,-induced aortic
dilation (AAV2-TFEB vs AAV2-GFP: 1.97 +0.18 mm,
n=9vs 1.55+0.12mm, n=9, P<0.05) (Supplementary
Fig. S3e, f) without affecting body weight, blood pressure,
total cholesterol, or triglycerides (Supplementary Table
$6). Thus, naringenin inhibits AAA by stimulating
macrophage TFEB.
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Fig. 5 The anti-AAA effect of naringenin depended on macrophage TFEB. a Representative photography and maximal suprarenal abdominal
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the effect of naringenin on established CaPO,-induced AAA in TFEBY*© mice. d Left, a representative photograph of the macroscopic features of
established CaPO,-induced aneurysms of 12-week-old TFEB"#*° mice that supplemented with vehicle or naringenin (50 mg/kg/day) for 7 days (n =
4-5 for each group). Right, quantification of the maximal diameter of the infrarenal aorta by ex vivo measurement. The data were analyzed using
unpaired two-tailed Student’s t-test and are presented as the means + SEM. *P < 0.05.

Next, we verified whether naringenin could still delay
the progression of established AAAs in TFEB™**© mice.
12-week-old male TFEBM*XC mice (1= 18) were treated
with CaPO,. When AAA developed 7 days later, the mice
underwent ultrasonography to measure the suprarenal
aortic diameter. According to this criterion, 9 out of the
18 mice developed AAA. The mice with AAA were then
divided into two groups by a random number table by
body weight, blood pressure, maximal diameter of the
abdominal aorta (naringenin: #=4, 1.60+0.21 mm vs
vehicle: n=5, 1.63 +0.25mm) (Fig. 5¢c, Supplementary
Fig. S3g). Another 7 days later, ex vivo measurement
revealed that naringenin failed to reduce the diameter of
the abdominal aorta compared with those of the control
group in TFEBM?XC mice (naringenin vs water 2.16 +
0.17 mm vs 2.08 + 0.25 mm, P <0.05) (Fig. 5d). Thus, the
protective effects of naringenin on established AAAs were
macrophage TFEB dependent.

Naringenin directly binds to 14-3-3 epsilon and inhibits the
TFEB-14-3-3 interaction

To further understand the mechanism of naringenin in
macrophage TFEB activation, we conducted an analysis of
the naringenin-protein interactome to investigate the
potential binding targets of naringenin in macrophages™*.

One-hundred ninety-nine putative naringenin-binding
proteins were identified. Among the top 10 putative tar-
gets (Supplementary Table S7), 14-3-3 epsilon, a subtype
of 14-3-3 proteins, has been reported to interact with
phosphorylated TFEB to retain its cytoplasmic localiza-
tion and inactivation (Fig. 6a). Naringenin bound to
purified 14-3-3¢ with a relatively high affinity as revealed
by isothermal titration calorimetry (ITC), the dissociation
constant (Ky) value was 30.6 £ 7.99 uM (Fig. 6b). Further
cellular thermal shift assay (CETSA) revealed that mac-
rophage lysates treated with naringenin exhibited an
induction in melting temperature of 14-3-3¢, from 70 to
75°C (Fig. 6¢), suggesting an interaction of naringenin
and 14-3-3e. This interaction was additionally verified by
isothermal dose-response fingerprint CETSA (ITDRF-
CETSA) study. Naringenin dose-dependently (from 0 to
102.4 uM) bound to and significantly stabilized the 14-3-
3¢ protein (ICsq: 2.9 uM, Fig. 6d). Thus, naringenin is a
direct binding partner of macrophage 14-3-3e.

We then asked whether naringenin competitively
inhibits the 14-3-3e-TFEB interaction to activate TFEB.
Indeed, naringenin significantly inhibited the interac-
tion of TFEB and 14-3-3e as evidenced by
co-immunoprecipitation assays (Fig. 6e). In contrast,
naringenin did not affect the binding of 14-3-3¢ to
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Fig. 6 Naringenin directly bound to 14-3-3¢ and inhibited its interaction with TFEB. a Workflow of the naringenin-interactome approach.

b Isothermal titration plot of naringenin (in cells) with 14-3-3 (in syringes). The inset shows a graphic representation of the different thermodynamic
parameters analyzed. The solid line represents the best nonlinear least-squares fit to a single binding site model. ¢, d CETSAs of 14-3-3¢ in the
absence and presence of naringenin at different temperatures (c) and different doses (d), the results were evaluated by western blots. The
experiments were performed in macrophages on three independent occasions. e Co-IP analysis of 14-3-3¢ and TFEB in the presence or absence of
naringenin in 293A cells transfected with Flag-TFEB plasmid and His-14-3-3¢ plasmid. Upper, the lysates were immunoprecipitated with anti-His
antibody, and the precipitates were analyzed by immunoblotting with anti-Flag antibody. Lower, the lysates were immunoprecipitated with anti-Flag
antibody, and the precipitates were analyzed by immunoblotting with anti-His antibody. f Results of the competitive binding assay for naringenin of
the p-TFEB peptide (LVGVTSSpSCPADLTQ) and 14-3-3¢. The probe concentration was 10 nM, and the concentration of 14-3-3¢ was 10 nM. Data are
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FOXO4, a known binding partner of 14-3-3g%>1¢
(Supplementary Fig. S4a).

The 14-3-3 proteins are phospho-regulatory proteins
that can specifically recognize phosphorylated serine/
threonine in the conventional motif ‘RSXpS/pTXP’ and
form a hydrophilic loop. Nevertheless, the binding of
p-TEFEB and 14-3-3 proteins was recently described as a
novel nonconventional mode by forming a hydrophobic
loop®”*®, We then asked whether naringenin was speci-
fically occupied the hydrophobic interface between
p-TFEB and 14-3-3. The miss-digested peptide of 14-3-3¢
(from E162 to R171) in our naringenin-macrophage
protein interactome was identical to the reported inter-
face fragment (Supplementary Fig. S4b). We synthesized
the phosphorylated TFEB peptide (p-TFEB peptide,
LVGVTSSpSCPADLTQ) that mediated the 14-3-3¢
interaction®”*® and the control phosphor-peptide (p-
control peptide, MARSHpSYPAKKK) with the C-terminal
FITC tag (Supplementary Fig. S4c). Purified 14-3-3¢

exhibited fine binding curves to both peptides with
equilibrium dissociation constants (Kg) of 9.68 nM (p-
TFEB peptide) and 2.4nM (p-control peptide). Nar-
ingenin dose-dependently blocked the p-TFEB peptide-
14-3-3¢ interaction with an ICso of 1.68 pM but failed to
block the p-control peptide-14-3-3¢ interaction (Fig. 6f,
Supplementary Fig. S4d), suggesting naringenin specifi-
cally inhibits the 14-3-3e-p-TFEB interaction.

Next, 14-3-3e deficiency in macrophages resulted in
dramatically TFEB translocation as well as induction of
lysosome biogenesis (Supplementary Fig. S4e-h), sug-
gesting 14-3-3¢ deficiency could mimic the effect of nar-
ingenin on TFEB activation.

Naringenin ameliorates AAA via TFEB-dependent
inhibition of the NLRP3 inflammasome

Lysosomes are at the epicenter of inflammasome acti-
vation in macrophages, whereas inflammasome activation
is implicated in the formation of AAA, as evidenced by
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results from NLRP3, caspase-1, ASC and interleukin 1
(IL-1pB) knockout mice*”*°. Activation of NLRP3 inflam-
masome depends on 2 signals: a priming signal such as
LPS to induce the expression of NLRP3 and pro-IL-1f,
and a second signal such as ATP to trigger the activation
of caspase-1 as well as the secretion of IL-1B°"%
Recently, Angll was shown to be an NLRP3 inflamma-
some activator during the pathogenesis of AAAs**™°.
Indeed, naringenin stimulation or TFEB overexpression
inhibited Angll-induced macrophage NLRP3 inflamma-
some activation, as revealed by repressed cleaved caspase-
1 (p20) and IL-1P release (Fig. 7a—d). Of interest, the
application of chloroquine to inhibit lysosome acidifica-
tion abolished the inhibitory effect of naringenin on
caspase-1 activation and IL-1P secretion (Fig. 7e, f).

To test whether naringenin or TFEB inhibits AAA
formation by suppressing NLRP3 inflammasome activa-
tion in vivo, we first measured the plasma level of IL-1f in
the Angll-induced mouse model of AAA. AngllI infusion
significantly increased the plasma level of IL-1p (saline +
vehicle vs Angll + vehicle, 6.51 + 1.62 vs 75.68 + 10.17 pg/
ml, P <0.05). Naringenin administration strongly reduced
the plasma level of IL-1p in the Angll-induced ApoE /'~
mouse model (Angll + vehicle vs Angll + NGN, 75.68 +
10.17 vs 28.16 £ 6.75 pg/ml, P<0.05) (Fig. 7g). Next, we
investigated the effects of naringenin on Angll induced
NLRP3 inflammasome activation, in the presence or
absence of TFEB. TFEB knockout remarkably blocked the
effects of naringenin, as evidenced by western blotting
analysis of mature caspase-1 in vitro (Fig. 7h) and ELISA
analysis of plasma IL-1f in vivo (Fig. 7i).

Together, naringenin and TFEB attenuate the formation
of AAA at least partially through inhibition of the NLRP3
inflammasome in a lysosome-dependent manner.

Naringenin promotes TFEB-dependent macrophage M2
polarization

Alternatively, activated (M2) macrophages are known to
be related to the resolution of inflammation, tissue repair,
and remodeling®>*, Dysregulation of macrophage polar-
ization and the balance between classically activated (M1)
macrophages and alternatively activated M2 macrophages
are involved in the pathogenesis of AAA®>*°, We next
investigated whether TFEB deficiency affects macrophage
differentiation. No significant differences were observed
regarding the numbers of myeloid cells (Ly6C*/CD45" in
bone marrow) and monocytes (Ly6CME  in
CD45"CD11b " Ly6G ™~ blood cells) between the TFEB™
flox mice and the TFEBM“XC mice (Supplementary Fig.
S5a, b). Next, we cultured bone marrow-derived macro-
phages (BMDMs) isolated from the TFEB™*/%** mjce and
the TFEBM”X° mice and then treated them with IL-4
(10 ng/ml) or LPS (10 ng/ml). RT-qPCR analysis revealed
that TFEB knockout macrophages exhibited an abated
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induction of M2 macrophage markers such as Argl, IL-
10, Ym1, and Fizz1 by IL-4 stimulation, suggesting that
TFEB may contribute to IL-4-promoted M2 polarization
(Fig. 8a). In contrast, LPS-induced expression of M1
macrophage markers, such as IL-1p, TNF-a, iNOS, and
MCP-1, was not altered in the TFEB knockout macro-
phages or the TFEB-overexpressing macrophages (Sup-
plementary Fig. S5c). We next asked whether naringenin
could promote macrophage M2 polarization through
TFEB. Both RT-qPCR and Western blotting analysis
revealed that the naringenin-treated macrophages exhib-
ited a dramatic induction of M2 markers (Argl, CD206,
etc.), which could be blocked by genetic knockout of
TFEB (Fig. 8a, b). The above data indicated that
naringenin-mediated promotion of macrophage M2
polarization was TFEB dependent.

The transcription factors IRF9, IRF5, STAT1, KLF6, and
RBP-J are known to be responsible for M1 polarization,
whereas GATA3, IRF4, STAT6, KLF4, KLF2, etc. are
crucial for M2 polarization®” . In TFEB-deficient (KO)
or TFEB-overexpressing (OE) macrophages, the expres-
sion of the M2 transcription factors GATA3, IRF4, and
STAT6 were greatly affected by TFEB, whereas the
expression of M1 transcription factors (IRF9, IRF5,
STAT], etc.) were not altered (Fig. 8c, Supplementary Fig.
S5d-f). Further ChIP-PCR revealed the direct binding of
TFEB to the mouse GATA3, IRF4, and STAT6 promoters,
which could be induced by TFEB activation stimulus such
as EBSS or naringenin (Fig. 8d). In accordance, activation
of TFEB by naringenin or EBSS resulted in a significant
induction of GATA3, IRF4, and STAT6 promoter-driven
luciferase activity (Fig. 8e). Thus, TFEB is a novel tran-
scriptional regulator of macrophage M2 polarization.

M2 macrophages are involved in the maintenance of
tissue homeostasis partly by secreting several pro-
repairing cytokines, such as IL-10 and TGF-B*°~%*, Pre-
vious reports revealed that both IL-10 and TGF-p could
promote VSMC proliferation and elastin expression, thus
counteracting aneurysm progression®”°*, As shown in Fig,
8f, naringenin indeed stimulated macrophages to secrete
greater amounts of IL-10 (vehicle vs NGN, 203.1 +
13.2 pg/ml vs 989.6 + 22.5 pg/ml) and TGF-p (vehicle vs
NGN, 68.7 + 16.7 pg/ml vs 276.8 + 21.3 pg/ml).

Next, we performed CD68 (macrophage marker) and
CD206 (M2 macrophage marker) immunostaining to
address the participation of naringenin-promoted TFEB
activation and M2 polarization in the treatment of AAAs
in vivo. As shown in Fig. 8g, the quantity of CD68"
macrophage was dramatically increased in CaPO, induced
AAA aortas of TFEB?*C mice, compared with that of
TEEB™*/%* mice. Consistent of the data shown in Fig. 5a,
naringenin gavage resulted in a reduction of CD68"
macrophages in AAA aortas of TFEBM“X© mice, but not

in AAA aortas of TFEB™”%® mice. Intriguingly,
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Fig. 7 Naringenin attenuated the progression of AAA via inhibition of the NLRP3 inflammasome in a lysosome-dependent manner. a—f
Western blot analysis of the protein levels of caspase-1 and IL-13 in cell lysates (a) and ELISAs of the supernatant (b) from the vehicle- or naringenin
(200 UM, 12 h)-stimulated primary peritoneal macrophages followed by LPS (1 ng/ml, 3 h) and Angll (1 uM, 30 min) treatment. The data were analyzed
using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM of six independent experiments.
*P < 0.05. Western blot analysis and quantification of the protein level of caspase-1 in cell lysates (c) and ELISAs of the supernatant level of IL-1( (d)
from the Ad-GFP (5 MOI) or Ad-TFEB (5 MOI)-infected primary peritoneal macrophages followed by LPS (1 ng/ml, 3 h) and Angll (1 pM, 30 mis)
treatment. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means +
SEM of six independent experiments. *P < 0.05. Western blot analysis and quantification of the protein level of caspase-1 in the cell lysates (e) and
ELISAs of the supernatant level IL-1( (f) from vehicle- or naringenin (200 uM, 12 h)-stimulated primary peritoneal macrophages followed by LPS (1 ng/
ml, 3h) and Angll (1 uM, 30 min) treatment in the presence or absence of CQ (1 uM). The data were analyzed using two-way ANOVA followed by
Bonferroni test for post hoc comparison and are presented as the means + SEM of six independent experiments. *P < 0.05. g ELISAs of the plasma IL-
1B level in the 4-month-old male ApoE™~ mice gavaged with water or naringenin (50 mg/kg/day) and infused with Angll (1000 ng/kg/min,

4 weeks). n =6-8 for each group. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are
presented as the means + SEM. h Western blot analysis of the protein levels of caspase-1 in cell lysates from the vehicle- or naringenin (200 uM, 12 h)-
stimulated primary peritoneal macrophages isolated from 8-week-old male TFEB™™* mice and TFEB"* mice followed by LPS (1 ng/ml, 3 h) and
Angll (1 uM, 30 min) treatment. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are
presented as the means + SEM of six independent experiments. *P < 0.05. i ELISAs of the plasma IL-1B level in 12-week-old male TFEB™™* mice and
TFEB"*© mice underwent sham operation or were periadventitially treated with CaPO, followed by vehicle or naringenin (50 mg/kg/day) gavage for
7 days. n=6-14 for each group. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are
presented as the means + SEM, *P < 0.05.

naringenin gavage increased the percentage of CD206"  dependent macrophage lysosome biogenesis and M2
CD68" macrophage (M2 macrophages) in AAA aortas of macrophage polarization during naringenin suppression
TEEB™*/"** mice but not in AAA aortas of TFEBM?XC  in AAA (Fig. 8i). Our data also highlight the therapeutic
mice (Fig. 8h). Taken together, naringenin, via inducing  potential of interfering with 14-3-3 epsilon and TFEB
TFEB activation, promotes M2 polarization of macro- binding for macrophage TFEB activation in related vas-

phages both in vitro and in vivo. cular inflammation.
AAA is highly lethal with no proven effective pharma-
Discussion cological intervention. Herein, we found that naringenin

Our current study identified naringenin as a novel anti-  not only inhibits the pathogenesis of AAA but also pre-
aneurysm drug candidate that suppresses the formation  vents the progression of AAA. Currently, although several
and promotes the regression of AAA. Intriguingly, our  drugs including doxycycline, ACEI statin et al. have been
study revealed the potential importance of TFEB-  proposed to prevent AAA, there is no proven drugs yet
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Fig. 8 Naringenin promoted macrophage M2 polarization via activation of TFEB. a RT-qPCR validation of Arg1, IL-10, YM1, and FIZZ1 in the
wild-type (WT) or TFEB knockout (TFEB KO) macrophages treated with vehicle, IL-4 (10 ng/ml, 12 h) or naringenin (200 uM, 12 h). The data were
analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM of six independent
experiments. *P < 0.05. b Western blot analysis and quantification of the protein level of the macrophage M2 polarization markers Arg1 and CD206 in
the lysates of the wild-type (WT) or TFEB knockout (TFEB KO) macrophages treated with vehicle or naringenin (200 uM, 12 h). The data were analyzed
using two-way ANOVA followed by Bonferroni test for post hoc comparison and are presented as the means + SEM of six independent experiments.
*P < 0.05. ¢ RT-gPCR validation of GATA3, IRF4, and STAT6 in the wild-type (WT, TrER/ox/flox macrophages infected with Ad-GFP), TFEB knockout (TFEB
KO, TFEB o macrophages infected with Ad-Cre), and TFEB-overexpressing (TFEB OF, TRERfox/flox macrophages infected with Ad-TFEB)
macrophages. The data were analyzed using one-way ANOVA and are presented as the means + SEM of six independent experiments. *P < 0.05.
d ChIP-gPCR analyses of the interactions between TFEB and promoters of three M2 macrophage polarization-driven genes. Formaldehyde cross-
linked genomic DNA from the naringenin (200 uM, 12 h)- or EBSS (30 min)-treated BMDMs was reduced to fragment sizes of 180 bp to 330 bp via
enzymatic digestion for immunoprecipitation. e Luciferase activity assays of the HEK293A cells transfected with the pGL3-GATA3-Luc plasmid, pGL3-
IRF4-Luc plasmid, pGL3-STATé-Luc plasmid, and B-galactosidase (CMV-B-gal) (the internal control) that underwent EBSS-induced starvation (30 min)
or naringenin treatment (200 uM, 12 h). The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc comparison and are
presented as the means + SEM of six independent experiments. *P < 0.05. f ELISAs of the vehicle- or naringenin (200 uM, 12 h)-treated BMDM
supernatants containing IL-10 (left) and TGF-B (right). The data were analyzed using unpaired t tests and are presented as the means + SEM of six
independent experiments. g Representative images of the immunofluorescence staining of CD68 (Red) and CD206 (green) in the aortas of 12-week-
old male TFEB™?™* mice and TFEBM*© mice underwent sham operation or were periadventitially treated with CaPO, followed by vehicle or
naringenin (50 mg/kg/day) gavage for 7 days. L indicates lumen. h Quantification of the percentage of M2 macrophages (CD687CD206™ cells) in the
aortas of 12-week-old male TFEB™™* mice and TFEB"#® mice underwent sham operation or were periadventitially treated with CaPO,, followed by
vehicle or naringenin (50 mg/kg/day) gavage for 7 days. The data were analyzed using two-way ANOVA followed by Bonferroni test for post hoc
comparison and are presented as the means + SEM, *P < 0.05. n = 6-14 for each group. i Schematic illustration of the naringenin and TFEB activation
in abdominal aortic aneurysm prevention and regression.
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for pharmacological intervention of AAA. There is also a
lack of any drug known to reverse AAA. Naringenin is the
most abundant naturally occurring grapefruit flavonoid,
and its cardioprotective effect has been recently recog-
nized®>°®, Epidemiological studies have shown that
greater flavonoid intake from fruits and vegetables is
associated with decreased risk of developing cardiovas-
cular disease®”®, Intriguingly, a recent prospective cohort
study indicated an inverse association between con-
sumption of fruit and the risk of AAA and a particularly
more pronounced association with AAA rupture® ", We
herein provide a potential explanation of the protective
role of fruit in the pathogenesis of AAA. The dose of
naringenin we used in the mouse study (50 mg/kg/day) is
equivalent to approximately 4.05 mg/kg/day in humans. A
previous study estimated the concentration of naringenin
glycosides in various brands of grapefruit juices to be
between 17 and 76 mg/100 ml”>. Therefore, the con-
centration of naringenin indicated for the prevention and
treatment of AAA is achievable by daily fruit consump-
tion. Uncovering naringenin as a potential candidate drug
may shed light on the clinical therapy of patients
with AAA.

Naringenin-mediated inhibition of the formation and
progression of AAA may involve pleiotropic effects. Pre-
vious animal and in vitro studies have shown that nar-
ingenin exhibits antioxidant and anti-inflammatory
effects”>"®. A recent study revealed that naringenin
promotes the intracellular degradation of pro-
inflammatory cytokines of macrophages which is con-
sistent with our results’’. The inhibition of MMP-9 acti-
vation by naringenin in both animal models fit into the
prediction that was made based on the CMap signature
similarities between naringenin and doxycycline. How-
ever, doxycycline showed no effect on established AAA in
mice®2. Moreover, there have been conflicting reports on
the effects of doxycycline on the progression of AAA in
patients’®”®, Furthermore, it has been reported that long-
term administration of doxycycline caused minor but
frequent side effects in patients®*®!. However, naringenin
exhibits no risk for safety issues in a recent randomized,
controlled, single-ascending-dose clinical trial**. Addi-
tionally, previous studies have suggested that naringenin
can improve dyslipidemia and apolipoprotein B over-
production®®®?, The lipid-lowering effects of naringenin
may partially account for its anti-aneurysm effect on
ApoE™’~ mice. However, the CaPO,-induced mouse
model of AAA does not mimic hyperlipidemia and
atherosclerosis. Thus, other mechanisms beyond the
MMP inhibition and lipid-lowering effects of naringenin
are responsible for the protection of naringenin on AAA.

In the current study, we found that naringenin exerted
AAA protection via macrophage TFEB. Naringenin
replenished TFEB-dependent macrophage lysosomal
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function and promoted TFEB-dependent reparative M2
macrophage polarization. Macrophages are recognized as
a central player in the formation and progression of AAA
involving the promotion of ECM remodeling, inflamma-
tion, and oxidative stress®”. Lysosomal dysfunction has
been recognized in neurodegenerative disease, metabolic
disorder, and cancer®*®. However, we know nothing
about macrophage lysosomes during the pathogenesis of
AAA. Herein, we found a dramatic decrease in macro-
phage lysosome biogenesis in both CaPOy-elicited and
Angll-infused ApoE '~ mouse models and naringenin
stimulated TFEB-dependent macrophage lysosome bio-
genesis to inhibit AAA. Our study highlights the impor-
tance of targeting macrophage lysosomes for fighting
aneurysmal diseases. Our finding that naringenin or TFEB
inhibited NLRP3 inflammasome activation and reduced
IL-1pB secretion during AAA is consistent with previous
reports that depletion of the NLRP3, caspase-1, and IL-1p
inflammasomes protect against aneurysm formation in
mice®. Although not fully understood, macrophage TFEB
inhibition of inflammasomes and IL-1p secretion were
also observed in previous studies within atherosclerotic
and post-myocardial infarction mice models®’. An
explanation is TFEB mediated autophagy-lysosome
pathway is responsible for the inhibition of inflamma-
somes since TFEB is the master regulator of
autophagy-lysosome pathway®* ", Interestingly,
although the gene expression profiles of naringenin and
doxycycline in the Cmap database are of high similarity,
the lysosome-related genes were not altered by doxycy-
cline in the Cmap database. Besides, we observed no
induction effects of doxycycline on macrophage lysosome
biogenesis (Data not shown). This may explain why
doxycycline showed promising in the AAA mouse model
but not in clinical trials’>, Moreover, an imbalance
between proinflammatory macrophages (M1) and
repairing potential macrophages (M2) is recently recog-
nized during the pathogenesis of AAA®*%, Targeting
CD31 to direct macrophage polarization exhibited
potential beneficial effects during the formation and
progression of AAA®*, IL-10 and TGE-B, two key cyto-
kines secreted by M2 macrophages, were reported to
inhibit aneurysms60’95. Herein, we found that TFEB acti-
vation or naringenin stimulation promoted M2 polariza-
tion. Mechanistically, we revealed that TFEB was directly
bound to the promoters of the M2 transcription factors
GATAS3, IRF4, and STAT6 and subsequently enhanced
IL-10 and TGEF-f levels to activate the reparative
response. Our data highlight TFEB as a novel regulator of
macrophage M2 polarization. Of note, a recent study
reported VSMC specific depletion of TFEB inhibits AAA
formation through inhibiting VSMC apoptosis*®, without
testing its role during AAA regression. However, we
observed no effects of naringenin on lysosome biogenesis
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as well as lysosome degradation activity in VSMCs
(Supplementary Fig. S2b, c). Meanwhile, the naringenin-
mediated TFEB-dependent macrophage M2 polarization
may contribute to AAA regression, since M2 macro-
phages are known to regulate tissue repair and
remodeling”’.

Ectopic overexpression of TFEB has been experimen-
tally proven to be beneficial to induce the intracellular
clearance of pathogenic factors in murine models of
Parkinson’s disease, Alzheimer’s disease, atherosclerosis,
and myocardial infarction®”?871°2, However, how to
pharmacologically activate TFEB to protect against car-
diovascular diseases remains largely unknown. In general,
TEEB is phosphorylated by MTORC1, Akt, PKC, ERK1/2,
etc,, and binds to the chaperone YWHA/14-3-3 (tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein) to remain in the cytosol and inactiva-
tion*>19>1%* Upon growth factor or amino acid depletion,
dephosphorylated TFEB translocates into the nucleus and
transcriptionally actives target genes, including TFEB
itself. Although previous studies have reported Akt and
PKC-dependent activation of TFEB by trehalose or HEP-
14*”*3, how to induce TFEB activation without affecting
the cellular kinome activity remains elusive. Herein, we
found that naringenin directly targeted the YWHA/14-3-3
epsilon-TFEB interface to regulate TFEB activation and
expression, without affecting MTORCI, Akt, PKC acti-
vation. Of interest, the recent structural analysis revealed
that TFEB binds to 14-3-3 and retains TFEB inactivation
via a hydrophobic loop that is distinct from most 14-3-3
binding proteins’. In the current study, we revealed that
naringenin specifically occupied this hydrophobic groove
without interfering with 14-3-3 binding to other partners,
such as FOXO4. Targeting the 14-3-3-TFEB interface
may lead to potential drug discovery for the treatment of
not only aneurysms but also atherosclerosis or other
diseases with aberrant macrophage lysosome biogenesis.

Materials and methods
Computational pipeline

CMap is based on the principle that drugs with similar
gene expression profiles often share similar mechanisms
and affect the same chemical and physiological processes
and may therefore treat similar diseases. To identify
candidate drugs for the treatment of AAA, we first
downloaded the dataset of drug-responsive gene expres-
sion profiles from CMap (www.broad.mit.edu/cmap)'®”.
Using doxycycline as a seed drug, we then performed a
correlation analysis between doxycycline and all the other
drugs that had been integrated into CMap on an in-house
computer program. The top drugs that showed a sig-
nificant and high correlation with doxycycline were then
considered candidate drugs for the treatment of AAA.
The framework for the identification of candidate drugs
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based on the above drug-repositioning strategy is illu-
strated in Fig. la.

Materials

Angiotensin II (A9525), doxycycline (10592-13-9), nar-
ingenin (67604-48-2), and gelatin (9000-70-8) were pur-
chased from Sigma Chemical Co. (Saint Louis, Missouri).
The antibody against Mac3 (sc-32790) was purchased
from Santa Cruz Biotechnology (Santa Cruz, California).
Mouse inflammatory cytokine bead array (CBA) Kkits
(552364) were purchased from BD Biosciences (Clontech,
California). Antibodies against eIF5 (13894S), TFEB
(4240S), CD68 (97778S), CD206 (24595S), caspase-1
(2225S), IL-1p (12163S), NLRP3 (13158S), caspase-3
(9662S) and Bax (2774S) were obtained from Cell Sig-
naling Technology (Arundel, Australia). Antibodies
against GAPDH (60004-1-Ig), B-tubulin (10068-1-AP),
Histone H3 (17168-1-AP), and TFE3 (14480-1-AP) were
purchased from Proteintech Group (Wuhan, China).
DQ™ Ren BSA (# D12051), Lysotracl(erTM Deep Red
(L12492), and Lysotracker™ Green DND-26 (L7526)
were purchased from Life Technologies (San Diego, CA).
Fluorescein isothiocyanate (FITC) anti-mouse CD45
(103107), APC anti-mouse CD11b (101211), PE anti-
mouse Ly6G (127607), APC anti-mouse CD86 (105011),
APC-anti mouse CD31 (102409), and APC anti-mouse
F4/80 (157305) used in flow cytometry were purchased
from BioLegend (San Diego, CA)

Animals

All animal studies followed the guidelines of the Animal
Care and Use Committee of Peking University. The
Tfeb™ mice were generated by using CRISPR/Cas9
technology. The mouse TFEB gene (Gene ID: 21425) has
several transcripts, and its exon 4-5 includes a conserved
protein functional domain: the HLH domain. Thus, guide
RNAs were designed before exon 4 and after exon 5. The
plasmids harboring the sgRNA, the donor plasmids, and
cas9 mRNA was purified and co-injected into the cyto-
plasm of zygotes of C57BL/6] mice. After a short in vitro
culture, the injected blastocysts were transferred into
pseudopregnant female mice. The founder mice with flox
insertion were mated with WT mice. The genotypes of
their offspring were verified by PCR using the following
primers: forward: 5-TTGCTCCTGCCTGTTGAATTCC
AT-3/, reverse 5'-AACCAGTCGAGCTACTAGGGAGA
G-3'.

Cell culture

Then primary mouse peritoneal macrophages were
isolated from thioglycollate-injected 8—10 weeks old male
C57BL/6] mice, TFEBY1°% mjce, and TSC11°¥1°% mijce
as described in a previous study'°®. Bone marrow cells of
8-10 weeks old male C57BL/6] mice TFEB°X mjce
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and TSC17¥%°* mice were isolated and differentiated
into BMDMs in RPMI 1640 medium (Life Technologies,
Grand Island, NY, USA) containing 30% conditioned
medium from 1929 cells as previously described'””.
HEK293A cells were purchased from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
high-glucose DMEM supplemented with 10% FBS,
100 units/mL penicillin, and 100 ug/mL streptomycin. All
cells were maintained in a humidified 5% CO, incubator
at 37°C.

Calcium Phosphate-Induced AAA model in C57BL/6J mice

All studies followed the guidelines of the Animal Care
and Use Committee of Peking University. Male C57BL/6]
mice that were 12 weeks old were placed under anesthesia.
The infrarenal region of the abdominal aorta was isolated
through a midline incision. A small piece of gauze that had
been soaked in a 0.5mol/L CaCl, solution was applied
perivascularly for 10 min and then replaced with another
piece of PBS-soaked gauze for 5min to form calcium
phosphate (CaPO,) crystals. The control mice received a
similar treatment with 0.5 mol/L NaCl-soaked gauzes that
was applied for 10 min, followed by PBS-soaked gauze that
was applied for another 5 min'®®. On postoperative day 2,
the NaCl control group was given water, while the CaPO,4-
treated mice were divided into three different treatment
groups and were intragastrically administered either water,
naringenin (50 mg/kg/day)'*>'*°, or doxycycline (100 mg/
kg/day) every day for one week. Systolic blood pressure
was monitored in conscious mice by tail-cuff plethysmo-
graphy with a BP-98A intravascular blood pressure
transducer. Fourteen days later, the mice were killed, and
blood samples were collected. The maximum diameter of
the infernal aorta was measured by ex vivo measurement
under Image] software, and the infrarenal regions of the
abdominal aortas from the right renal branch to the iliac
artery were excised.

For investigating the effects of naringenin on established
abdominal aortic aneurysms, CaPO, was applied to 12-
week-old male C57BL/6] mice (n=30) as described
above. Seven days later, these mice with AAA were fur-
ther allocated into two groups by a random number table
according to body weight and external diameter of the
abdominal aorta: a naringenin group (n=15) and a
vehicle group (n=15). Another 7 days later, the mice
were sacrificed for ex vivo measurement.

For confirmation of whether the role of naringenin on
aneurysm formation is macrophage TFEB dependent,
CaPO, was also applied to 12-week-old male TFEB/ /¥
mice and TFEB™*X° mice as described above.

For validation of the role of naringenin on established
AAAs is macrophage TFEB dependent, CaPO, was peri-
vascularly applied to 12-week-old male TFEB**© mice
(n=18) above. 7 days later, we used ultrasonography to
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measure the maximal abdominal aortic diameter. AAA
was defined as a 50% increase in the external diameter of
the abdominal aorta. According to this criterion, 9 out of
the 18 mice developed AAA. These mice with AAA were
further allocated into two groups by a random number
table according to body weight and external diameter of
the abdominal aorta: a naringenin group (n=4) and a
vehicle group (n =5). Another 7 days later, the mice were
sacrificed for ex vivo measurement.

Angiotensin ll-induced AAA Model in ApoE '~ Mice
Alzet osmotic minipumps (model 2004) containing
Angll were subcutaneously implanted into male, 16-
week-old ApoE~'~ mice. Angll was infused into the mice
at a rate of 1000 ng/kg/min for 28 days. On postoperative
day 2, the mice were randomly divided into two groups by
a random number table according to the bodyweight: one
group was intragastrically administered water daily for
4 weeks, while the second group received naringenin
(50 mg/kg/day). Systolic blood pressure was monitored in
conscious mice by tail-cuff plethysmography with a BP-
98A intravascular blood pressure transducer. The mice
were killed, blood samples were collected, and the
suprarenal regions of the abdominal aortas from the
proximal aorta to the right renal branch were excised.
For analysis of the role of naringenin in established
AAA, 4-month-old male ApoEf/ ~ mice (n=70) were
subcutaneously implanted with minipumps containing
Angll and infused with AnglI at a rate of 1000 ng/kg/min
for 28 days. Eight mice died early in this study due to
thoracic aortic dissection. We used ultrasonography to
measure the maximal suprarenal aortic diameter at the
peak of systole with the caliper measurement feature of
the Veov 770TM Imaging System (Visual Sonics, Inc.,
Toronto, Canada in B-mode). AAA was defined as a 50%
increase in the external diameter of the abdominal aorta.
According to this criterion, 42 out of the 62 mice devel-
oped AAA. These mice were further allocated into two
groups by a random number table according to body
weight, blood pressure, and the external diameter of the
abdominal aorta: a naringenin group (m=21) and a
vehicle group (n=21). All 42 mice were infused with
Angll at a rate of 1000ng/kg/min for an additional
28 days, and the surviving mice were then imaged with
ultrasonography and sacrificed for ex vivo measurement.

Analysis of plasma lipid levels

Plasma total cholesterol, triglycerides, low-density lipo-
protein, and high-density lipoprotein were assayed with
kits from Zhong Sheng Biotechnology (Beijing, China)''".

Morphology
Mice were killed and perfused with a 4% paraf-
ormaldehyde solution in PBS. The infrarenal aortas of the
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C57BL/6] mice, TFEB™*/°* mice, TFEBM?XC mice, and
the suprarenal aortas of the ApoE ™~ mice were imme-
diately divided into two sections, and serial cryosections
(6 pm thickness, 300 pm apart) were made.

Immunofluorescence staining

Frozen sections were incubated with anti-CD45 (1:200,
BD), anti-Mac3-6 (1:50, Santa Cruz), anti-CD68 (1:200,
AbD Serotec), anti-CD206 (1:200, Cell Signaling Tech-
nology), and anti-TFEB (1:200, Bethyl) antibodies, fol-
lowed by incubation with secondary antibodies (1:300)
(Thermo Fisher, Inc., Waltham, MA). The nuclei were
counterstained with Hoechst 33342. The fluorescence
signal was measured with a confocal laser scanning
microscope (Leica, Germany).

Cytokine assay

Plasma cytokines were measured with a mouse inflam-
matory Cytokine Cytometric Bead Array Kit (CBA, BD
Biosciences).

In situ zymography

OCT-embedded, fresh abdominal aortic cryosections
were analyzed with in situ zymography using the MMP
fluorogenic substrate DQ-gelatin-FITC (Invitrogen).
Cryosections were incubated with 40 ug/ml (in PBS) of
the quenched fluorogenic substrate DQ-gelatin-FITC for
1h at 37°C. The gelatin with a fluorescent tag remained
caged (no fluorescence) until the gelatin was cleaved by a
gelatinase. The excess fluorogenic substrate was washed
with PBS and photographed with a confocal microscope.

Gelatin zymography

The infrarenal aortas from the C57BL/6] mice treated
with CaPO, for one week and the suprarenal aortas from
the ApoE™/~ mice that were subcutaneously infused with
AnglI (1000 ng/kg/min) for 4 weeks were incubated in a
culture medium for 24 h. The conditioned medium was
then electrophoresed on sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels containing 1 mg/ml gelatin.
The gels were washed twice in 2.5% Triton X-100, incu-
bated for 24 h (37 °C) in zymography buffer (50 mM Tris-
HCI [pH 7.5], 150 mM NaCl, 10 mM CaCl,, and 0.05%
sodium azide) and stained with Coomassie brilliant blue.

Quantitative RT-PCR and western blot analysis

RT-PCR amplification was performed with the Mx3000
Multiplex Quantitative PCR System (Stratagene Corp, La
Jolla, California), SYBR Green I reagent, and the 18S
internal control for normalization.

The primer sequences used in the RT-PCR experiments
are presented in Supplementary Table S8. All amplifica-
tion reactions were conducted over 40 cycles (an initial
stage of 7 min at 94 °C and then a three-step program of
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30s at 94°C, 30s at 58°C, and 30s at 72°C) and were
performed in duplicate.

Mouse tissue and cultured cells containing equal
amounts of total protein were resolved by 12% SDS-PAGE
for Western blot analysis. The blots were incubated with a
primary antibody and an IRDye 700DX-conjugated sec-
ondary antibody (Rockland, Inc.). The immuno-
fluorescence signal was detected by the Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, Nebraska).

TUNEL assay

Apoptotic cells were detected with the Tdt-mediated
dUTP-biotin nick end labeling assay (TUNEL, Promega
Company, USA).

RNA-seq analysis

Vehicle or naringenin (200 uM) treated BMDMs were
prepared for RNA isolation (1 =3 for each group) fol-
lowing the Trizol protocol. RNA samples were resus-
pended in nuclease-free water (Ambion) and genomic
DNA contamination was removed using the commer-
cially available Turbo-DNA free kit (Invitrogen). rRNA
removal was performed using 50-100ng total RNA
input and a modified protocol for the Ribo-Zero Epi-
demiology Gold rRNA removal kit (Illumina). The
rRNA-depleted samples were purified by precipitating
the RNA. The cDNA libraries were individually pre-
pared from each sample by performing a series of
procedures including poly(A) enrichment, RNA frag-
mentation, random hexamer primed cDNA synthesis,
linker ligation, size selection, and PCR amplification.
The quality and quantification of cDNA libraries were
performed by using the Qubit 2.0 Fluorometer (Thermo
Scientific) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Singapore). The libraries were then
sequenced using HiSeq Illumina 2500 sequencing plat-
form (Illumina, San Diego, CA).

Luciferase assay

The 2x CLEAR-Luc plasmid was obtained from
Addgene. The GATA3/IRF4/STAT6-Luc plasmids were
conducted by inserting the promoter sequences of mouse
GATA3/IRF4/STAT6 genes into pGL3-basic vectors,
respectively. The primers used for subcloning were shown
in Supplementary Table S10. Luciferase activity was
measured using the Steady-Glo® Luciferase Assay System
(Promega Corporation). Briefly, HEK293A cells trans-
fected with 2x CLEAR-Luc plasmid or GATA3/IRF4/
STAT6-Luc plasmid were cultured in 100 gl of medium
using a 96-well white plate, and 100 ul of CCLR (cell
culture lysis reagent) with luciferase substrate was added
to each well. Luminescence was measured using a Spec-
troMax M3 Multimode microplate reader (Molecular
Devices).
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Autophagic flux assay

The autophagic flux was measured using DQ " Red BSA,
which is labeled to a high degree with red fluorescent
BODIPY® TR-X dye. As previously reported, DQ" Red
BSA will accumulate in autophagosomes and will be
combined with functional lysosomes to generate auto-
lysosomes. Then, DQ™ Red BSA will be cleaved by pro-
teases in the autolysosomes. The proteolysis of this
conjugate can be easily monitored because digestion
results in dequenching and releases brightly fluorescent
fragments. BMDMs, primary rat vascular smooth muscle
cells, and HUVECs that were pretreated with naringenin
(0, 50, 100, 200 uM for 12 h) or EBSS (positive control for
30 min) were incubated with DQ" Red BSA (100 ug/ml)
for 60 min. Then, flow cytometric analysis was used to
detect the RFP fluorescence intensity.

Lysosomal degradation assay

HEK293A cells were transfected with a tandem fluor-
escent mRFP-GFP-tagged LC3 plasmid using Lipofecta-
mine 2000. The expression of GFP and mRFP were
visualized with an Olympus FV1000 laser scanning con-
focal microscope (Olympus, Tokyo, Japan). Images were
acquired using FV10-ASW3.0 software. Yellow (merged
GFP signal and RFP signal) puncta represent early
autophagosomes, while red (RFP signal alone) puncta
indicate autolysosomes. The lysosomal degradation
activity was evaluated by the color change of GFP/mRFP.
Generating of TSC1~/~ macrophages

Six- to eight-week-old male TSC1%1°* mice were
kindly given by Prof. Zhang from Peking University. Then
primary mouse peritoneal macrophages were isolated
from thioglycollate-injected TSC19¥/°% mice. Briefly,
each TSC1%1°* mouse was intraperitoneally injected
with 5mL of 2.9% thioglycollate. Three days later, the
cells were perfused from the peritoneal cavity and cul-
tured with RPMI 1640 medium (Life Technologies, Grand
Island, NY, USA) including 10% fetal bovine serum (FBS)
(Life Technologies, Grand Island, NY, USA). Twenty-four
hours later, the cells were infected with adenovirus that
encoded green fluorescent protein (GFP) (10 MOI) or
cyclization recombination enzyme (Cre) (10 multiplicity
of infection (MOI)) to generate wild type (WT) macro-
phages or TSC1~'~ macrophages, respectively.

Flow cytometry analysis and macrophage cell sorting

For analyzing the role of naringenin on macrophage
TFEB and target gene expression, 20 male C57BL/6] mice
that were 10 weeks old were placed under anesthesia.
Then the infrarenal region of the abdominal aorta was
isolated and incubated with 0.5 mol/L CaCl, solutions
perivascularly for 10 min followed by PBS incubation for
another 5min to form calcium phosphate (CaPO,)
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crystals. On a postoperative day 2, the mice were divided
into 2 groups by intragastrically administered water or
naringenin (50 mg/kg/day) every day for 7 days. Then the
mice were killed and the abdominal aortas were collected
and gathered together within each group then digested
into single cells using 1 mL aortic dissociation enzyme
solution as described previously''?>. Macrophages in
single-cell suspensions derived from mouse aortas were
co-labeled with FITC anti-F4/80 and PE anti-CD11b
antibodies. Double positive cells were sorted as aortic
macrophages by BD FACS Aria II SORP (BD Biosciences,
San Diego, CA, USA) for further RNA isolation and RT-
qPCR analysis.

Construction of adenovirus

Adenoviruses encoding GFP and mouse TFEB were
generated by cloning the coding region of mouse TFEB
and control GFP into the AdTrack-CMV (cytomegalo-
virus) vector (Agilent Technologies). Next, the coding
region was cloned from the Ad-track vector to the AdEasy
vector by homologous recombination in Escherichia coli.
The adenoviruses were packaged in HEK293A cells and
purified by CsCl, density gradient ultracentrifugation.
Adenovirus titration was determined by the Adeno-XTM
qPCR titration kit (Clontech).

Chromatin immunoprecipitation assay

ChIP assays were performed with an EZ-ChIP kit
(Millipore) according to the manufacturer’s protocol.
Purified precipitated DNA was used as a template for
PCR. The primers used for ChIP-PCR are listed in Sup-
plementary Table S9.

Thermal shift experiment

BMDMs (106 cells) were harvested, and cell lysates were
incubated with either vehicle (DMSO) or naringenin
(200 uM) (final DMSO content). For every volume, 50 pl
of the mixture was transiently heated to different tem-
peratures ranging from 42 °C to 75°C for 5 min using a
TaKaRa PCR Thermal Cycler Dice® Gradient (TaKaRa),
followed by cooling at room temperature for 5 min. After
the heating step, the plate was centrifuged at 12,000g for
10 min at 4 °C to separate the soluble proteins from the
aggregates, and the supernatant samples were analyzed by
SDS-PAGE followed by western blotting.

For the ITDFR-CETSA experiment, naringenin was
serially diluted to generate dose—response curves (from 0
to 102.4 pM). Cell lysates were treated with each con-
centration in a 50 pl system in a 96-well PCR plate for
5 min at 55 °C, followed by cooling at room temperature
for 5min. Then, the heat-treated samples were cen-
trifuged at 12,000g for 10 min at 4 °C, and the level of 14-
3-3e was analyzed by SDS-PAGE followed by western
blotting.
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Expression and purification of 14-3-3¢

Recombinant baculovirus encoding full-length mouse
14-3-3e was generated using the Bac-to-Bac baculovirus
expression system (Invitrogen, CA, USA). Briefly, sus-
pended Sf9 cells at a density of 2 x 10°cells/mL were
infected with P2 virus stocks at an MOI of 2 for 48 h. The
medium supernatant of virus-infected cells was collected
by centrifugation at 4000 rpm for 15 min after the addi-
tion of 5mM imidazole and protease inhibitor cocktail
(Roche, Basel, Switzerland). The supernatant was incu-
bated with equilibrated Ni-NTA resin (Roche, Basel,
Switzerland) with gentle rotation at 4°C for 12h. The
resin was transferred to a column and washed with 20-bed
volumes of lysis buffer. 14-3-3¢ was eluted by washing the
column with 10-bed volumes of a 0.05-0.3 M linear gra-
dient of imidazole in lysis buffer. The protein was dialyzed
against lysis buffer and then concentration by ultrafiltra-
tion. The protein was determined to be at least 70% pure
by 8% SDS-PAGE.

Fluorescence polarization-based binding assay

Serial dilutions of His-14-3-3¢ were made in assay
buffer (containing 25 mM HEPES (pH 7.5), 100 mM NaCl,
1mg/ml BSA, and 0.05% CHAPS) covering a range of
1-4000 nM and dispensed on a black 384-well nonbind-
ing microplate (Greiner Bio-One GmbH, Frickenhausen,
Germany) in triplicate (10 pl). Blank controls contained
only buffer (10 pl). Ten microliters of the 2x Spindlinl
dilution and 10 pl of 10 nM p-TFEB-FITC were dispensed
on the microplate, resulting in a final assay volume of
20 ul per well. Fluorescence polarization (FP) was mea-
sured from these wells after incubation for 60 min at 25 °C
with the help of an EnVisionTM plate reader (Perki-
nElmer). For the fluorescence polarization displacement
assay, a 2x concentrated pool solution containing 20 nM
His-14-3-3¢ and 20nM p-TFEB-FITC was prepared in
assay buffer. For IC5o determination experiments, a 1:1
naringenin dilution series (2x concentrated) was prepared.
Ten microliters of each naringenin solution were dis-
pensed onto a black 384-well nonbinding microplate
(Greiner) in triplicate. Ten microliters of an appropriate
DMSO solution in assay buffer were dispensed into 6
wells for positive controls and into another 6 wells for
negative controls. Ten microliters of His-14-3-3¢/p-
TFEB-FITC were added to each well-containing nar-
ingenin solution and the positive controls. Ten microliters
of the p-TFEB peptide solution were added to the negative
control wells. The final concentrations were 10 nM and
10 nM His-14-3-3¢ and p-TFEB peptide, respectively, in a
final assay volume of 20 ul. Six wells contained 20 pL of
DMSO solution in assay buffer to generate blank controls.
The microplate was then incubated for 60 min at 25 °C.
GraphPad Prism was used for visualization and calcula-
tion of the ICs, values by plotting inhibition values against
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logarithmic compound concentrations and applying a
sigmoidal dose-response fit (variable slope). The setup of
the FP assay for the p-control peptide and His-14-3-3¢
was realized by following the same optimization route as
described for the p-TFEB peptide.

ITC assay

The ITC assay was performed using a MicroCalorimeter
ITC200 (GE Healthcare Life Sciences, USA) at 25°C.
Prior to the experiment, protein samples were dialyzed in
a buffer containing 20 mM Tris-HCI, pH 7.5, and 200 mM
NaCl. Naringenin was placed in the sample cell, and the
YWHAE/14-3-3¢ protein was placed in the syringe of the
instrument. YWHAE/14-3-3¢ protein (~50 uM) was
sequentially injected into the stirred calorimeter cell
initially containing naringenin (~5 uM) with an injection
sequence of 20 x 2 pl at 2 min intervals.

The heat of dilution obtained by the titration of the
peptide into the buffer was subtracted. The integrated
corrected and concentration-normalized peak areas of the
raw data were finally fitted with a model of one binding
site using ORIGIN 7.0 (OriginLab).

Identification of naringenin-binding proteins

The identification of naringenin-binding proteins was
performed as previously reported**. Briefly, cell lysates of
BMDMs from 3 independent biological replicates were
aliquoted in equivalent volumes containing 100 mg of
proteome sample and incubated for 10 min at 25 °C with
vehicle or naringenin (final concentration: 200 uM). Pro-
teinase K from Tritirachium album (Sigma Aldrich) was
added simultaneously to all the proteome-naringenin
samples at a proteinase K to substrate mass ratio of 1:100
and incubated at 25 °C for 5 min. Digestion reactions were
stopped by heating samples for 3 min at 98 °C in a ther-
mocycler followed by the addition of sodium deox-
ycholate (Sigma Aldrich) to a final concentration of 5%.
The samples were then heated again at 98 °C for 3 min in
a thermocycler. Protein fragments from the proteinase
K-limited proteolysis step were reduced with 5 mM Tris
(2-carboxyethyl) phosphine (Thermo Fisher Scientific) for
40 min at 37°C and then alkylated by incubating for
30min at 25°C with 20mM iodoacetamide (Sigma
Aldrich) in the dark. The samples were diluted with 0.1 M
ammonium bicarbonate to a final concentration of 1%
sodium deoxycholate and predigested with lysylendo-
peptidase (Wako Chemicals) at an enzyme-substrate ratio
of 1:100 for 4h at 37 °C. Digestions were completed by
treatment with sequencing-grade porcine trypsin (Pro-
mega) at an enzyme-substrate ratio of 1:100 for 16 h at
37°C. Trypsin was inactivated to stop peptide digestions
by adding a volume of formic acid that lowered the pH to
less than 2. Acidified peptide mixtures were loaded onto
Sep-Pak tC18 cartridges or into 96-well elution plates
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(Waters), desalted, and eluted with 50% acetonitrile—0.1%
formic acid. The samples were dried in a vacuum cen-
trifuge, solubilized in 0.1% formic acid, and immediately
analyzed by mass spectrometry.

siRNA transfection

The Amaxa Mouse Macrophage Nucleofector Kit
(Lonza Cologne AG, Cologne, Germany) was used to
transfer siRNAs into mouse peritoneal macrophages. The
transfection procedures followed the manufacturers’
instructions. The sequence of siRNA targeting mouse
TSC2 is sense 5-GCAUGCAGUUCUCACCUUATT-3/,
antisense 5-UAAGGUGAGAACUGCAUGCTT-3". The
sequence of siRNA targeting mouse 14-3-3 epsilon is:
sense 5'-GGAGUACCGGCAAAUGGUUTT-3/, antisense
5'-AACCAUUUGCCGGUACUCCTT-3'. The sequence
of scrambled siRNA is sense 5-UUCUCCGAACGUGUC
ACGUTT-3/, antisense 5'-ACGUGACACGUUCGGAGA
ATT-3'.

Flow cytometric analysis

Mouse bone marrow cells were labeled using FITC-
conjugated anti-mouse CD45, PE-conjugated anti-mouse
Gr-1, and APC-conjugated anti-mouse CD11b antibodies
to identify myeloid cells. Blood cells were analyzed using
FITC anti-CD45 and APC anti-CD11b together with PE-
conjugated anti-mouse Ly6C or Ly6G antibodies to
identify monocytes or neutrophils, respectively, following
the disruption of red blood cells using RBC lysis buffer
(Tiangen Biotech, Inc., Beijing, China). Labeling with PE
anti-F4/80 or APC-CD31 together with LysoTracker
(Thermo Fisher Scientific) was performed to identify the
lysosomal numbers in macrophages and ECs in single-cell
suspensions derived from mouse aortas.

Statistical analysis

All results are expressed as the mean + standard error
of the mean and were analyzed by the Shapiro—Wilk
normality test to evaluate whether the sample has a
normal distribution. After confirmation of the normal
distribution of the data, Student’s ¢ test was used for a
two-group comparison of the effects of naringenin on
the aortic diameter, plasma cytokine level, inflammatory
cell infiltration, MMP activity, etc. For comparisons
among more than two groups, ANOVA with Bonferroni
test when appropriate was used to compare and evaluate
the effect of naringenin and doxycycline on the diameter
of the aorta, inflammatory cell infiltration, MMP activity
and apoptosis in the CaPOy-treated mice, etc. The chi-
square test was used to analyze the incidence of aneur-
ysms. The nonparametric Kruskal-Wallis test with a
dumn post hoc test was used to analyze the elastin grade
of aortas.
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