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ABSTRACT

Atherosclerosis is a chronic inflammatory disease that commonly affects the elderly and is characterized by
vascular damage, macrophage infiltration, and plaque formation. Moreover, it increases the risk of
cardiovascular disease. The pathogenesis of atherosclerosis involves an interplay between macrophage
autophagy and apoptosis. A recently discovered transcription factor, transcription factor EB (TFEB) is known to
activate autophagy in macrophages. Sirtuin deacetylase 1 (SIRT1), a nicotinamide adenine dinucleotide (NAD*)-
dependent histone deacetylase, activates several transcription factors, including TFEB. We studied the effects
of berberine on the NAD* synthesis pathway and interactions between SIRT1 and TFEB. We also studied the
effects of berberine-induced TFEB activation via SIRT1 on autophagy and apoptosis of peritoneal macrophages.
We found that berberine promoted autophagy of peritoneal macrophages by activating SIRT1 via the NAD*
synthesis pathway and, in turn, promoting TFEB nuclear translocation and deacetylation. The functional
regulation of SIRT1 and TFEB by berberine could be exploited as a potential therapeutic strategy for
atherosclerosis.

INTRODUCTION

In recent years, cardiovascular disease has emerged as
the leading cause of human death. Atherosclerosis is a
dominant risk factor for cardiovascular disease and
shows an aging trend [1]. It is a complex
pathophysiological process, with its development
involving multiple cell types including macrophages
[2]. Activated macrophages phagocytize foreign
materials, release pro-inflammatory factors, recruit
lymphocytes to strengthen immunity, protect the
vasculature, and maintain tissue homeostasis [3].
Autophagy is a highly regulated cytoprotective process
used by eukaryotic cells to degrade longevity proteins

and damaged organelles [4]. In atherosclerosis, basal-
level macrophage autophagy protects plaque cells
against oxidative stress by degrading damaged
intracellular material and reducing cell apoptosis [5]. In
addition, macrophage autophagy restores cell
metabolism by regulating the extension of cell
membranes for the synthesis of autophagic lysosomes
[6]. Macrophage apoptosis is a prominent feature of all
stages of atherosclerosis [7]. Basal-level macrophage
autophagy in atherosclerotic plaques contributes to
plaque stability. However, excessive apoptosis of
macrophages occurring in advanced atherosclerotic
plaques causes necrosis, inflammation, and plaque
instability and detachment [8].
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Acetylation and deacetylation of N-terminal lysine
residues in histone tails are catalyzed by histone acetyl
transferases (HATS) and histone deacetylases (HDACsS),
respectively. This epigenetic modification allows proper
nucleosome assembly and chromatin packaging and
activate or inhibit gene transcription [9]. Sirtuin
deacetylase 1 (SIRT1) is a class Il HDAC, whose
activity depends on cytoplasmic NAD*/NADH ratio [10].

Transcription factor EB (TFEB) is a member of the
microphthalmia family of bHLH-LZ transcription
factors (MiTF/TFE). TFEB regulates the expression of
several lysosome and autophagy genes [11]. Under
normal physiological conditions, TFEB is localized to
cytoplasm. In response to starvation or external stimuli,
it is rapidly translocated to the nucleus to activate the
expression of several downstream genes [12].
Furthermore, TFEB affects the progression of
atherosclerosis by promoting the phagocytosis ability of
macrophages in plagues by enhancing lysosomal
bactericidal performance [13].

Berberine, an alkaloid extracted from plants, is a
traditional Chinese medicine used in several Asian
countries for the past 1,400 years. Berberine-induced
autophagy protects cardiac cells from the harmful
effects of ischemia—reperfusion injury by accelerating
energy circulation [14]. Furthermore, it prevents cardiac
hypertrophy by reducing cardiomyocyte apoptosis [15].
Its anti-inflammatory and good lipid regulation
properties make it a potential therapeutic candidate for
atherosclerosis [16].

We studied the effects of berberine-induced TFEB
activation via SIRT1 on autophagy and apoptosis in
peritoneal macrophages and whether it protected against
atherosclerosis.

RESULTS

Berberine-induced autophagy in peritoneal macrophages
occurs earlier than apoptosis

A combination of berberine and ultrasound is known to
induce macrophage autophagy [17]. To investigate the
effects of berberine on autophagy and apoptosis, we first
studied the intracellular accumulation of berberine and
viability of macrophages after treatment with varying
concentrations of berberine. Berberine has fluorescence
and can be observed by fluorescence microscope after
ingested by macrophages. Immunofluorescence studies
revealed that berberine accumulated in macrophages in a
time-dependent manner, reaching a peak at 3 to 4 h
(Figure 1B). Figure 1A (1) (2) show that berberine was
not toxic to cells in the range 0 to 200 pmol/L, whereas
300 pumol/L berberine resulted in cell death. To further

explore the conditions of autophagy induced by berberine
in peritoneal macrophages, we assessed the expression of
autophagy-related proteins, namely Beclin 1, LC3 I, and
LC3 Il after treatment with different berberine
concentrations. Macrophage autophagy was induced by
100 pmol/L berberine (Figure 1C). Moreover, at this
concentration the cell viability remained unaffected until
10 h (Figure 1A (3)). To assess the optimal time required
to induce cell autophagy by 100 pumol/L berberine, we
studied the expression of Beclin 1, LC3 I, and LC3 Il in
peritoneal macrophages at different time points.
Compared with the control group, the maximum
expression was observed at 6 h post-berberine treatment
(Figure 2D). To observe berberine-triggered autophagy-
related intracellular changes, transmission electron
microscopy (TEM), acridine orange staining, and
immunofluorescence staining were used. Compared with
the control group, double-membrane autophagosomes
surrounding various damaged organelles were observed
in the berberine group. Pre-treatment of cells with 3-
methyladenine (3MA) reduced the formation of
autophagosomes and acidic vesicle organelles (AVOs)
and decreased the intracellular fluorescence intensity of
LC3 (Figure 2A-2C). Moreover, it reduced the
expression of Beclin 1 and inhibited the conversion of
LC3 | to LC3 Il (Figure 3E). Pre-treatment with
chloroquine (CQ) in the berberine group resulted in
further LC3 Il and p62 accumulation compared with the
cells treated with CQ alone (Supplementary Figure 2).

We next examined the occurrence of apoptosis in
macrophages treated with 100 umol/L berberine for 10
h. Compared with the control group, the expression of
apoptosis-related proteins, namely cleaved caspase 9,
cleaved caspase 3, and cleaved PARP increased in
berberine-treated cells. However, pre-treatment of cells
with an apoptosis inhibitor z-VAD reversed this
increase (Figure 4D). On the contrary, pre-treatment
with Apoptosis Activator 2 enhanced the expression of
apoptotic proteins induced by berberine (Figure 4E).
TEM revealed ultrastructural changes, including typical
apoptotic chromatin condensation on the interior surface
of the nuclear envelope in macrophages treated with
berberine for 10 h (Figure 4A). The number of Hoechst
33258-stained cells (blue) was higher in the berberine
group than in the control group. Similarly, terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining revealed a higher number of bright
green TUNEL-positive cells in the berberine group than
in the control group. Pre-treatment of cultured
macrophages with z-VAD reduced the number of
apoptotic cells (Figure 4B, 4C). These results indicated
that berberine induced macrophage apoptosis after 10 h.

Co-incubation of macrophages with berberine and
3MA for 10 h increased the number of apoptotic cells
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(Figure 5A, 5C), as evident from increased protein and
MRNA expression of pro-apoptotic factor BAX.
Moreover, the treatment reduced the expression of anti-
apoptotic factor Bcl-2 and enhanced the accumulation
of released cytochrome C (Figure 5B, 5D, 5E). These
results demonstrated that inhibition of autophagy
promoted cell apoptosis in peritoneal macrophages.

Based on these results, we conclude that berberine
induced autophagy earlier (6 h) than apoptosis (10 h) in
peritoneal macrophages. Treatment with 3MA reduced
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berberine-induced autophagy and promoted berberine-
induced apoptosis.

Berberine induces autophagy by inhibiting the
PI3K/AKT/mTOR signaling pathway

PI3K/AKT is one of the mTOR signaling pathways that
is known to suppress autophagy [18]. To explore the
molecular mechanism of berberine-induced autophagy,
we analyzed the phosphorylation levels of AKT and
mammalian target of rapamycin (mTOR) (p-AKT and
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Figure 1. Autophagy parameter selection of berberine. (A) Effects of berberine on the viability of peritoneal macrophages. (1)
Different concentrations of berberine (100-1000 pumol/L, 6 h). (2) Different concentrations of berberine (50-300 umol/L, 6 h). (3) Different
exposure times to berberine (100 umol/L). Cell viability was analyzed by CCK-8 assay. Data was analyzed by one-way ANOVA with Tukey HSD
post-hoc test (vs. Control group). (B) Intracellular accumulation of berberine (100 umol/L) was detected in peritoneal macrophages (scale bar,
0.1 mm). (C) The expression of LC3 |, LC3 Il, and Beclin 1 was analyzed by western blotting after treatment with different concentrations of
berberine for 6 h. Quantification of LC3 11/LC3 | ratio and Beclin 1 is shown. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc
test (vs. Control group).All values are expressed as mean + SD (error bars) of three independent experiments. n = 3; "p < 0.05, “p < 0.01, and
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p < 0.001 versus control.
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Figure 2. Berberine triggers autophagy in peritoneal macrophages. (A) Ultrastructural changes in untreated (control), 3MA only, and
berberine-treated with or without 3MA peritoneal macrophages were observed by TEM at 6 h after berberine treatment. Red arrows
indicate autophagosomes. Scale bar, 2 um. (B) Peritoneal macrophages in control, 3MA only, and berberine-treated with or without 3MA
groups incubated with acridine orange (50 pM) for 30 min. Scale bar, 50 um. (C) Peritoneal macrophages stained with an anti-LC3B antibody
and DAPI at 6 h after berberine treatment. Scale bar, 25 um. (D) The expression of LC3 I, LC3 II, and Beclin 1 was analyzed by western blotting
after treatment with berberine (100 umol/L) for different time intervals. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test
(vs. Control group). All values are expressed as mean + SD (error bars) of three independent experiments. n = 3; *p < 0.05, *p < 0.01 versus
control.
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Figure 3. Berberine-induced TFEB nuclear translocation promotes autophagy. (A) The expression of TFEB in the nucleus and
cytoplasm after treatment with berberine at different time points was detected by western blotting. Data was analyzed by one-way
ANOVA with Tukey HSD post-hoc test (vs. Control group). (B) Representative western blots and quantification of TFEB following siRNA
treatment. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). (C) Western blotting and
immunofluorescence analysis of the effects on TFEB translocation on peritoneal macrophages at 6 h after treatment with berberine.
Scale bar, 100 um. (D) Formation of AVOs was detected by MDC staining after different treatments of peritoneal macrophages. Scale
bar, 20 um. (E) The expression of autophagy pathway proteins and autophagy-related proteins was detected by western blotting in
peritoneal macrophages after different treatments. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control
group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). All
values are expressed as mean * SD (error bars) of three independent experiments. n = 3; *p < 0.05, **p < 0.01, and ""*p < 0.001 versus
control. #p <0.05, ##p < 0.001 versus berberine group.
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Figure 4. Berberine induces apoptosis in peritoneal macrophages. (A) Ultrastructural changes in untreated (control), z-VAD only, and
berberine (100 umol/L)-treated with or without z-VAD peritoneal macrophages observed by TEM at 10 h. Scale bar, 2 um. Red arrows indicate
that the cells showed typical apoptotic morphological changes, including the disappearance of cell microvilli, nuclear chromatin condensation on
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the nuclear envelope, and significant mitochondrial swelling with disappearing crista. (B) Apoptosis of peritoneal macrophages detected by
Hoechst 33258 assay. Normal cells are indicated by uniform blue fluorescence (white arrow). Apoptotic cells appear as bright blue, fluorescent
spots (yellow arrow, 0.1 mm). The percentage of apoptotic peritoneal macrophages ratio is shown. Scale bar, 500 pm (100 umol/L berberine, 10
h incubation). Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-
Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (C) Peritoneal macrophages in control, z-VAD only, and
berberine-treated with or without z-VAD groups incubated with TUNEL reagent for 30 min. Scale bar, 500 um (100 umol/L berberine, 10 h
incubation). (D) The effect of z-VAD on the protein content of cleaved PARP, cleaved caspase 9, and cleaved caspase 3 at 10 h after treatment
with 100 umol/L berberine. Quantification of proteins is shown. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control
group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (E) The effect of
apoptosis activator 2 on the expression of cleaved PARP, cleaved caspase 9, and cleaved caspase 3 at 10 h after treatment with 100 umol/L
berberine. Quantification of proteins is shown. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis
of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). All values are expressed as mean +

k%

SD (error bars) of three independent experiments. n = 3; *p < 0.05, “p < 0.01, and **"p < 0.001 versus control. #p < 0.05 versus berberine group.

p-mTOR) at different time points following berberine
treatment. As shown in Supplementary Figure 1A,
berberine reduced p-AKT and p-mTOR levels, with
minimum levels observed at 6 h that matched with the
protein levels of Beclin 1, LC3 I, and LC3 Il. To further
study the crosstalk between the PISK/AKT/MTOR
signaling pathway and berberine-induced autophagy,
cells in the berberine group were treated with or without
selective inhibitors of class | PI3K (LY294002), AKT
(triciribine), or mTOR (rapamycin, Rapa). Triciribine
suppresses the phosphorylation of AKT, whereas Rapa
inhibits the phosphorylation of mTOR. LY294002,
triciribine, and Rapa enhanced the expression of Beclin
1 and increased the LC3 II/I ratio following berberine
treatment (Supplementary Figure 1B-1D). In contrast,
treatment with PI3K agonist insulin growth factor (IGF-
1) reversed these results (Supplementary Figure 1E).
Collectively, these results indicated that berberine
induced autophagy in peritoneal macrophages by
inhibiting the PI3BK/AKT/mTOR signaling pathway.

Berberine activates autophagy by targeting TFEB
nuclear translocation

TFEB, a recently discovered transcription factor,
controls the expression of genes involved in the
formation of autophagic lysosomes, and the synthesis
of lysosomal-related autophagy pathways. To study
the crosstalk between TFEB and berberine-induced
autophagy, we checked TFEB protein level in whole
cell lysate and the effect of berberine to
phosphorylation level of TFEB. Then we explored the
expression of TFEB in both nucleus and cytosol
following berberine treatment for different time
intervals. We found that With the increase of
berberine incubation time, the expression of TFEB in
the whole cell did not change, but the phosphorylation
level of TFEB decreased gradually at 0-6 hours,
peaked at 6h, and gradually recovered after that
(Supplementary Figure 3). Cell fractionation data
showed that berberine induced the translocation of
TFEB to the nucleus, with maximum translocation

occurring at 6 h. The cytosolic TFEB levels recovered
after 6 h (Figure 3A). Immunofluorescence data
supported these results, which showed that TFEB was
localized to the nucleus in the berberine group (Figure
3C). To further study the relationship between TFEB
and autophagy, we knocked down TFEB by siRNA
(SiTFEB) (Figure 3B). Next, peritoneal macrophages
were treated with berberine and with or without
SITFEB, and the expression of autophagy-related
proteins was assessed by western blotting. The results
revealed that knocked down TFEB promoted the
phosphorylation of AKT and mTOR and suppressed
the expression of Beclin 1 and LC3 II/LC3 | (Figure
3E). To further study the effect of TFEB on
autophagosomes following berberine treatment, we
stained the cells with monodansylcadaverine (MDC),
a fluorescent marker for autophagic vacuoles. The
silencing of TFEB reduced the number of bright green
vesicles observed in the berberine group (Figure 3D).

Berberine-induced TFEB nuclear translocation
inhibits apoptosis

Macrophage apoptosis in advanced plaques contributes to
the pathogenesis of atherosclerosis by destabilizing the
plagues. Thus, preventing macrophage apoptosis could be a
therapeutic strategy. To explore the relationship between
TFEB nuclear translocation and apoptosis following
berberine treatment in peritoneal macrophages, we checked
the cell viability using the CCK-8 assay. Compared with
the cells in the berberine only group, TFEB silencing
reduced the cell viability (Figure 5A). To further assess the
effect of TFEB nuclear translocation on apoptosis, the
expression of apoptotic proteins was detected by western
blotting. Compared with the berberine group, the
expression of pro-apoptotic factor BAX and apoptosis-
related proteins, such as cytochrome C, increased following
pre-treatment with siTFEB, whereas that of anti-apoptotic
factor Bcl-2 decreased (Figure 5B). Similar results were
observed for the mRNA levels of these proteins
(Figure 5D). Pre-treatment with SiTFEB increased the
accumulation of berberine-induced apoptotic  cells
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Figure 5. TFEB nuclear translocation and autophagy induced by berberine inhibit apoptosis. (A) CCK-8 assay was used to detect cell
viability after different treatments (100 umol/L berberine, 10 h incubation). Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test
(vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (B)
The expression of apoptosis-related proteins BAX, Bcl-2, and cytochrome C was detected by western blotting following different treatments (100
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umol/L berberine, 10 h incubation). Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance
and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (C) Changes in the number of apoptotic
peritoneal macrophages were detected by flow cytometry (100 umol/L berberine, 10 h incubation). Data was analyzed by one-way ANOVA with
Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs.
berberine group). (D) The mRNA expression of apoptosis-related genes BAX, Bcl-2, and cytochrome C was detected by qRT-PCR after different
treatments (100 pmol/L berberine, 10 h incubation). Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group).
Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (E) Changes in the level of
released cytochrome C in peritoneal macrophages were detected using MitoTracker Green and anti-cytochrome C immunofluorescence staining.
Scale bar, 20 um (100 umol/L berberine, 10 h incubation). All values are expressed as mean + SD (error bars) of three independent experiments. n

*kk

=3;"p<0.05, ""p < 0.01, and *"p < 0.001 versus control. *p < 0.05 versus berberine group.

(Figure 5C). Further, immunofluorescence data revealed
that pre-treatment with SiTFEB promoted the berberine-
induced release of cytochrome C (Figure 5E).

Berberine promotes the formation of SIRTL/TFEB
immune complex

We next studied the effect of berberine on the
relationship between SIRT1 and TFEB. We observed
that following the incubation with berberine, SIRT1
gradually bound to TFEB in peritoneal primary
macrophages in a time-dependent manner, with
maximum binding occurring at 6 h (Figure 6A). The
formation of berberine-induced SIRT1/TFEB complex
was inhibited after treatment with nicotinamide (NAM),
a SIRT1 inhibitor. However, the addition of protease
inhibitor trichostatin A (TSA) did not affect the
formation of the SIRT1/TFEB complex (Figure 6B,
6C). Moreover, NAM inhibited berberine-induced
TFEB nuclear translocation, whereas the addition of
TSA did not affect the TFEB nuclear translocation
(Figure 6D, 6E). These results confirmed that berberine
promoted the formation of SIRT1/TFEB complex by
inducing TFEB nuclear translocation.

Berberine activates SIRT1 in peritoneal macrophages
through the NAD" synthesis pathway

We next studied the changes in the NAD*/NADH levels
in primary peritoneal macrophages following incubation
with berberine for different time intervals. Consistent with
the time point results of SIRT1/TFEB complex formation
(Figure 7E), changes in the NAD*/NADH level were time
dependent, with a peak at 6 h. In addition, levels of
proteins related to NAD* synthesis pathways, such as
indoleamine-2, 3-dioxygenase 1 (IDOL1), quinolinate
phosphoribosyl transferase (QPRT), and nicotinamide
phosphoribosyltransferase (NAMPT), showed the same
trend after berberine addition (Figure 7A). Compared with
the berberine group, the expression of QPRT and
NAMPT reduced after treatment with IDO1 inhibitor
IMT (Figure 7B). And also the expression of NAMPT
reduced after treatment with QPRT inhibitor PA (Figure
7C). The results of quantitative reverse transcription
polymerase chain reaction (qRT-PCR) showed that

treatment with berberine for 6 h increased the
mRNA levels of nicotinamide  mononucleotide
adenosyltransferase 1 (NMNAT1), whereas it had no
major effect on the mRNA levels of NMNAT2 and
NMNAT3 (Figure 7D). Treatment with 1MT, PA, or
NAMPT inhibitor FK866 decreased the NAD*/NADH
levels and reduced the berberine-induced SIRT1 activity
(Figure 7F, 7G). These results proved that berberine
increased the level of SIRT1 in primary peritoneal
macrophages through the NAD™ synthesis pathway.

Berberine-induced nuclear TFEB deacetylation is
depended on SIRT1

The degree of acetylation of proteins in the nucleus
reduced after treatment with berberine (Figure 8B).
Treatment with siSIRT1 (Figure 8A) reversed this effect
(Figure 8B). Berberine reduced TFEB acetylation in the
nucleus. Furthermore, the levels of acetylated TFEB in the
nucleus increased after the addition of NAD* synthesis
pathway inhibitor or siSIRT1 (Figure 8C, Supplementary
Figure 4). These results proved that berberine promoted
TFEB deacetylation in the nucleus by activating SIRT1.

DISCUSSION

Macrophages maintain tissue homeostasis, promote
tissue repair, and resist pathogens [19]. Early
atherosclerosis lesions are characterized by damage to
the vascular endothelium, and infiltration of monocytes
under the epithelium and their differentiation into
macrophages [20]. Because macrophages regulate lipid
metabolism and inflammatory reactions, their number
and function in plaques affect the development of
atherosclerosis [21].

Berberine is an alkaloid extracted from plants. Although
it is commonly dissolved in dimethylsulfoxide (DMSO)
when used as an experimental drug, we found that
water-soluble berberine easily entered and accumulated
inside macrophages in vitro.

Autophagy and apoptosis are involved in the
pathogenesis of several diseases. Autophagy is an
intracellular quality control process that selectively
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Figure 6. Berberine promotes the formation of SIRT1/TFEB complex. (A) Changes in the expression of SIRT1/TFEB complex in
peritoneal macrophages at different incubation time points after treatment with 100 umol/L berberine. Data was analyzed by one-way
ANOVA with Tukey HSD post-hoc test (vs. Control group). (B) The effect of NAM on SIRT1/TFEB complex expression after treatment with 100
umol/L berberine for 6 h. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and
Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (C) The effect of TSA on SIRT1/TFEB complex
after treatment with 100 umol/L berberine for 6h. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group).
Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (D, E) The effects of
NAM and TSA on TFEB translocation in peritoneal macrophages at 6 h after treatment with 100 umol/L berberine. Data was analyzed by one-
way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to
compare two group (vs. berberine group). All values are expressed as mean * SD (error bars) of three independent experiments. n = 3; "p <
0.05 versus control. #p < 0.05 versus berberine group.

www.aging-us.com 7105 AGING



2.0+
A ) o s E3 Control
Control 2h 4h 6h 8h 10h 12h e il &3 2h
. — - -o" Bl 4h
cE
o1 (ENESESENER NN | 43kDa  §¢ . @ men
B T R TR 2 5 1.01 N D 2 B 8h
QPRT [ PN I R | 25 D2 25 1on
- — 2
NAMPT [FS @S eS8 =5 = - 8] 56kDa £ 8 05 N / / B3 12h
& N
B-actin | e eww e w @wn o= === | 42 kDa i N £ N
S
B S
)
0
N e{\‘\c é\(\ @ E= Control
&@é\& L e EZ3 1MT
CO‘\ W D g E3 Berberine
25 [ Berberine+1MT
o [Emma] wion
Sz
NAMPT [Semem ] s6kDa 58
Q
pacin (=] 200 -
C D 40
- Control
Q?’ 2.0 _§ 30 E23 Berberine
X o 0
% i\‘& s 8s
60\ {oé\ QOQ‘ Eg 1.5 %E
@ C
COQ PP F %38 10 S
o - 3
NAMPT [+= == = =] 56kDa  £30s 2
[
. [
pactin. [S=mmm] 2402 o

801 5
Eu
60+ & 4
E o 7]
< 2 5 34
u =z
5% 5 £
[=] 2 24
< e g 2
=
204 4 ©
£ 14
(=
0- 0-
&
® ¢

Figure 7. Berberine activates SIRT1 via the NAD* synthesis pathway. (A) The relative protein expression of NAD* synthesis pathway
enzymes after treatment with 100 umol/L berberine at different time points. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc
test (vs. Control group). (B) The effect of 1MT on the relative protein expression of NAD* synthesis pathway enzymes after treatment with
100 pumol/L berberine. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and
Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (C) The effect of PA on the relative protein
expression of NAMPT after treatment with 100 umol/L berberine. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs.
Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (D)
The mRNA levels of NMINAT 1 to 3 after treatment with 100 umol/L berberine. Data was analyzed by one-way ANOVA with Tukey HSD post-
hoc test (vs. Control group). (E) NAD*/NADH level in peritoneal macrophages at different incubation time points after treatment with 100
umol/L berberine. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). (F) The NAD*/NADH level in
peritoneal macrophages following different treatments (100 umol/L berberine, 6 h incubation). Data was analyzed by one-way ANOVA with
Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group
(vs. berberine group). (G) The activity of SIRT1 after different treatments (100 umol/L berberine, 6 h incubation). Data was analyzed by one-
way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to
compare two group (vs. berberine group). All values are expressed as mean + SD (error bars) of three independent experiments. n = 3; "p <
0.05,"p < 0.01, and **p < 0.001 versus control. *p < 0.05, #*p < 0.001 versus berberine group.
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degrades damaged cellular components to maintain
internal homeostasis, thus contributing to cell survival.
Moreover, it acts as a cytoprotective stress response
mechanism to several disease conditions, with its
inhibition leading to the accumulation of toxic proteins
and dysfunctional organelles, resulting in oxidative
stress, DNA damage, and genomic instability [22, 23].
The degree of autophagy affects the development of
atherosclerosis. Basal-level macrophage autophagy
exerts a protective effect and maintains homeostasis in
the initial stages [24]. However, excessive autophagy
causes the death of smooth muscle cells, plaque
instability, and acute clinical events [25]. Berberine has
been reported to protect cardiomyocytes against
ischemia—reperfusion injury by inhibiting autophagy
activation [26]. However, we show that berberine
induced autophagy in peritoneal macrophages. In our
previous study, berberine alone (under optimized
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conditions) did not induce autophagy in THP-1
macrophages [17], indicating that berberine-induced
autophagy could be related to its concentration or cell
type. The expression of mTOR, the primary regulator of
autophagy, is activated by starvation, growth factors,
and cellular stress factors. The PI3K/AKT survival
pathway, present upstream of mTOR, inhibits mTOR
activity [27]. We showed that berberine-induced
autophagy suppressed the PISBK/AKT/mTOR signaling
pathway.

The therapeutic use of berberine is based on its ability
to induce both autophagy and apoptosis. For example, it
exerts its anti-tumor effect by inducing apoptosis of
pancreatic cancer cells [28]. The consequence of
macrophage apoptosis on plaque formation and stability
varies in different stages of atherosclerosis. Rapid
recruitment of macrophages to an early atherosclerotic
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Figure 8. Berberine deacetylates TFEB by activating SIRT1. (A) The mRNA level of SIRT1 following siRNA treatment. Data was analyzed
by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). (B) Acetylation levels in primary peritoneal macrophages after different
treatments. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). (C) Acetylation level of TFEB in the
nucleus of primary peritoneal macrophages after different treatments. All values are expressed as mean = SD (error bars) of three

independent experiments. n = 3; “p < 0.05, “*p < 0.01 versus control.
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plaque efficiently clears apoptotic macrophages,
resulting in limited local inflammation and diminished
focal growth of lesions [29]. However, with the
development of atherosclerosis, defective phagocytic
clearance of apoptotic macrophages and vascular
smooth muscle cells causes their accumulation and
generates a pro-inflammatory response. Consequently, a
necrotic core is formed that promotes further
inflammation, and plaque instability and shedding [30].
Thus, macrophage apoptosis delays the progression of
early atherosclerotic plaques, whereas it accelerates
plaque formation in advanced stages.

In this study, we investigated the intervention of
berberine in early atherosclerotic plaque. Our results
showed that berberine could induce macrophages
apoptosis after incubation for 10 hours, which occurred
after autophagy in 6 hours. We found that berberine
could promote autophagy and then apoptosis in
peritoneal macrophages, which is beneficial to the
intervention of the early pathological process of
atherosclerosis. In addition, we wused autophagy
inhibitor 3MA in 6 hours, which increased apoptosis in
Figure 5. It shows that autophagy and apoptosis of
peritoneal macrophages induced by berberine are
antagonistic to each other.

TFEB is a member of the microphthalmia family of
bHLH-LZ transcription factors (MIiTF/TFE) [31]. In
response to starvation or other external stimuli,
cytosolic TFEB is dephosphorylated and translocated to
the nucleus, where it is deacetylated by SIRT1 to
activate downstream lysosome and autophagy-related
genes [32]. Several studies have reported the therapeutic
use of TFEB in fatty liver, diabetes, and cardiac
hypertrophy by regulating autophagy [33-35].
Moreover, TFEB aggravates apoptosis by negatively
regulating autophagy [36]. We showed that TFEB
promoted berberine-induced autophagy in peritoneal
macrophages.  Berberine-induced TFEB  nuclear
translocation confirmed that autophagy occurred earlier
than apoptosis. Moreover, berberine induced autophagy
through activated TFEB to inhibit apoptosis and
promote macrophage survival, thus increasing plaque
stability. Isotopic labeling and metabolic analysis in
macrophages have shown NAD®* to regulate immune
functions [37]. Cytoplasmic NAD* is used as a co-
substrate by several enzymes, including poly (ADP-
ribose) polymerase (PARPs), cyclic ADP-ribose
synthase, and SIRTs to form NAM, which is then
converted to NAD* by a recovery pathway initiated by
NAMPT and NMNAT [38].

NAD* homeostasis is often disrupted in senescence and
metabolic diseases, where its increased consumption or
reduced synthesis depletes NAD* storage. Moreover,

activation of PARPs or cADPR CD38 in immune cells
depletes NAD™ [39, 40].

SIRT1 is a NAD*-dependent histone deacetylase that
deacetylates several histone and non-histone proteins
[41-43]. The activity of SIRT1 depends on the ratio of
NAD*/NADH in the cytoplasm. Isotope tracing
showed that intracellular NAD* is primarily derived
from tryptophan-canine urine metabolism [44].
Berberine activated SIRT1 in peritoneal macrophages
by increasing the expression of key enzymes of NAD*
synthesis pathways, namely IDO1, QPRT, and
NAMPT with a consequent increase in the
NAD*/NADH ratio.

SIRT1 is known to deacetylate several transcription
factors [45]. It enhances TFEB transcription by
interacting with the TFEB immune complex, directly
deacetylating lysine 116 [46]. During starvation, SIRT1
replaces the bromine domain protein BRD4, thereby
removing the TFEB-inhibiting effect of BRD4 and
activating TFEB to induce lysosomal synthesis and
activate autophagy [47]. We showed the relationship
between berberine-induced SIRT1 activity, nuclear
translocation of TFEB followed by the formation of
TFEB-SIRT1 complex, and TFEB deacetylation. NAM,
a SIRT1 inhibitor, effectively inhibited TFEB nuclear
translocation and prevented the formation of
SIRT1/TFEB immune complex, suggesting that SIRT1
regulated berberine-induced TFEB nuclear translocation
in peritoneal macrophages. Interestingly, MPB, a novel
berberine derivative, also induced TFEB nuclear
translocation by activating JNK and AMPK in
macrophages. Therefore, it is also worth noting that,
there were other pathways involved in the regulation of
berberine induced TFEB nuclear translocation. Liu et al
have shown that MPB switched on TFEB nuclear
translocation by coupling 2 parallel signaling pathways.
MPB-triggered JNK activation led to 14-3-3d released
from TFEB, which, in turn, caused TFEB nuclear
translocation. In addition, Liu et al have confirmed that
AMPK mTOR signaling is required for MPB-induced
TFEB nuclear translocation. MPB induced AMPK
activation and subsequent inhibition of mechanistic
target of rapamycin activity, which also contributed to
TFEB nuclear translocation. MPB triggers K63-linked
polyubiquitination of TAK1 at lysine 158, which, in
turn, causes TAKI1-mediated JNK and AMPK
activation. MPB-induced JNK activation results in 14-
3-3 released from TFEB, and MPB-induced AMPK
activation suppresses mTOR activity, inducing TFEB
nuclear translocation [48]. In addition, inhibitors of
NAD* synthesis pathway key enzymes or siSIRT1
reduced nuclear TFEB deacetylation, indicating that
TFEB deacetylation is dependent on the NAD*
synthesis pathway that regulates SIRT1 activity.
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Therefore, we believe that SIRT1 and its upstream
enzymes could serve as potential targets for the anti-
atherogenic effects of TFEB.

In summary, berberine activated SIRT1 through the
NAD* synthesis pathway to promote TFEB nuclear
translocation, form SIRT1-TFEB immune complex,
and deacetylate TFEB. These events subsequently
triggered autophagy in peritoneal macrophages and
inhibited apoptosis (Figure 9). Our data provide a new
possibility for the treatment of atherosclerosis using
berberine.

MATERIALS AND METHODS
Cell culture and animals

Peritoneal macrophages were extracted from C57BL/6
male mice following injection with 2 mL of 3%
thioglycolate broth medium for 72 h. The cells were
cultured in RPMI 1640 medium (HyClone; Logan, UT,
USA) containing 10% fetal bovine serum (FBS,
HyClone), 20 pg/mL penicillin, 20 ug/mL streptomycin
(Sigma-Aldrich; St. Louis, MO, USA) for 24 h and
maintained at 37° C in a humidified incubator with 5%
COa. For experiments, cells were seeded at a density of
1.0 x 10° cells/mL in a 35 mm Petri dish or a 96-well
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plate. Complete medium was used to prevent autophagy
and death due to starvation.

Eight-week-old, healthy C57BL/6 male mice, weighing
20 to 25 kg, were used in the study. The mice were
provided by the laboratory animal center of the Second
Affiliated Hospital in Harbin Medical University. All
animal experiments were conducted according to the
national standards.

All animal experiments were approved by the
Institutional Animal Care and Use Committee of Harbin
Medical University (No. HMUIRB-2008-06).

Reagents

Berberine was purchased from Chengdu Must Bio-
Technology Co. (Chengdu, China) and was stored in
ddH;0 as a 4 mM stock solution at 4° C in dark. The
control group received an equivalent volume of
medium.

To perform different inhibitory analyses, 10 mM
autophagy inhibitor 3-methyladenine (3MA; Sigma-
Aldrich Co.), 50 uM of the autophagy inhibitor
chloroquine (Sigma-Aldrich Co.), 20 puM apoptosis
inhibitor z-VAD-FMK (Beyotime Biotechnology;

PI3K/AKT o
/ { QPRT 5
NAD synthesis
it NAD/NADH
Nucleus

Figure 9. Schematic illustration of the proposed mechanism.
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Beijing, China), 2 uM caspase 3 activator Apoptosis
Activator 2 (Selleck Chemicals; Houston, TX, USA), 10
mM SIRTL1 inhibitor nicotinamide (NAM, Beyotime
Biotechnology), 10 mM HDAC inhibitor trichostatin A
(TSA, Beyotime Biotechnology), 200 uM IDO1
inhibitor 1-methyl-L-tryptophan (IMT, Sigma-Aldrich
Co.), 200 uM QPRT inhibitor phthalic acid (PA, Sigma-
Aldrich Co.), 10 uM NAMPT inhibitor FK866
(Beyotime Biotechnology), 5 uM PI3K inhibitor
LY294002 (Selleck Chemicals), 5 puM PI3K agonist
insulin-like growth factor-1 (IGF-1, R&D Systems, Inc.,
Minneapolis, USA), 5 uM AKT inhibitor triciribine
(Selleck Chemicals), and 1 pM mTOR inhibitor
rapamycin (Rapa, Selleck Chemicals) were used in
combination with berberine.

Cell viability assay

Cell viability was assessed using the CCK-8 assay
(Beyotime Biotechnology). Macrophages were seeded
at equal density in 96-well culture plates. The plates
were carefully washed twice with phosphate-buffered
saline (PBS). To each well of the plate, 100 uL of RPMI
medium containing CCK-8 (in a ratio of 9:1 [v/v]) was
added following different treatments. After incubation
for 30 min at 37° C in dark, the absorption of each well
at 450 nm was measured by a microplate reader (Varian
Australia Pty. Ltd., Australia).

Cellular uptake of berberine

Cells were incubated with 100 umol/L berberine for 0 to
6 h at 37° C in dark. After repeated washes with PBS,
intracellular berberine was observed using confocal
laser scanning microscopy (CLSM) (LSM 510 Meta;
Zeiss, Gottingen, Germany) (Figure 1B). The
absorption spectrum and fluorescence emission
spectrum of berberine (dissolved in ddH»O) have been
described previously. The fluorescence intensity of
berberine was analyzed using Zeiss CLSM software
(ZEN 2009 Light Edition).

Transmission electron microscopy

Following treatment with berberine for different time
intervals, the cells were centrifuged and fixed with 2.5%
glutaraldehyde at 4° C overnight. Next, cells were
observed under a transmission electron microscope
(JEM-1220, Japan).

Hoechst 33258 assay

Hoechst 33258 staining was used to detect apoptosis of
macrophages. After treatment with berberine for 10 h,
macrophages were incubated with 5 pg/mL Hoechst
33258 dye for 5 min at 37° C in dark. After repeated

washes with PBS, the cells were examined under a
fluorescence microscope (Olympus 1X81, Japan) using
a filter with a 420 to 480 nm emission wavelength. The
acquired images were subsequently processed using
Image-Pro  Plus software (Media Cybernetics;
Rockville, MD, USA).

Terminal dUTP nick end-labeling assay

Berberine-induced apoptosis of macrophages was
detected using the In situ Cell Death Detection Kit,
POD (Roche; Mannheim, Germany) according to the
manufacturer’s instructions and as described previously
[49]. After the TUNEL assay, macrophages were
observed under a fluorescence microscope (Olympus
1X81) to count TUNEL-positive cells.

Immunofluorescence staining

At indicated time points after berberine treatment, cells
were washed with PBS and fixed with 4%
paraformaldehyde for 30 min and permeabilized in 1%
Triton X-100 for 20 min at room temperature. After
washing with PBS, cells were blocked with 3% bovine
serum albumin (BSA), followed by incubation with
anti-LC3B, anti-TFEB, or anti-cytochrome C antibody
(1:200) overnight at 4° C. Cells were washed with PBS
and incubated with the corresponding secondary
antibody at 37° C for 1 h in dark. After washing with
PBS, cells were stained with DAPI (1:200) or 100
nmol/L MitoTracker Green for 5 min. The cells were
again washed with PBS to remove the extra stain. Cells
in all groups were observed by laser scanning confocal
microscopy (LSCM; LSCM 510 Meta; Zeiss).

MDC staining

MDC (Sigma-Aldrich) was used to observe autophagic
vacuoles. After different treatments, cells were incubated
with 50 umol/mL MDC dye in dark for 30 min at 37° C.
After washing with PBS, the cells were observed under a
fluorescence microscope (IX-71, Olympus).

Acridine orange staining

Acridine orange staining (Sigma-Aldrich) was used to
observe AOVs. At 6 h after treatment with berberine,
cells were incubated with 0.01% acridine orange for 30
min at 37° C in dark. After washing twice with PBS,
cells were observed under a fluorescence microscope
(IX-71, Olympus).

Western blotting

After different treatments, radioimmunoprecipitation
assay (RIPA) lysis buffer was used to extract total
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protein. The protein concentration was assessed using
a bicinchoninic acid (BCA) kit (Beyotime
Biotechnology). After denaturation, protein samples
were separated on a sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) and transferred onto
a 0.45 ym PVDF membrane (Millipore; Schwalbach,
Germany). After blocking with 5% low-fat milk
diluted with Tris-buffered saline containing Tween 20
(TBST), the membrane was incubated with primary
antibodies at 4° C overnight. After washing with
TBST, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibodies for 2 h at room temperature. After washing
with TBST again, the immune complexes were
detected using an enhanced chemiluminescence
reagent. The protein bands were quantified using
Quantity One software (Bio-Rad Laboratories;
Hercules, CA, USA) and normalized to B-actin or
PCNA.

Antibodies against mTOR (# 2983S), p-mTOR (#
5536S), AKT (# 4685S), p-AKT (# 4060S), TFEB (#
32361S), p-TFEB (#86843S), p62 (#16177S), cleaved
caspase 9 (# 9509S), cleaved caspase 3 (# 9661S),
cleaved PARP (# 9548S), cytochrome C (# 11940S),
SIRT1 (# 8469S), IDO1 (# 51851S), and acetylated
lysine (# 9441S) (1:1000) were purchased from Cell
Signaling Technology (Boston, USA). Antibodies
against BAX (OM122725) and Bcl-2 (OM241170)
(1:1000) were purchased from Omnimabs (California,
USA). Antibodies against Beclin 1 (ab62557) and
NAMPT (ab45890) (1:1000) were purchased from
Abcam (Burlingame, CA, USA). Antibody against
QPRT (LS-C749352) (1:1000) was purchased from
LifeSpan BioSciences (USA). Antibody against LC3B
(L7543) (1:1000) was purchased from Sigma-Aldrich.
Antibody against B-actin (60008-1-1g) (1:1000) was
purchased from Proteintech Group (Wuhan, China).
HRP-conjugated secondary mouse (ZB-5305) and
rabbit (ZB-5301) antibodies (1:5000) were purchased
from Zhongshan Company (Beijing, China).

Annexin V/PI flow cytometry

Annexin  V-fluorescein  isothiocyanate  (FITC)/
propidium iodide (PI) Apoptosis Detection Kit (BD
Pharmingen; Franklin Lakes, NJ, USA) was used to
detect apoptosis according to the manufacturer’s
instructions. After treatment with berberine for 10 h
with or without pre-treatment with 3MA, z-VAD, or
SITFEB, the cells were collected and incubated with 5
pL of Annexin V-FITC and 10 pL of PI for 15 min at
room temperature in dark. After filtration, the cells were
analyzed by fluorescence-activated cell sorting Calibur
system within 1 h. Annexin V*/PI- and Annexin V*/PI*
represented apoptotic cells in early and late phases,

respectively. The data were analyzed using BD
FACSDiva Software v7.0 (Becton-Dickinson, USA).

Small interfering RNA transfection

Small interfering RNAs (SiRNAs) was used to
knockdown TFEB and SIRT1 in macrophages. An
irrelevant 21-nucleotide siRNA was used as negative
control (GenePharma, Shanghai, China). The target
sequences are listed in Table 1. The efficiency of
transfection was confirmed using western blotting.

Quantitative reverse transcription polymerase chain
reaction

Total RNAs were extracted using Trizol reagent
(Invitrogen; Carlsbad, California, USA) and reverse-
transcribed using the All-in-one c¢cDNA Synthesis
SuperMix Kit (Bimake, Houston, USA). Next, 1 uL of
cDNA was amplified in a 2x SYBR Green gPCR
Master Mix (Bimake) on ABI 7900HT Sequence
Detection System (ABI Applied Biosystems; Foster
City, CA). The primers used are listed in Table 2. Gene
expression values were normalized against that of f3-
actin. Fold induction was calculated using the
expression values of each gene at time 0 (uninfected) in
peritoneal macrophages as a reference.

NAD*/NADH detection

To each group of cultured cells, 200 pL of
NAD*/NADH extract pre-cooled on ice bath was added
after the culture medium was discarded. Next, cells
were gently beaten to promote cell lysis and centrifuged
at 12,000 g at 4° C for 5 to 10 min. The supernatant was
collected for later use. To obtain the NADH standard
curve, a 10 mM NADH standard solution was diluted
with  NAD*/NADH extract into an appropriate
concentration gradient. Ethanol dehydrogenase was
diluted 45 times with reaction buffer. Next, 50 to 100
pL of samples to be measured was taken into a
centrifuge tube and heated at 60° C in a water bath or
on a PCR machine for 30 min to decompose NAD".
Next, 10 puL of a chromogenic solution in NAD*/NADH
Detection Kit (Beyotime, China) was added to each
well, mixed well, and incubated at 37° C in light for 30
min to form orange formazan. The absorbance was
measured at 450 nm.

SIRT1 activity

After the treatment of cells with SIRT1, YIJI lysate
(Reagent A) was added. The cells were mixed and
incubated in an ice tank for 15 min. Next, Y1JI pre-
cooled Reagent B was added and mixed well. The
solution was centrifuged in a table centrifuge at 4° C for
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Table 1. Target sequences.

si#l: 5'-GAAAGACAATCACAACCTA-3'

TFEB (mouse)

si#2: 5'-CCATGGCCATGCTACATAT-3'

si#3: 5'-CCAAGAAGGATCTGGACTT-3'
si#tl: 5'-UGAAAGAACUGUACCACA-3’

SIRT1 (mouse)

si#2: 5'-GGAAGAUGAAAGUGAAAUUTT-3'

si#3: 5'-UGUCAGAUAAGGAAGGAAATT-3’

Table 2. Primers used.

Cytochrome C (mouse)

Forward: 5'-AAGGCATCACCTGGGGAGAG-3’

Reverse: 5'-GGTCTGCCCTTTCTCCCTTCT-3'

Bcl-2 (mouse)

Forward: 5'-TCTTCGTCAGCTTCGACACCA-3’

Reverse: 5'-TCACGACGGTAGCGACGAGAG-3’

BAX (mouse)

Forward: 5'-TTGCCCTCTTCTACTTTGCTAG-3'

Reverse: 5'-CCATGATGGTTCTGATCAGCTC -3’

SIRT1 (mouse)

Forward: 5-CGCTGTGGCAGATTGTTATTAA -3’

Reverse: 5'-TTGATCTGAAGTCAGGAATCCC-3’

NMNAT1 (mouse)

Forward: 5'-GTGATGCGTACAAGAAGAAAGG-3'

Reverse: 5'-TCTGAAGACTTTCCCACGTATC-3'

NMNAT2 (mouse)

Forward: 5'-GTCAAGTCGGCACCGTCTCATC-3’

Reverse: 5'-CCGATCACAGGTGTCATGGAAGG-3'

NMNAT3 (mouse)

Forward: 5'-CAGCAAGACACCATCAGCCTCTG-3'

Reverse: 5'-ACGCACACCAAGCCGAACTTC-3’

B-actin (mouse)

Forward: 5'-GTGCTATGTTGCTCTAGACTTCG-3'

Reverse: 5'-ATGCCACAGGATTCCATACC-3’

10 min at 1,300 g. The supernatant was removed
carefully and the pre-cooled YIJI cleaning solution
(Reagent C) was added. The solution was centrifuged at
4° C for 10 min at 1,300 g. The supernatant was
removed carefully and pre-cooled Y1JI extract (Reagent
D) was added and mixed well. The solution was
transferred to a new pre-cooled 1.5 mL centrifuge,
treated with ultrasound for 30 s, and incubated in an ice
tank for 30 min. The solution was centrifuged at 4° C
for 10 min at 16,000 g. The supernatant was transferred
to a new pre-cooled 1.5 mL centrifuge tube. Next, 10
puL of supernatant was removed to quantitatively detect
the proteins, and the enzyme reading was performed
according to the instructions.

Co-immunoprecipitation

After pre-treatment, cells were lysed with five times the
volume of lysis buffer (25 mM Tris-HCI, 150 mM
NaCl, 3 mM MgCl;, 1% Triton X-100, 0.5% NP-40, 1
mM DTT, 5% glycerin, 1% PI, pH 7.5) at 4° C for 2 h
and centrifuged at 21,000 g for 30 min. The supernatant
was measured and quantified with BCA Protein Assay
Kit (Beyotime, China). The same amount of protein was
incubated with the M2 affinity gel overnight at 4° C.
The immunoprecipitate was washed with lysis buffer

four times and eluted with SDS loading buffer. The
samples were then subjected to SDS-PAGE.

Acetylation level

After different treatments, native cytosolic and nuclear
proteins were rapidly separated using the Minute
Cytoplasmic and Nuclear Extraction Kit (Invent
Biotechnologies). The medium was discarded and cells
were washed in cold PBS once. The cells were
harvested in a 1.5 mL microcentrifuge tube in
suspension by low-speed centrifugation (500 g for 3
min). The cells were washed in cold PBS once. The
cells were transferred to a 1.5 mL microcentrifuge tube
and centrifuged at 500 g for 1 min. The supernatant was
aspirated completely. Next, 100 pL of cytoplasmic
extraction buffer was added to cell pellets, the tube was
vortexed vigorously for 15 s, incubated on ice for 5 min,
and again vortexed briefly. The cells were centrifuged
for 5 min at 15000 g speed in a microcentrifuge at 4° C.
The supernatant (cytosol fraction) was transferred to a
fresh pre-chilled 1.5 mL tube. Next, 50 pL nuclear
extraction buffer was added to the pellet. The pellet was
vortexed vigorously for 15 s and incubated on ice for 1
min. This step was repeated four times. The nuclear
extract was immediately transferred to a pre-chilled
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filter cartridge containing a collection tube and
centrifuged at 14,000 to 16,000 g in a microcentrifuge
for 30 s. The filter cartridge was discarded and the
nuclear extract was stored at —80° C until use. An anti-
acetyl lysine antibody was used to immunoprecipitate
the protein complexes (see method 17), followed by
western blotting for TFEB.

Statistical analysis

All experiments were replicated at least thrice
independently. The data were analyzed using one-way
analysis of variance (ANOVA) and Student’s t-test.
Results are presented as mean * standard deviation
(SD). A p < 0.05 was considered significant.

Abbreviations

AS: atherosclerosis; SIRTL: sirtuinl; NAD™: nicotinamide
adenine dinucleotide; TFEB: transcription factor EB;
HAT: histone acetyl transferase; HDAC: histone
deacetylase; IDO1: indole-2, 3-dioxygenase 1; QPRT:
quinolinate  phosphoribosyl  transferase; NAMPT:
nicotinamide  phosphoribosyltransferase;  NMNAT:
nicotinamide/nicotinic acid mononucleotide adenylyl
transferase; CVD: cardiovascular disease; NAM:
nicotinamide; TSA.: trichostatin A; 1MT: 1-methyl-L-
tryptophan; PA: phthalic acid; IGF-1: insulin-like growth
factor-1; Rapa: rapamycin; RT-gPCR: quantitative reverse
transcription PCR; siRNA: small interfering RNA; 3-MA:
3-methyladenine; TEM: transmission electron
microscopy; AQ: acridine orange; AVOs: acidic vesicle
organelles; MDC: monodansylcadaverine; TUNEL.:
terminal deoxynucleotidyl transferase dUTP nick end-
labeling; LC3B: microtubule-associated protein 1 light
chain 3-p.

AUTHOR CONTRIBUTIONS

YZ, HL, RW and LY contributed to study conception
and design. YZ performed the experiments. YZ
contributed to data collection and statistical analysis and
wrote the manuscript. JK, PW, TY, ZW, ZG, LC, ML,
BD, WY and QL assisted in the experiments. All
authors reviewed and approved the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.
FUNDING

This study was supported by the National Natural
Science Foundation of China (91939104, 82070465),

Open Project of National Key Laboratory of
Cardiovascular Disease (2019kf-02), Open Project of

Key Laboratory of the Ministry of Education of
Myocardial Ischemia (KF201814, KF201908), Graduate
Scientific Research Innovation Project of H MU
(YJSKYCX2019-71HYD), The Innovation and
Entrepreneurship Training Program for HMU Students
(202010226014), Postgraduate Academic Exchange
Program of Harbin Medical University and Scientific
Research Project of Heilongjiang Health and Health
Commission (2020-075).

REFERENCES

1. Chavez-Sanchez L, Espinosa-Luna JE, Chavez-Rueda K,
Legorreta-Haquet MV, Montoya-Diaz E, Blanco-Favela
F. Innate immune system cells in atherosclerosis. Arch
Med Res. 2014; 45:1-14.
https://doi.org/10.1016/j.arcmed.2013.11.007
PMID:24326322

2. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in
atherosclerosis: a dynamic balance. Nat Rev Immunol.
2013; 13:709-21.
https://doi.org/10.1038/nri3520 PMID:23995626

3. ZhangJ, Cui Q, Zhao Y, Guo R, Zhan C, Jiang P, Luan P,
Zhang P, Wang F, Yang L, Yang X, Xu Y. Mechanism of
angiogenesis promotion with shexiang baoxin pills by
regulating function and signaling pathway of
endothelial cells through macrophages.
Atherosclerosis. 2020; 292:99-111.
https://doi.org/10.1016/].atherosclerosis.2019.11.005
PMID:31785495

4. Kim KH, Lee MS. Autophagy—a key player in cellular
and body metabolism. Nat Rev Endocrinol. 2014;
10:322-37.
https://doi.org/10.1038/nrendo.2014.35
PMID:24663220

5. Clement M, Raffort J, Lareyre F, Tsiantoulas D,
Newland S, Lu Y, Masters L, Harrison J, Saveljeva S, Ma
MK, Ozsvar-Kozma M, Lam BY, Yeo GS, et al. Impaired
autophagy in CD11b* dendritic cells expands CD4*
regulatory T cells and limits atherosclerosis in mice.
Circ Res. 2019; 125:1019-34.
https://doi.org/10.1161/CIRCRESAHA.119.315248
PMID:31610723

6. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT,
Acevedo-Arozena A, Adeli K, Agholme L, Agnello M,
Agostinis P, Aguirre-Ghiso JA, Ahn HJ, Ait-Mohamed O,
Ait-Si-Ali 'S, et al. Guidelines for the use and
interpretation of assays for monitoring autophagy.
Autophagy. 2012; 8:445-544.
https://doi.org/10.4161/auto.19496 PMID:22966490

7. Andrés V, Pello OM, Silvestre-Roig C. Macrophage
proliferation and apoptosis in atherosclerosis. Curr
Opin Lipidol. 2012; 23:429-38.

WWWw.aging-us.com 7113

AGING


https://doi.org/10.1016/j.arcmed.2013.11.007
https://pubmed.ncbi.nlm.nih.gov/24326322/
https://doi.org/10.1038/nri3520
https://pubmed.ncbi.nlm.nih.gov/23995626
https://doi.org/10.1016/j.atherosclerosis.2019.11.005
https://pubmed.ncbi.nlm.nih.gov/31785495
https://doi.org/10.1038/nrendo.2014.35
https://pubmed.ncbi.nlm.nih.gov/24663220
https://doi.org/10.1161/CIRCRESAHA.119.315248
https://pubmed.ncbi.nlm.nih.gov/31610723
https://doi.org/10.4161/auto.19496
https://pubmed.ncbi.nlm.nih.gov/22966490

10.

11.

12.

13.

14.

15.

https://doi.org/10.1097/MOL.0b013e328357a379

PMID:22964992

Van Vré EA, Ait-Oufella H, Tedgui A, Mallat Z. Apoptotic
cell death and efferocytosis in atherosclerosis.
Arterioscler Thromb Vasc Biol. 2012; 32:887-93.
https://doi.org/10.1161/ATVBAHA.111.224873
PMID:22328779

Xing S, Li F, Zeng Z, Zhao Y, Yu S, Shan Q, Li Y, Phillips
FC, Maina PK, Qi HH, Liu C, Zhu J, Pope RM, et al. Tcfl
and Lefl transcription factors establish CD8(+) T cell
identity through intrinsic HDAC activity. Nat Immunol.
2016; 17:695-703.

https://doi.org/10.1038/ni.3456

PMID:27111144

Imai S, Guarente L. NAD+ and sirtuins in aging and
disease. Trends Cell Biol. 2014; 24:464—71.
https://doi.org/10.1016/j.tcb.2014.04.002
PMID:24786309

Fan Y, Lu H, Liang W, Garcia-Barrio MT, Guo Y, Zhang J,
Zhu T, Hao Y, Zhang J, Chen YE. Endothelial TFEB
(transcription  factor EB) positively regulates
postischemic angiogenesis. Circ Res. 2018; 122:945-57.
https://doi.org/10.1161/CIRCRESAHA.118.312672
PMID:29467198

Sardiello M, Palmieri M, di Ronza A, Medina DL,
Valenza M, Gennarino VA, Di Malta C, Donaudy F,
Embrione V, Polishchuk RS, Banfi S, Parenti G, Cattaneo
E, Ballabio A. A gene network regulating lysosomal
biogenesis and function. Science. 2009; 325:473-7.
https://doi.org/10.1126/science.1174447
PMID:19556463

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M,
Vetrini F, Erdin S, Erdin SU, Huynh T, Medina D, Colella
P, Sardiello M, Rubinsztein DC, Ballabio A. TFEB links
autophagy to lysosomal biogenesis. Science. 2011;
332:1429-33.
https://doi.org/10.1126/science.1204592
PMID:21617040

Hashemzaei M, Entezari Heravi R, Rezaee R,
Roohbakhsh A, Karimi G. Regulation of autophagy by
some natural products as a potential therapeutic
strategy for cardiovascular disorders. Eur J Pharmacol.
2017; 802:44-51.
https://doi.org/10.1016/j.ejphar.2017.02.038
PMID:28238768

Li MH, Zhang YJ, Yu YH, Yang SH, Igbal J, Mi QY, Li B,
Wang ZM, Mao WX, Xie HG, Chen SL. Berberine
improves pressure overload-induced cardiac
hypertrophy and dysfunction through enhanced
autophagy. Eur J Pharmacol. 2014; 728:67-76.
https://doi.org/10.1016/j.ejphar.2014.01.061
PMID:24508518

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zimetti F, Adorni MP, Ronda N, Gatti R, Bernini F,
Favari E. The natural compound berberine positively

affects macrophage  functions  involved in
atherogenesis. Nutr Metab Cardiovasc Dis. 2015;
25:195-201.

https://doi.org/10.1016/j.numecd.2014.08.004
PMID:25240689

Kou JY, Li Y, Zhong ZY, Jiang YQ, Li XS, Han XB, Liu 2N,
Tian Y, Yang LM. Berberine-sonodynamic therapy
induces autophagy and lipid unloading in macrophage.
Cell Death Dis. 2017; 8:2558.
https://doi.org/10.1038/cddis.2016.354
PMID:28102849

Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ,
Kearsley JH, Li Y. PI3K/Akt/mTOR pathway inhibitors
enhance radiosensitivity in radioresistant prostate
cancer cells through inducing apoptosis, reducing
autophagy, suppressing NHEJ and HR repair pathways.
Cell Death Dis. 2014; 5:e1437.
https://doi.org/10.1038/cddis.2014.415
PMID:25275598

Luo W, Wang Y, Zhang L, Ren P, Zhang C, Li Y, Azares
AR, Zhang M, Guo J, Ghaghada KB, Starosolski ZA,
Rajapakshe K, Coarfa C, et al. Critical role of cytosolic
DNA and its sensing adaptor STING in aortic
degeneration, dissection, and rupture. Circulation.
2020; 141:42-66.

https://doi.org/10.1161/CIRCULATIONAHA.119.04146
0 PMID:31887080

Wang HL. Understanding the pathogenesis of slow-
transit constipation: one step forward. Dig Dis Sci.
2015; 60:2216-18.
https://doi.org/10.1007/s10620-015-3754-1
PMID:26088370

Randolph GJ. Mechanisms that regulate macrophage
burden in atherosclerosis. Circ Res. 2014; 114
:1757-71.
https://doi.org/10.1161/CIRCRESAHA.114.301174
PMID:24855200

Tam SY, Wu VW, Law HK. Influence of autophagy on
the efficacy of radiotherapy. Radiat Oncol. 2017; 12:57.
https://doi.org/10.1186/s13014-017-0795-y
PMID:28320471

Li CJ, Liao WT, Wu MY, Chu PY. New insights into the
role of autophagy in tumor immune
microenvironment. Int J Mol Sci. 2017; 18:1566.
https://doi.org/10.3390/ijms18071566
PMID:28753959

Perrotta I, Aquila S. The role of oxidative stress and
autophagy in atherosclerosis. Oxid Med Cell Longev.
2015; 2015:130315.

https://doi.org/10.1155/2015/130315 PMID:25866599

WWWw.aging-us.com

7114

AGING


https://doi.org/10.1097/MOL.0b013e328357a379
https://pubmed.ncbi.nlm.nih.gov/22964992
https://doi.org/10.1161/ATVBAHA.111.224873
https://pubmed.ncbi.nlm.nih.gov/22328779/
https://doi.org/10.1038/ni.3456
https://pubmed.ncbi.nlm.nih.gov/27111144
https://doi.org/10.1016/j.tcb.2014.04.002
https://pubmed.ncbi.nlm.nih.gov/24786309
https://doi.org/10.1161/CIRCRESAHA.118.312672
https://pubmed.ncbi.nlm.nih.gov/29467198
https://doi.org/10.1126/science.1174447
https://pubmed.ncbi.nlm.nih.gov/19556463/
https://doi.org/10.1126/science.1204592
https://pubmed.ncbi.nlm.nih.gov/21617040
https://doi.org/10.1016/j.ejphar.2017.02.038
https://pubmed.ncbi.nlm.nih.gov/28238768
https://doi.org/10.1016/j.ejphar.2014.01.061
https://pubmed.ncbi.nlm.nih.gov/24508518
https://doi.org/10.1016/j.numecd.2014.08.004
https://pubmed.ncbi.nlm.nih.gov/25240689
https://doi.org/10.1038/cddis.2016.354
https://pubmed.ncbi.nlm.nih.gov/28102849
https://doi.org/10.1038/cddis.2014.415
https://pubmed.ncbi.nlm.nih.gov/25275598
https://doi.org/10.1161/CIRCULATIONAHA.119.041460
https://doi.org/10.1161/CIRCULATIONAHA.119.041460
https://pubmed.ncbi.nlm.nih.gov/31887080
https://doi.org/10.1007/s10620-015-3754-1
https://pubmed.ncbi.nlm.nih.gov/26088370
https://doi.org/10.1161/CIRCRESAHA.114.301174
https://pubmed.ncbi.nlm.nih.gov/24855200
https://doi.org/10.1186/s13014-017-0795-y
https://pubmed.ncbi.nlm.nih.gov/28320471
https://doi.org/10.3390/ijms18071566
https://pubmed.ncbi.nlm.nih.gov/28753959
https://doi.org/10.1155/2015/130315
https://pubmed.ncbi.nlm.nih.gov/25866599

25.

26.

27.

28.

29.

30.

31

32.

Yoshida M, Minagawa S, Araya J, Sakamoto T, Hara H,
Tsubouchi K, Hosaka Y, Ichikawa A, Saito N, Kadota T,
Sato N, Kurita Y, Kobayashi K, et al. Involvement of
cigarette smoke-induced epithelial cell ferroptosis in
COPD pathogenesis. Nat Commun. 2019; 10:3145.
https://doi.org/10.1038/s41467-019-10991-7
PMID:31316058

Deng Y, Xu J, Zhang X, Yang J, Zhang D, Huang J, Lv P,
Shen W, Yang Y. Berberine attenuates autophagy in
adipocytes by targeting BECN1. Autophagy. 2014;
10:1776-86.

https://doi.org/10.4161/auto.29746

PMID:25126729

Kim YC, Guan KL. mTOR: a pharmacologic target for
autophagy regulation. J Clin Invest. 2015; 125:25-32.
https://doi.org/10.1172/JCI73939 PMID:25654547

Park SH, Sung JH, Kim EJ, Chung N. Berberine induces
apoptosis via ROS generation in PANC-1 and MIA-
PaCa2 pancreatic cell lines. Braz J Med Biol Res. 2015;
48:111-19.
https://doi.org/10.1590/1414-431X20144293
PMID:25517919

Petzold T, Thienel M, Dannenberg L, Mourikis P, Helten
C, Ayhan A, M'Pembele R, Achilles A, Trojovky K,
Konsek D, Zhang Z, Regenauer R, Pircher J, et al.
Rivaroxaban Reduces Arterial Thrombosis by Inhibition
of FXa-Driven Platelet Activation via Protease Activated
Receptor-1. Circ Res. 2020; 126:486-500.
https://doi.org/10.1161/CIRCRESAHA.119.315099
PMID:31859592

Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini
F, Visvikis O, Huynh T, Carissimo A, Palmer D, Klisch TJ,
Wollenberg AC, Di Bernardo D, Chan L, et al. TFEB
controls cellular lipid metabolism through a starvation-
induced autoregulatory loop. Nat Cell Biol. 2013;
15:647-58.

https://doi.org/10.1038/ncb2718 PMID:23604321

Nnah IC, Wang B, Saqcena C, Weber GF, Bonder EM,
Bagley D, De Cegli R, Napolitano G, Medina DL, Ballabio
A, Dobrowolski R. TFEB-driven endocytosis coordinates
MTORCL1 signaling and autophagy. Autophagy. 2019;
15:151-64.
https://doi.org/10.1080/15548627.2018.1511504
PMID:30145926

Brezinski M, Willard F, Rupnick M. Inadequate intimal
angiogenesis as a source of coronary plaque instability:
implications for healing. Circulation. 2019; 140:
1857-59.
https://doi.org/10.1161/CIRCULATIONAHA.119.04219
2 PMID:31790293

34.

35.

36.

37.

38.

39.

40.

41.

of Alzheimer’s and amyotrophic lateral sclerosis brains.
Neurosci J. 2016; 2016:4732837.
https://doi.org/10.1155/2016/4732837
PMID:27433468

Zhang YD, Zhao JJ. TFEB participates in the AB-induced
pathogenesis of Alzheimer’s disease by regulating the
autophagy-lysosome pathway. DNA Cell Biol. 2015;
34:661-68.

https://doi.org/10.1089/dna.2014.2738
PMID:26368054

Tong Y, Song F. Intracellular calcium signaling regulates
autophagy via calcineurin-mediated TFEB
dephosphorylation. Autophagy. 2015; 11:1192-95.
https://doi.org/10.1080/15548627.2015.1054594
PMID:26043755

Yonekawa T, Gamez G, Kim J, Tan AC, Thorburn J,
Gump J, Thorburn A, Morgan MIJ. RIP1 negatively
regulates basal autophagic flux through TFEB to control
sensitivity to apoptosis. EMBO Rep. 2015; 16:700-08.
https://doi.org/10.15252/embr.201439496
PMID:25908842

Minhas PS, Liu L, Moon PK, Joshi AU, Dove C, Mhatre S,
Contrepois K, Wang Q, Lee BA, Coronado M, Bernstein
D, Snyder MP, Migaud M, et al. Macrophage de novo
NAD* synthesis specifies immune function in aging and
inflammation. Nat Immunol. 2019; 20:50-63.
https://doi.org/10.1038/s41590-018-0255-3
PMID:30478397

Camacho-Pereira J, Tarragd MG, Chini CC, Nin V,
Escande C, Warner GM, Puranik AS, Schoon RA, Reid
JM, Galina A, Chini EN. CD38 dictates age-related NAD
decline and mitochondrial dysfunction through an
SIRT3-dependent mechanism. Cell Metab. 2016;
23:1127-39.
https://doi.org/10.1016/j.cmet.2016.05.006
PMID:27304511

Verdin E. NAD* in aging, metabolism, and
neurodegeneration. Science. 2015; 350:1208-13.
https://doi.org/10.1126/science.aac4854
PMID:26785480

Grahnert A, Grahnert A, Klein C, Schilling E, Wehrhahn

J, Hauschildt S. Review: NAD+: a modulator of immune
functions. Innate Immun. 2011; 17:212-33.
https://doi.org/10.1177/1753425910361989
PMID:20388721

Yeung AW, Terentis AC, King NJ, Thomas SR. Role of
indoleamine 2,3-dioxygenase in health and disease.
Clin Sci (Lond). 2015; 129:601-72.
https://doi.org/10.1042/C520140392 PMID:26186743

42. Munn DH, Mellor AL. Indoleamine 2,3 dioxygenase and

33. Wang H, Wang R, Xu S, Lakshmana MK. Transcription metabolic control of immune responses. Trends
factor EB is selectively reduced in the nuclear fractions Immunol. 2013; 34:137-43.

www.aging-us.com 7115 AGING


https://doi.org/10.1038/s41467-019-10991-7
https://pubmed.ncbi.nlm.nih.gov/31316058
https://doi.org/10.4161/auto.29746
https://pubmed.ncbi.nlm.nih.gov/25126729
https://doi.org/10.1172/JCI73939
https://pubmed.ncbi.nlm.nih.gov/25654547
https://doi.org/10.1590/1414-431X20144293
https://pubmed.ncbi.nlm.nih.gov/25517919
https://doi.org/10.1161/CIRCRESAHA.119.315099
https://pubmed.ncbi.nlm.nih.gov/31859592/
https://doi.org/10.1038/ncb2718
https://pubmed.ncbi.nlm.nih.gov/23604321
https://doi.org/10.1080/15548627.2018.1511504
https://pubmed.ncbi.nlm.nih.gov/30145926/
https://doi.org/10.1161/CIRCULATIONAHA.119.042192
https://doi.org/10.1161/CIRCULATIONAHA.119.042192
https://pubmed.ncbi.nlm.nih.gov/31790293
https://doi.org/10.1155/2016/4732837
https://pubmed.ncbi.nlm.nih.gov/27433468
https://doi.org/10.1089/dna.2014.2738
https://pubmed.ncbi.nlm.nih.gov/26368054
https://doi.org/10.1080/15548627.2015.1054594
https://pubmed.ncbi.nlm.nih.gov/26043755
https://doi.org/10.15252/embr.201439496
https://pubmed.ncbi.nlm.nih.gov/25908842
https://doi.org/10.1038/s41590-018-0255-3
https://pubmed.ncbi.nlm.nih.gov/30478397
https://doi.org/10.1016/j.cmet.2016.05.006
https://pubmed.ncbi.nlm.nih.gov/27304511
https://doi.org/10.1126/science.aac4854
https://pubmed.ncbi.nlm.nih.gov/26785480/
https://doi.org/10.1177/1753425910361989
https://pubmed.ncbi.nlm.nih.gov/20388721
https://doi.org/10.1042/CS20140392
https://pubmed.ncbi.nlm.nih.gov/26186743

43.

44.

45.

46.

https://doi.org/10.1016/].it.2012.10.001
PMID:23103127

Opitz CA, Litzenburger UM, Sahm F, Ott M,
Tritschler I, Trump S, Schumacher T, Jestaedt L,
Schrenk D, Weller M, Jugold M, Guillemin GJ, Miller
CL, et al. An endogenous tumour-promoting ligand
of the human aryl hydrocarbon receptor. Nature.
2011; 478:197-203.
https://doi.org/10.1038/nature10491

PMID:21976023

Prendergast GC, Malachowski WP, DuHadaway JB,
Muller AJ. Discovery of IDO1 inhibitors: from bench to
bedside. Cancer Res. 2017; 77:6795-811.
https://doi.org/10.1158/0008-5472.CAN-17-2285
PMID:29247038

Bindu S, Pillai VB, Gupta MP. Role of sirtuins in
regulating pathophysiology of the heart. Trends
Endocrinol Metab. 2016; 27:563—73.
https://doi.org/10.1016/j.tem.2016.04.015
PMID:27210897

Bao J, Zheng L, Zhang Q, Li X, Zhang X, Li Z, Bai X, Zhang
Z, Huo W, Zhao X, Shang S, Wang Q, Zhang C, Ji J.
Deacetylation of TFEB promotes fibrillar AR
degradation by upregulating lysosomal biogenesis in
microglia. Protein Cell. 2016; 7:417-33.

47.

48.

49.

https://doi.org/10.1007/s13238-016-0269-2
PMID:27209302

Sakamaki JI, Wilkinson S, Hahn M, Tasdemir N, O’Prey
J, Clark W, Hedley A, Nixon C, Long JS, New M, Van
Acker T, Tooze SA, Lowe SW, et al. Bromodomain
protein BRD4 is a transcriptional repressor of
autophagy and lysosomal function. Mol Cell. 2017;
66:517—-32.e9.
https://doi.org/10.1016/j.molcel.2017.04.027
PMID:28525743

Liu X, Zhang N, Liu Y, Liu L, Zeng Q, Yin M, Wang Y,
Song D, Deng H. MPB, a novel berberine derivative,
enhances lysosomal and bactericidal properties via
TGF-B-activated kinase 1-dependent activation of the
transcription factor EB. FASEB J. 2019; 33:1468-81.
https://doi.org/10.1096/fj.201801198R
PMID:30161000

Li X, Zhang X, Zheng L, Kou J, Zhong Z, Jiang Y, Wang W,
Dong Z, Liu Z, Han X, Li J, Tian Y, Zhao Y, Yang L.
Hypericin-mediated sonodynamic therapy induces
autophagy and decreases lipids in THP-1 macrophage
by promoting ROS-dependent nuclear translocation of
TFEB. Cell Death Dis. 2016; 7:e2527.
https://doi.org/10.1038/cddis.2016.433
PMID:28005078

WWWw.aging-us.com

7116

AGING


https://doi.org/10.1016/j.it.2012.10.001
https://pubmed.ncbi.nlm.nih.gov/23103127
https://doi.org/10.1038/nature10491
https://pubmed.ncbi.nlm.nih.gov/21976023
https://doi.org/10.1158/0008-5472.CAN-17-2285
https://pubmed.ncbi.nlm.nih.gov/29247038
https://doi.org/10.1016/j.tem.2016.04.015
https://pubmed.ncbi.nlm.nih.gov/27210897
https://doi.org/10.1007/s13238-016-0269-2
https://pubmed.ncbi.nlm.nih.gov/27209302
https://doi.org/10.1016/j.molcel.2017.04.027
https://pubmed.ncbi.nlm.nih.gov/28525743
https://doi.org/10.1096/fj.201801198R
https://pubmed.ncbi.nlm.nih.gov/30161000
https://doi.org/10.1038/cddis.2016.433
https://pubmed.ncbi.nlm.nih.gov/28005078/

SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. The PI3K/AKT/mTOR signaling pathway is involved in berberine-induced autophagy in peritoneal
macrophages. (A) The expression of mTOR, p-mTOR (Ser 2448), AKT, and p-AKT (Ser 473) was analyzed by western blotting at different time
points after treatment with berberine. Quantification of the p-mTOR/mTOR ratio and p-AKT/AKT ratio is shown. Data was analyzed by one-
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way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to
compare two group (vs. berberine group). (B) The effect of LY294002 on the expression of mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473),
LC3 1, LC3 Il, and Beclin 1 at 6 h after treatment with berberine. Quantification of proteins is shown. Data was analyzed by one-way ANOVA
with Tukey HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two
group (vs. berberine group). (C) The effect of triciribine on the expression of mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473), LC3 |, LC3 I,
and Beclin 1 at 6 h after treatment with berberine. Quantification of proteins is shown. Data was analyzed by one-way ANOVA with Tukey
HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs.
berberine group). (D) The effect of rapamycin on the expression mTOR, p-mTOR (Ser 2448), LC3 |, LC3 II, and Beclin 1 at 6 h after treatment
with berberine. Quantification of proteins is shown. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group).
Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). (E) The effect of IGF-1
on the expression of mTOR, p-mTOR (Ser 2448), AKT, p-AKT (Ser 473), LC3 I, LC3 Il, and Beclin 1 at 6 h after treatment with berberine.
Quantifications of proteins is shown. Data was analyzed by one-way ANOVA with Tukey HSD post-hoc test (vs. Control group). Analysis of
variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs. berberine group). All values are expressed as mean
+ SD (error bars) of three independent experiments. n = 3; "p < 0.05, "*p < 0.01, and "**p < 0.001 versus control. #p < 0.05 versus berberine
group.
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Supplementary Figure 2. The effect of CQ on autophagy induced by berberine. The expression levels of P62, LC3 I, LC3 Il protein at
6 h after treating with berberine, and quantifications of the proteins above were shown. Data was analyzed by one-way ANOVA with Tukey
HSD post-hoc test (vs. Control group). Analysis of variance and Student-Newman-Keuls post hoc tests were used to compare two group (vs.
berberine group). All data are mean + standard deviation. n = 3; *p < 0.05 versus control. #p < 0.05 versus berberine group.
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Supplementary Figure 3. Berberine-induced TFEB dephosphorylation in different time points. Data was analyzed by one-way
ANOVA with Tukey HSD post-hoc test (vs. Control group). All data are mean + standard deviation. n = 3; *p < 0.05 versus control.
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Supplementary Figure 4. TFEB acetylation level in different treatments for 6 h. Data was analyzed by one-way ANOVA with Tukey
HSD post-hoc test (vs. Control group). All data are mean * standard deviation. n = 3; *p < 0.05 versus control.
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