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Berberine remodels adipose tissue to attenuate metabolic

disorders by activating sirtuin 3

Dan Li'?, Chao Yang??, Jian-zhong Zhu?, Eduardo Lopez®, Tian Zhang? Qiang Tong*, Cheng Peng' and Li-gen Lin?

Adipose tissue remodelling is considered a critical pathophysiological hallmark of obesity and related metabolic diseases. Berberine
(BBR), a natural isoquinoline alkaloid, has potent anti-hyperlipidaemic and anti-hyperglycaemic effects. This study aimed to explore
the role of BBR in modulating adipose tissue remodelling and the underlying mechanisms. BBR protected high fat diet (HFD)-fed
mice against adiposity, insulin resistance and hyperlipidemia. BBR alleviated adipose tissue inflammation and fibrosis by inhibiting
macrophage infiltration, pro-inflammatory macrophage polarization and the abnormal deposition of extracellular matrix, and the
effect was mediated by BBR directly binding and activating the deacetylase Sirtuin 3 (SIRT3) and suppressing the activation of the
mitogen-activated protein kinases and nuclear factor-kB signalling pathways. Furthermore, BBR decreased microRNA-155-5p
secretion by macrophages, which in turn ameliorated liver injury. Moreover, BBR mitigated inflammatory responses in both
LPS-stimulated macrophages and TNF-a-treated adipocytes and suppressed macrophage migration towards adipocytes by
activating SIRT3. Collectively, this study revealed that BBR improved adipose tissue remodelling, and subsequently inhibited the
secretion of microRNA-155-5p by macrophages, which alleviated adiposity, insulin resistance and liver injury in obese mice. The
modulation of adipose tissue remodelling by activating SIRT3 could contribute to the anti-hyperlipidemic and anti-hyperglycemic

effects of BBR.
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INTRODUCTION

According to 2020 World Health Organization report, overweight
or obesity causes more than 2.8 million people to die each year.
Obesity is usually characterized by excessive lipid accumulation in
adipose tissue and ectopic fat deposition in other organs and is
positively correlated with cardiovascular diseases, type 2 diabetes,
and non-alcoholic fatty liver disease (NAFLD) [1]. Under excess
nutrient conditions, adipose tissue rapidly and dynamically
remodels through adipocyte hypertrophy and hyperplasia [2],
accompanied by elevated immune cell accumulation, the over-
production of extracellular matrix (ECM), and subsequent pro-
inflammatory responses in obese fat pads [3]. Subsequently,
adipose tissue inflammation and fibrosis cause liver injury and
systemic insulin resistance (IR) [4].

Adipose tissue macrophages (ATMs) are the predominant
leukocytes in adipose tissue, which make up approximately 5%
of lean adipose tissue, and these cells notably increase up to 50%
in the adipose tissue of obese rodents and humans [5]. In addition
to the increased number of ATMs, the alternatively activated
macrophage (M2) phenotype shifts to the classically activated
macrophage (M1) phenotype in the obese state [6]. M1 ATMs
secrete a variety of cytokines including IL-6 and TNF-g, and
chemokines, such as macrophage inflammatory protein-1a (MIP-

1a) and monocyte chemoattractant protein-1 (MCP-1), which
result in low-grade chronic inflammation [7]. Hypertrophic
adipocytes are more common in obese subjects [4], and ECM
components including collagen and fibronectin provide mechan-
ical support for the physiological expansion of adipose tissue.
However, the abnormal obesity-induced production and deposi-
tion of ECM leads to decreased tissue flexibility and the
destruction of normal adipose tissue structure [8]. Hypertrophic
adipocytes without proper ECM support result in adipocyte stress
and death and the formation of inflammatory foci, which in turn
attract more macrophage accumulation in adipose tissue and
exacerbate the local inflammatory response [9]. Thus, ameliorating
adipose tissue inflammation and abnormal ECM deposition may
provide a promising therapeutic strategy for the treatment of
metabolic diseases.

Berberine (BBR), a well-known natural bioactive isoquinoline
alkaloid in quaternary ammonium salt forms [10], exhibits
excellent performance on the treatment of IR, obesity,
diabetes, hyperlipidemia, and fatty liver disease [11]. Herein,
high-fat diet (HFD)-induced obese mice were used to investigate
the effects and underlying mechanisms of BBR in modulating
adipose tissue remodelling and protecting the liver against
lipotoxicity.
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MATERIALS AND METHODS

Ethic

All in vivo experiments and primary cultures were conducted
under the regulation of the Animal Ethics and Welfare Committee
of University of Macau (No. ICMS-AEC-2014-06) and conformed to
the ARRIVE guidelines. Mice were obtained from the Faculty of
Health Science, University of Macau (Macau, China) and were
maintained on a 12 h light/12 h dark cycle with air filtration under
controlled temperature (22 + 2 °C) in plastic cages. Food and water
were available ad libitum.

Animal experimental procedure

To establish the model of diet-induced obesity, male C57BL/6J
mice aged 8 to 10 weeks were randomly assigned to a regular
chow diet (RD group, calorie 2.35 kcal/g) or a 45% high fat diet
(HFD, calorie 4.5kcal/g, Trophic Animal Feed High-Tech Co,
Nantong, Jiangsu, China). The RD group and one group of HFD-fed
mice were administered with sterile distilled deionized water (10
mL/kg body weight) via oral gavage, and the other group of HFD-
fed mice were treated intragastrically with a BBR solution (200 mg/
kg body weight, dissolved in sterile distilled deionized water) once
per day for 20 weeks. The mice were euthanized, and blood
samples were collected. After the mice were sacrificed, epididymal
white adipose tissues (€WAT) and the liver were dissected and
divided into several fragments. One part of the eWAT was used to
isolate the stromal vascular fraction (SVF), another part of the
eWAT and liver were fixed in 4% paraformaldehyde, and the rest
of the tissues was quickly frozen in liquid nitrogen and preserved
at —80 °C for subsequent analyses.

Cell culture

RAW264.7 macrophages (American Type Culture Collection, ATCC,
Manassas, VA, USA) were cultured in DMEM with 10% foetal
bovine serum (FBS, Thermo-Fisher, Waltham, MA, USA), and 3T3-
L1 preadipocytes (ATCC) were cultured in DMEM with 10% calf
serum (CS, Thermo-Fisher) as previously reported [12]. Macro-
phages at passages 5-15 and preadipocytes at passages 7-10
were used in the experiments. For adipocyte differentiation, 3T3-
L1 cells were stimulated for 72h with dexamethasone (1 uM,
Sigma-Aldrich, St Louis, MO, USA), 1-methyl-3-isobutylxanthine
(IBMX, 0.5mM, Sigma-Aldrich), and insulin (5pug/mL, Sigma-
Aldrich) in DMEM supplemented with 10% FBS and were
subsequently incubated with 5ug/mL insulin for 5 days. The
growth medium was exchanged every other day during the
course of differentiation. On the 8th day of differentiation, the
adipocytes were pretreated with BBR for 6 h and then challenged
with TNF-a (15 ng/mL, Sigma-Aldrich) for the indicated time.

Differentiation of bone marrow-derived macrophages (BMDMs)
BMDMs were isolated from the bone marrow of male C57BL/6 J
mice (6-8 weeks old) and cultured in RPMI-1640 supplemented
with 10% FBS and 20% L929 cell (Stem Cell Bank, Chinese
Academy of Sciences)-conditioned medium for 7 days [13].
Subsequently, the differentiated BMDMs were treated with BBR
(80 uM) for 1 h and then stimulated with lipopolysaccharide (LPS,
1 pg/mL, Sigma-Aldrich) for the indicated time.

Knockdown of SIRT3 in macrophages

The reagents (sc-61556-SH, sc-108060 and sc-108061) used in
knockdown experiments were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). A total of 4ug of shRNA was
transfected into RAW264.7 macrophages (50% confluent) for 6 h
according to the manufacturer’s instructions, after which the cells
were incubated with fresh cell culture medium for an additional
42 h. Then, the cells were selected using puromycin (10 pg/mL,
Thermo-Fisher) for 2 weeks, and the efficiency of SIRT3 knockdown
was assessed by Western blotting. Afterwards, macrophages with
SIRT3 silencing were used for further experiments.
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Cell viability assay

Cells were placed into 96-well plates and cultured overnight.
Following treatment with different concentrations of BBR (0-160
pM) or AGK7 (0-20 uM) with or without LPS (1 ug/mL) or TNF-a
(15 ng/mL) for 24 h, 10 uL of MTT (5 mg/mL in PBS) was added to
each well and incubated for 4 h. Then, the dark blue formazan
products were solubilized with DMSO, and the absorbance was
determined at 570 nm by using SpectraMax M5 microplate reader
(Molecular Devices, USA).

Isolation of the SVF and flow cytometry

The SVF was isolated from eWAT using the following steps [13].
The dissected eWAT was digested for 40 min with shaking at 37 °C
in Krebs-Ringer bicarbonate (KRB) buffer with 1 mg/mL type |
collagenase (Worthington Biochemical Corporation, NJ, USA). The
digested cell mixture was collected by using a 100 um cell strainer
(BD Bioscience, San Jose, CA, USA). SVF pellets were harvested
after centrifugation at 1200 r/min for 5min at 4°C and then
resuspended in PBS. The cells were lysed with 1x Red Blood Cell
Lysis Buffer (BD Bioscience), resuspended in PBS, and analysed
with Accur C6 flow cytometer (BD Bioscience).

Metabolic assays

Insulin tolerance tests (ITTs) and glucose tolerance tests (GTTs)
were conducted as previously reported [14]. For the GTTs, the
mice were fasted for 16 h, and a glucose (Sigma-Aldrich) solution
(2.0 g/kg body weight) was intraperitoneally injected. For the ITTs,
the mice were fasted for 6 h, and human insulin (0.75 U/kg body
weight) was administered by an intraperitoneal injection. Tail
blood glucose was measured at 0, 15, 30, 60, 90, and 120 min by
using a OneTouch Ultra blood glucose meter and LifeScan test
strips.

Commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China) were used to measure the levels of total
cholesterol (TC), triglycerides (TGs), high-density lipoprotein-
cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C),
non-esterified fatty acids (NEFAs), aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) in the liver or serum.

Histochemical analysis

Whole-mount histochemical analysis of eWAT and liver tissue was
carried out as previously described [13]. Adipocyte areas were
measured as described previously [8]. Specific histological features
of liver injury were evaluated and scored (grade 0-4) according to
the severity of portal inflammation and fibrosis as previously
reported [13].

Immunohistochemical analysis

Immunohistochemical analysis of eWAT sections was performed
as described previously [15]. After recover antigenicity, the tissue
sections were immersed in a 3% H,0, solution for 15min to
quench peroxidase and blocked with 10% BSA (Sigma-Aldrich) in
PBS to minimize nonspecific binding. The fat tissue sections were
incubated with antibodies against CD11c (1:400 dilution), MMP-9
(1:400 dilution), tissue inhibitor of metalloproteinase 1 (TIMP-1,
1:200 dilution), and a-smooth muscle actin (a-SMA, 1:200 dilution)
in PBS containing 3% BSA and 0.1% Tween-20 (Sigma-Aldrich) for
16h at 4°C. The sections were washed and subsequently
incubated with anti-rabbit or anti-mouse IgG secondary antibodies
(Cell Signalling Technology) for 30 min at room temperature.
Positive immunoreactivity was visualized by the dark brown
colour of the DAB reaction product (Nanjing Jiancheng Bioengi-
neering Institute). The tissue sections were briefly counterstained
in haematoxylin, cleared with xylene, and mounted under a cover
slip. All positive staining was recognized by comparison with the
negative controls, which were stained with nonimmune rabbit or
mouse isotype control IgG (vector) under the same conditions.
Immunohistochemical images were acquired and analysed by
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using a Nikon digital camera attached to a Nikon microscope
(Nikon, Tokyo, Japan).

Immunohistofluorescence analyses

Immunohistofluorescence analysis of tissue sections was per-
formed as described previously [12]. After deparaffinization and
rehydration, tissue sections were incubated with 10 mM citric acid
(pH 6.0), heated in a water bath to recover antigenicity, and
blocked with 10% BSA in PBS for 1h at room temperature to
minimize nonspecific binding. eWAT sections and liver tissue
sections were stained with primary antibodies against perilipin 1
(1:100, CST), F4/80 (1:400), perilipin 2 (1:100, Proteintech Group)
and collagen | (1:400, Abcam). For immunohistofluorescence
analysis, macrophages were treated with BBR (80 uM) or BBR
(80 uM) + AGK7 (5 uM) for 1 h and subsequently induced with LPS
(1 pg/mL) for 1h. The cells were immediately fixed in 4%
formaldehyde. Subsequent procedures were performed
as described previously [12]. The stained slides were analysed by
a confocal fluorescence microscope (Leica, Germany).

Chemotaxis migration assay

Mature 3T3-L1 adipocytes in DMEM (serum free, 0.2% BSA) were
used to prepare conditioned media (CM). RAW264.7 macrophages
were pretreated with or without BBR (80 uM) in DMEM with 0.2%
BSA for 4 h, and then 5 x 10* cells were placed in the upper wells.
Adipocyte CM (0.5 mL) was placed in the lower chamber. The
plates were incubated for 4 h at 37 °C, and the macrophages were
then fixed, washed, stained with DAPI and observed under a
microscope.

RAW264.7 macrophages were seeded into the upper chamber
at a density of 5 x 10* cells per well. Fully differentiated adipocytes
were treated with BBR (80 uM) for 6 h and then incubated with
TNF-a for 24 h. Afterwards, the CM was transferred to the bottom
wells of the chemotaxis plates and incubated. The macrophages in
the lower compartment were examined.

Determination of nitric oxide (NO) and cytokine levels

The cell culture supernatant was collected to detect NO
production by Griess reagents (Sigma-Aldrich) and cytokines
(TNF-q, IL-6 and MCP-1) by ELISA kits (Neobiosciences, Shenzhen,
China).

qRT-PCR

gRT-PCR analysis was performed as described previously [12, 16].
The relative level of miRNAs was normalized to U6 snRNA
(Thermo-Fisher) and calculated using the 272" method. The
primer information was shown in Supplementary Information
Tables S1 and S2.

Western blot analysis

Western blot analysis was carried out as described previously [12].
The immunoblots were analysed using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo-Fisher) and a ChemiDoc™
MP Imaging System (Bio-Rad). The antibody information was
shown in Supplementary Information Table S3.

Mitochondrial isolation

Mitochondria were isolated from RAW264.7 macrophages or
differentiated 3T3-L1 adipocytes by using the Cell Mitochondria
Isolation Kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. The pellet was resuspended in fresh
mitochondrial lysis buffer. The mitochondrial isolate was used for
Western blot analysis.

SIRT3 deacetylation activity

The SIRT3 deacetylation activity in cell lysates was examined by
using a SIRT3 Fluorometric Assay Kit (Sigma-Aldrich). The
fluorescence intensity at 460 nm under 360 nm excitation was
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recorded with a SpectraMax M5 microplate reader (Molecular
Devices, USA). All values from each sample are represented as
percentages of the control group.

Cellular thermal shift assay (CETSA)

The CESTA was performed as previously reported [17, 18].
Macrophages were preincubated with or without 80 uM BBR for
12 h, and then the cell lysates were collected and analysed with a
BCA Protein Assay Kit (Thermo-Fisher), and the concentration was
adjusted to 2 pg/pL. The respective lysates were divided into
smaller aliquots (50 pL) and heated individually for 5 min using a
thermal cycler (Eppendorf, Hamburg, Germany) at different
temperatures (50-90 °C). The samples were collected by high-
speed centrifugation at 15,000 r/min at 4 °C for 30 min for Western
blot analysis.

Molecular docking and dynamics

The possible binding conformation of BBR to SIRT3 was simulated
by molecular docking. Despite its lower resolution, the crystal
structure of hSIRT3 (PDB ID: 5H4D) in complex with the specific
agonist amiodarone was chosen due to the presence of both
substrate and NAD™, and amiodarone was used to define the
binding site. Molecular dynamics was performed in GROMACS
using the Amber14sb force field [19]. The AM1-BCC [20] partial
charge was assigned using the antechamber program of Amber-
Tools18. Parameters for the ligand were taken from the general
amber force field [21]. Amber topology/coordinate files were
acquired by parmchk2, tleap and were further converted to the
GROMACS format using the acpype python script. The system was
solvated in TIP3P [22] water, neutralized by adding Na™ or CI~, and
pre-equilibrated at 310K and 1 bar by NVT and NPT ensembles.
Production was run for 50 ns. The interaction energy between the
substrate and SIRT3 was determined by rerunning the production
trajectory and then using the gmx energy command.

MitoTracker staining

The MitoTracker Green assay (Beyotime) was used to visualize
mitochondria in macrophages and adipocytes. Briefly, cells were
incubated with MitoTracker Green (100 nM) for 45 min at 37 °C,
then washed with HBSS twice, and the nuclei were stained with
Hoechst 33342 (Beyotime). Microscope slides were imaged with a
confocal microscope system (Olympus, Tokyo, Japan), and
analysed with ImageJ software.

Detection of mitochondrial membrane potential

Mitochondrial membrane potential was examined by the JC-1
assay (Beyotime). The cells were incubated with JC-1 for 30 min at
37°C in the dark. After being washed three times with PBS, the
nuclei were stained with Hoechst 33342 (Beyotime). The slides
were observed by a confocal microscope (Olympus, Tokyo, Japan)
and analysed with ImageJ software.

Statistical analysis

GraphPad Prism 8.0 software was used for all experimental data
analyses, and the data are presented as the mean + SD. Student’s
t-test for comparisons between two groups and one-way analysis
of variance (ANOVA) for multiple comparisons were conducted to
evaluate the significant differences. P values less than 0.05 were
considered statistically significant.

RESULTS

BBR alleviates adiposity, IR and hyperlipidaemia in HFD-challenged
mice

An HFD-challenged obese mouse model was used to determine
the effects of BBR on the regulation of adipose tissue remodelling,
and the experimental procedure is shown in Fig. Sla. BBR
significantly reduced body weight since 10 weeks post-
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administration (Fig. 1a) but did not obviously affect food intake
(Fig. S1b) compared to those of HFD-fed mice. BBR treatment
obviously reversed HFD-induced increases in the weights and
ratios of eWAT, inguinal WAT (iWAT) and brown adipose tissue
(BAT), as well as the liver weight (Fig. 1b and S1c). GTTs and ITTs
were carried out to estimate the effects of BBR on systemic insulin
sensitivity. BBR treatment significantly reduced the fasting blood
glucose levels in obese mice (Fig. 1c). In the GTTs, the glucose
clearance rate was enhanced by treatment with BBR compared to
that of HFD-fed mice (Fig. 1d). Next, the ITTs indicated that BBR
treatment increased insulin sensitivity in obese mice (Fig. 1e).
Integrated blood glucose levels were estimated by calculating the
value of the area under the curve (AUC) and were observably
reduced in BBR-treated mice (Fig. S1d, e). In addition, the levels of
serum lipid parameters, including TC, TG, LDL-C and NEFA, were
markedly reduced in BBR-treated mice (Fig. 1f), and the level of
serum HDL-C was obviously increased by BBR (Fig. 1f) compared to
those of HFD-fed mice. Taken together, these results suggest that
BBR ameliorates adiposity, IR and hyperlipidaemia in HFD-fed mice.

BBR reduces macrophage infiltration into e WAT

H&E staining of eWAT revealed smaller adipocytes in BBR-treated
mice than the hypertrophic adipocytes observed in HFD-fed mice
(Fig. 2a—c and S2). The mRNA expression levels of iNOS, COX2,
TNF-q, IL-1B and IFN-y were increased in the eWAT of HFD-fed
mice and were decreased by the administration of BBR (Fig. 2d),
indicating that BBR ameliorated HFD-induced adipose tissue
inflammation in mice. Immunohistofluorescent staining of eWAT
from obese mice showed more crown-like structures (CLSs) and
F4/80-positive macrophages than those from RD mice, while BBR
treatment reduced the formation of CLSs and the number of F4/
80" macrophages in eWAT (Fig. 2e). Consistently, the mRNA
expression levels of macrophage markers, including F4/80 and
CD68, and chemokines, including MCP-1, MIP-1a, Ccl5, Ccl11,
Cx3cl1 and Cxcl10, were markedly increased in eWAT from HFD-
fed mice, and BBR obviously suppressed the expression levels of
these genes (Fig. 2f, g), indicating that BBR inhibited macrophage
chemotaxis. To test this hypothesis, the effect of CM from
differentiated adipocytes on macrophage chemotaxis was
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fost -BBR administration,
P <0.05 HFD vs. RD, "P<

evaluated using a Transwell system. The number of migrated
cells was significantly reduced by pretreatment with BBR (Fig. S3a).
Furthermore, CM from TNF-o-treated adipocytes exacerbated
macrophage chemotaxis, and this effect was suppressed by
treating TNF-a induced adipocytes with BBR (Fig. S3b), demon-
strating that BBR could suppress the TNF-a-induced production of
chemoattractants in adipocytes. As expected, BBR decreased the
expression of chemokines, including MCP-1, MIP-1q, Ccl5, Cxcl10
and Cx3cl1, in LPS-induced BMDMs (Fig. S3c). Collectively, BBR
mitigates adipose tissue inflammation by suppressing macro-
phage infiltration into eWAT in HFD-fed mice.

BBR prevents M1/M2 macrophage polarization in eWAT
Interestingly, BBR treatment distinctly reduced the mRNA expression
of the M1 macrophage marker CD11c (Fig. 2g), and elevated the
MRNA expression of the M2 macrophage markers CD206 and CD301
in eWAT (Fig. 2g), which suggested that BBR promoted a shift
toward anti-inflammatory M2 polarization. Notably, flow cytometry
showed that M1 macrophages (CD11c*CD2067) and double-
positive macrophages (CD11c¢"CD206™) were significantly increased,
M2 macrophages (CD11c"CD206") were reduced in eWAT from
HFD-fed mice compared to RD mice, and BBR treatment reversed
these changes (Fig. 2h). Consistently, more positive staining of
CD11c was visualized in the stromal space of eWAT from HFD mice,
and this effect was reversed in BBR-treated mice (Fig. 2i). Exposure to
LPS increased the mRNA expression of iNOS, COX2, IL-1, IL-6 and
TNF-a (M1 macrophage markers) in BMDMs, and this expression was
diminished when BMDMs were pretreated with BBR (Fig. S4a). In
contrast, exposure to IL-4 elevated the mRNA expression of CD206,
YM-1 and Arg-1 (M2 macrophage markers) in BMDMs, and BBR
treatment further augmented this expression (Fig. S4b). Taken
together, these data suggest that BBR modulates the ratio of M1 to
M2 macrophages in the eWAT of HFD-fed mice.

BBR mitigates the abnormal deposition of ECM components in
eWAT

As shown in Fig. 3a, Masson’s trichrome staining and Sirius Red
staining showed that collagen deposition and the distinct pattern
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of collagen distribution in interstitial tissue were increased in the RD mice (Fig. 3c—f). The intense staining of a-SMA in the eWAT of
eWAT of HFD-fed mice, and collagen fibres primarily formed in obese mice indicated increased migration of activated
fibrotic bundles surrounding adipocytes in HFD-fed mice. Notably, myofibroblast-like cells into adipose tissue, leading to the
the abnormal deposition of collagen was attenuated in BBR- secretion of more ECM components (Fig. 3¢, f), and the intense
treated mice (Fig. 3a). Furthermore, immunofluorescent staining staining of MMP-9 and TIMP-1 in the regions of macrophage-rich
indicated increased collagen | deposition in the eWAT of HFD-fed areas indicated that macrophages were involved in ECM
mice, and BBR greatly reduced collagen | levels (Fig. 3b). component deposition (Fig. 3d, f). The protective effect of BBR
Fibrogenic regulators were hardly detected in the fat depots of on interstitial fibrosis was evidenced by inhibition of the
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expression levels of ECM components including collagen |, a-SMA,
MMP-9, and TIMP-1 (Fig. 3b—f). Collectively, these results suggest
that BBR ameliorates abnormal ECM synthesis and deposition in
eWAT and consequently induces favourable ECM flexibility, which
is beneficial for the healthy expansion of adipose tissue.

BBR attenuates liver injury in HFD-fed mice by suppressing
microRNA155-5p expression and secretion by ATMs

Liver injury was evaluated to better understand the beneficial
effect of BBR on metabolic disorders. As shown in Fig. 4a, H&E and
Masson’s trichrome staining indicated that HFD feeding caused
worsened hepatic fatty infiltration and collagen production, which
were dramatically improved by BBR treatment. Consistently,

SPRINGERNATURE

immunofluorescent staining for collagen | and perilipin 2 showed
severe fibrosis and increased lipid accumulation in the livers of
obese mice, and BBR treatment significantly reversed hepatic
fibrosis and lipid accumulation (Fig. 4b and S5). Furthermore, BBR
alleviated the levels of TC, TG, LDL-C and NEFA and elevated the
level of HDL-C in the livers of obese mice (Fig. 4c). Additionally,
BBR treatment obviously decreased the levels of ALT and AST in
the livers of obese mice (Fig. 4d).

microRNA-155-5p (miR-155-5p) is induced in macrophages
during inflammation [23] and plays a critical role in the
pathogenesis of liver steatosis and fibrosis [24]. HFD feeding
significantly induced increased miR-155-5p expression in the
serum and eWAT compared to that of RD mice, and this effect
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was completely abrogated in BBR-treated mice (Fig. 4e, f).
Consistently, miR-155-5p expression in LPS-stimulated BMDMs
was significantly decreased by treatment with BBR (Fig. 4g). Thus,
BBR attenuates liver injury in HFD-fed mice, which might occur by
decreasing miR-155-5p secretion from macrophages.

BBR exacerbates SIRT3 activity and inhibits MAPK/NF-kB signalling
in eWAT

To elucidate the potential target of BBR, the expression of some
key regulators was evaluated. As shown in Fig. 5a, HFD feeding
was accompanied by reduced SIRT3 expression in eWAT, and BBR
treatment attenuated this change. In RAW264.7 macrophages, BBR
markedly increased the SIRT3 protein level but not the expression
of Nampt, an enzyme involved in NAD" synthesis (Fig. 5b). As
expected, BBR reversed the LPS-induced suppression of SIRT3
deacetylation activity, and this effect was abrogated by cotreat-
ment with the selective SIRT3 inhibitor AGK7 (Fig. 5c). The
deacetylation activity was further evaluated by examining the
acetylation status of MnSOD, a SIRT3 substrate. BBR dose-
dependently reduced the acetylation level of MnSOD at K122
(Fig. 5b). Next, mitochondria were isolated from macrophages, and
BBR substantially reduced the mitochondrial protein acetylation
level (Fig. 5d), which was partially abrogated by cotreatment with
cycloheximide, an inhibitor of SIRT3 protein synthesis (Fig. 5e).
Next, CETSA was performed on macrophages to further verify that
BBR interacts with SIRT3 deacetylase. Likewise, BBR treatment led
to enhanced stabilization of SIRT3 compared to that of control
cells at a wide variety of temperatures (Fig. 5f). Virtual docking
analysis was performed to examine the direct interaction between
SIRT3 and BBR. In the crystal structure of SIRT3 (PDB ID: 5H4D),
both the acetyl end of the substrate and NAD™ stretched into the
pocket, and BBR was successfully docked at the entrance of the
pocket via hydrophobic interactions and hydrogen bonds with
residues on both the upper and lower sides (V324, R158, Q228,
H248, E323), as well as NAD™ (Fig. 5g). With the acquired docking
conformation, the binding was confirmed by molecular dynamics.
The interaction energy between the substrate and SIRT3 was
calculated to be —364.379 and —340.331 kJ/mol with or without
BBR, respectively (Fig. 5h), indicating that BBR increased the
affinity of the substrate for SIRT3. Thus, BBR might directly bind to
SIRT3 and enhance its deacetylation activity.

Moreover, HFD feeding observably increased the levels of iINOS
and COX-2, and BBR treatment reversed these changes (Fig. 5a).
Compared to that of HFD-fed mice, the phosphorylation of ERK,
JNK and p38 was significantly suppressed (Fig. 5i), and the
phosphorylation of IKKa/B, IkBa and p65 was significantly
decreased in the eWAT of BBR-treated mice (Fig. 5j). Thus, BBR
inhibits the MAPK/NF-kB signalling pathways in eWAT.

SIRT3 knockdown reverses the inhibitory effect of BBR on
inflammatory responses in macrophages

SIRT3 was involved in mediating MAPK and NF-kB signalling
activation in inflammatory states [25, 26]. Compared to the
vehicle control, LPS treatment suppressed SIRT3 expression and
elevated iNOS and COX2 expression, while BBR significantly
increased SIRT3 expression and decreased iINOS and COX2
expression in LPS-induced BMDMs (Fig. S6a). LPS induced NF-kB
signalling activation in BMDMs, and BBR strongly inhibited the
LPS-induced phosphorylation of IKKa/B, IkBa and p65 (Fig. S6b).
The phosphorylation levels of JNK, ERK and p38 were elevated in
LPS-treated BMDMs, and BBR significantly reversed MAPK
activation (Fig. Séc).

SIRT3-silenced macrophages (SIRT3-KD) were generated to
confirm the anti-inflammatory effects of BBR by activating SIRT3.
The expression level of SIRT3 in knockdown cell line was 50% less
than the cells expressing scrambled control shRNA (scrambled)
(Fig. 6a). Compared to those of the scrambled control cells, the
production of NO and the expression of iNOS (Fig. 6b, c) as well
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as the levels of IL-6, TNF-a and MCP-1 (Fig. 6d-f) were
significantly induced by LPS stimulation in SIRT3-KD cells. As
expected, the anti-inflammatory effects of BBR were partially
abolished in LPS-challenged SIRT3-KD cells (Fig. 6b—f). The
translocation of the NF-kB p65 subunit from the cytosol to the
nucleus is involved in the regulation of inflammatory cytokines.
The immunofluorescence images showed that BBR significantly
suppressed p65 nuclear translocation in LPS-stimulated macro-
phages, and this effect was diminished by cotreatment with the
SIRT3 inhibitor AGK7 (Fig. 6g). This effect was further confirmed
by Western blot analysis (Fig. S7). These results demonstrate that
BBR exerts anti-inflammatory effects at least partially by
activating SIRT3 in macrophages.

BBR suppresses inflammatory responses by activating SIRT3 in
adipocytes

To further characterize the role of SIRT3 in the BBR-mediated
suppression of the inflammatory response in adipocytes, TNF-a-
induced mature 3T3-L1 adipocytes were treated with BBR plus
the SIRT3 inhibitor AGK7. As shown in Fig. 7a, the expression of
iNOS and COX-2 was decreased, while SIRT3 expression was
increased by BBR in TNF-a-induced adipocytes. Consistently, BBR
dose-dependently reduced the acetylation levels in mitochondria
from 3T3-L1 adipocytes (Fig. 7b), and this effect was blocked by
cotreatment with cycloheximide (Fig. 7c). TNF-a induced NF-kB
signalling activation in adipocytes, and BBR significantly sup-
pressed the TNF-a-induced phosphorylation of IKKa/@, IkBa and
p65 (Fig. 7d). Moreover, TNF-a also induced the phosphorylation
of JNK, ERK and p38 in differentiated adipocytes, and BBR
observably inhibited this activation (Fig. 7e). Notably, these
effects of BBR were completely diminished in the presence of
AGK7 (Fig. 7f=h). Thus, BBR suppresses TNF-a-mediated inflam-
mation in differentiated adipocytes, at least partially by activat-
ing SIRT3.

DISCUSSION

During obesity, adipose tissue undergoes a variety of remodelling,
resulting in unresolved chronic inflammation and fibrosis, which
not only drives adipose tissue damage but also causes multiorgan
dysfunction [27]. Pharmacological studies have shown that BBR
alleviates differentiation, proliferation and adiposity by inhibiting
galectin-3 expression in adipocytes [28], reduces lipid accumula-
tion in adipocytes [29], enhances thermogenesis in white and
brown adipose tissue [30], and alleviates adipose tissue fibrosis
[31], largely by activating AMP-activated protein kinase (AMPK)
signalling. In contrast, the beneficial effects of BBR on NAFLD are
independent of AMPK [32]. A recent study indicated that BBR
alleviates HFD-induced fatty acid 3-oxidation inhibition via SIRT3-
mediated LCAD (long-chain acyl-coenzyme A dehydrogenase)
deacetylation [33]. Herein, we revealed that BBR alleviated
inflammation and fibrosis in the adipose tissue of obese mice,
to improve liver injury and insulin sensitivity.

ATMs play key roles in maintaining adipose tissue homeostasis
and function in the healthy state by clearing cell debris and
absorbing lipids from adipocytes, while under a positive energy
state, long-term overactivation of ATMs results in chronic low-
grade inflammation and a shift in the adipose immune landscape
[6]. Pro-inflammatory cytokines are upregulated in WAT from
genetically obese or diet induced obese mice prior to the
development of IR [34]. BBR suppressed inflammatory cytokine
and chemokine levels in the eWAT of HFD-fed mice, resulting in
improvements in insulin sensitivity and systemic inflammation. M1/
M2 macrophage polarization disorders are becoming the core
mechanism of obesity pathogenesis and related comorbidities [35].
Selective ablation of M1 macrophages in obese mice decreases
inflammatory markers and improves insulin sensitivity [36], while
weight loss improves insulin sensitivity and induces the transient
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accumulation of M2 ATMs in mice [37]. BBR obviously promoted fibrils appeared in the interstitial space of adipocytes, indicating
anti-inflammatory M2 macrophage polarization in both eWAT and pericellular fibrosis in the eWAT of HFD-induced obese mice. It is
IL-4-stimulated BMDMs. This evidence strongly suggests that BBR worth noting that there were thicker collagen fibres around
favours anti-inflammatory M2 macrophage polarization to alleviate hypertrophic adipocytes, which are located in the stromal space
HFD-induced adipose tissue inflammation. that is rich in macrophages, demonstrating that inflammation and

In various pathological states, unresolved inflammation is often fibrosis go hand-in-hand in the eWAT of obese mice. Interestingly,
involved in altered tissue remodelling, and the persistence of BBR reduced the levels of a-SMA and collagen |, thus ameliorating
inflammatory stress always progresses to fibrosis [9]. Fibrosis is adipose tissue fibrosis. Furthermore, MMPs are a class of zinc-
characterized by the abnormal deposition of ECM components dependent proteases that are responsible for the degradation of
that result in severe organ dysfunction [38]. ECM components collagen, and TIMPs are regulators of MMPs. Rigid fibrillar collagen
including collagens and fibronectin are needed for tissue networks are organized in the absence of MMP genes in adipose

mechanical development, while obesity-induced excessive pro- tissue, which affects the differentiation of adipocytes and the
duction and abnormal deposition of ECM components gradually storage of lipids [41], and the deletion of TIMP genes results in
lead to destruction of the architecture of normal adipose tissue [8]. obesity and IR in regular diet-fed mice and further exacerbates IR
The loss of collagen genes in ob/ob mice leaves adipocyte in HFD-fed mice [42]. BBR attenuated HFD-induced increases in

expansion unimpeded and improves IR [39], while collagen MMP-9 and TIMP-1 in eWAT. These findings suggested that BBR
expression in the adipose tissue of db/db mice is increased, which could inhibit abnormal ECM synthesis and degradation in eWAT,
is further exacerbated by HFD feeding [40]. Consistent with these which is beneficial for the healthy expansion of adipose tissue.
observations, the current study showed that collagen fibres Further research is needed to understand the mechanism by
formed bundles of various thicknesses, and thinner collagen which BBR modulates ECM homeostasis.
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Fig.7 SRIT3 suppression abrogates the anti-inflammatory effects of BBR on differentiated 3T3-L1 adipocytes. a Expression of iNOS, COX2,
and SIRT3. b Mitochondrial lysates from differentiated adipocytes were treated with different doses of BBR and analysed for lysine acetylation
using an anti-acetyl lysine antibody (AcK), and total MnSOD was used as a loading control. ¢ Mitochondrial lysates from differentiated
adipocytes treated with cycloheximide (10 pM) for 1 h followed by treatment with BBR (80 pM) for an additional 2 h were analysed by Western
blotting. d Western blot analysis of NF-kB factors. a-Tubulin served as a loading control. e Western blot analysis of MAPKs factors. f-h The
SIRT3 inhibitor AGK7 (5 M) blocked the effects of BBR. The data represent the means + SD (n = 6). *P < 0.05 TNF- vs. DMSO, “P < 0.05 BBR vs.

TNF-o, 4P < 0.05 BBR + TNF-0 + AGK7 vs. BBR + TNF-av.

Adipose tissue remodelling plays a critical role in the regulation subjects [44], indicating that omental inflammation leads to
of NAFLD and metabolic disorders in both animals and humans steatohepatitis by accelerating the production of inflammatory
[43]. ATMs from patients with steatohepatitis secrete higher levels mediators in the portal system [45]. miRNAs are small noncoding
of cytokines and chemokines than ATMs from normal control RNA molecules that modulate mRNA expression and translational
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Fig.8 The proposed mechanism of the beneficial effects of BBR on adipose tissue remodelling. Adipose tissue remodelling is characterized
by pathologically uncontrolled adipocyte hypertrophy, excessive macrophage infiltration, abnormal ECM production and deposition, the
secretion of inflammatory cytokines and miRNAs, liver injury and insulin resistance in the context of obesity. Therapeutically, BBR activates
SIRT3 to suppress adipose tissue remodelling, which in turn alleviates liver injury, as well as systemic insulin resistance. The protective effect of
BBR against liver injury might occur through the inhibition of miRNA-155-5p secretion by ATMs.

efficiency, and these factors could link adipose tissue inflamma-
tion, liver injury and IR during obesity [46]. Under obesity or HFD
feeding, the miRNA expression profile of the whole body or local
tissues is altered, and the target genes regulate insulin signalling
pathways and glucose lipid metabolism, leading to the develop-
ment of IR [47]. miR-155 is a common target of multiple
inflammatory mediators and is induced in macrophages under
inflammatory conditions [23]. Selective knockout of miR-155-5p
gene expression in macrophages ameliorates HFD-induced IR [46].
Additionally, serum/plasma miR-155 is dramatically elevated in the
impaired liver [48], and silencing miR-155 alleviates alcohol-
induced steatohepatitis and fibrosis in the liver [24]. BBR inhibited
the expression of miR-155-5p in ATMs from obese mice and LPS-
stimulated BMDMs, which could protect against liver injury
through the portal system. Further research is needed to
understand the tissue-specific role of miR-155-5p in modulating
adipose tissue homeostasis. The overexpression or knockdown of
p65 in adipose tissue increases and decreases miR-155 expression,
respectively, suggesting that miR-155 induction involves the NF-«kB
pathway [49]. These data strongly demonstrated that BBR could
improve HFD-mediated liver injury at least partially by suppressing
the secretion of miR-155-5p and pro-inflammatory cytokines
by ATMs.

The deacetylase SIRT3 regulates mitochondrial biogenesis and
function, and its expression level and activity are decreased in
obesity [50]. Indeed, MitoTracker staining indicated that LPS and
TNF-a significantly reduced mitochondrial levels compared with
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the controls, and BBR treatment markedly increased mitochondrial
mass (Fig. S9a, b). JC-1 staining showed that the mitochondrial
membrane potential in macrophages was interrupted by LPS, and
BBR treatment significantly restored the mitochondrial membrane
potential (Fig. S9c). Therefore, these results indicated that BBR
enhances mitochondrial biogenesis and function in macrophages
and adipocytes. Macrophages with SIRT3 silencing show elevated
inflammation and M1 macrophage polarization [51]. SIRT3-
deficient macrophages displayed impaired autophagy and accel-
erated NLRP3 inflammasome activation and endothelial dysfunc-
tion [52]. Dual deletion of SIRT2 and SIRT3 impacts the metabolism
and inflammatory responses of macrophages and protects against
endotoxemia [53]. To date, the role of SIRT3 in macrophages is not
fully understood. SIRT3 depletion leads to adipocyte dysfunction
and IR [54]. Herein, we found that the anti-inflammatory effect of
BBR was abolished by SIRT3 inhibition or knockdown. Further-
more, SIRT3 knockout in HFD-fed mice results in accelerated
obesity and metabolic syndrome [55], and the overexpression of
SIRT3 in enterocytes of mice improves whole body glucose
homeostasis and IR [56]. In our previous study, SIRT3 was
downregulated in the eWAT of LPS-treated and ageing mice
[12, 13]. As expected, BBR reversed the decline in SIRT3 expression
in the eWAT of HFD-treated mice and exerted anti-inflammatory
effects on LPS-stimulated macrophages and TNF-a-induced
adipocytes by activating SIRT3.

AMPK mediates the protective effects of BBR against metabolic
diseases. SIRT3 reduces lipid accumulation via AMPK activation in
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human hepatic cells [57] and senses glucose levels [58]. SIRT3
deacetylates and activates liver kinase B1 (LKB1), which, in turn,
stimulates AMPK activation [59]. Alternatively, SIRT3 promotes
increases in cytosolic calcium levels, which activates calcium/
calmodulin-dependent kinase Il (CaMKIl) to phosphorylate AMPK
[60]. As expected, the phosphorylation levels of AMPK were
reduced in LPS-induced macrophages and TNF-a-stimulated
adipocytes; BBR activated AMPK in both cell models, and this
effect was partially blocked by cotreatment with Compound C, an
AMPK inhibitor (Fig. S10). These results reveal that BBR activates
the SIRT3-AMPK pathway.

The MAPK and NF-kB signalling pathways are negative feedback
controlled by SIRT3 [26, 61] and are positively correlated with the
level of miRNA-155 [62]. In our study, miRNA-155-5p was increased
in the serum and eWAT of obese mice and LPS-induced
macrophages, suggesting that the relationship between SIRT3
and miRNA-155-5p might be negative in the context of inflamma-
tion and obesity. Further studies are needed to confirm this
relationship. These data demonstrate that BBR improves adipose
tissue remodelling by activating SIRT3 expression, which is an
important negative regulator of M1 macrophage polarization and
miRNA-155-5p secretion and contributes to prevent obesity related
metabolic disorders.

Our study reveals that pharmacological activation of SIRT3 by
BBR effectively ameliorates adipose tissue remodelling in HFD-
induced obese mice and subsequently inhibits miR-155-5p
secretion from macrophages, which in turn protects mice against
liver injury and systemic IR (Fig. 8). These findings further verified
that BBR could be a promising candidate to treat obesity-related
metabolic disorders.
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