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Rutin ameliorates obesity through brown fat activation
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ABSTRACT: Increasing energy expenditure through activation of brown adipose tissue (BAT) is a critical approach to
treating obesity and diabetes. In this study, rutin, a natural compound extracted from mulberry and a drug used as a
capillary stabilizer clinically for many years without any side effects, regulated whole-body energy metabolism by
enhancing BAT activity. Rutin treatment significantly reduced adiposity, increased energy expenditure, and im-
proved glucose homeostasis in both genetically obese (Db/Db) and diet-induced obesity (DIO) mice. Rutin also
induced brown-like adipocyte (beige) formation in subcutaneous adipose tissue in both obesity mouse models.
Mechanistically, we found that rutin directly bound to and stabilized SIRT1, leading to hypoacetylation of perox-
isome proliferator-activated receptor y coactivator-la protein, which stimulated Tfam transactivation and eventu-
ally augmented the number of mitochondria and UCP1 activity in BAT. These findings reveal that rutin is a novel
small molecule that activates BAT and may provide a novel therapeutic approach to the treatment of metabolic
disorders.—Yuan, X., Wei, G., You, Y., Huang, Y., Lee, H. ]., Dong, M., Lin, J., Hu, T., Zhang, H., Zhang, C., Zhou, H.,
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accumulation, which often causes adverse effects on hu-
man health, such as cardiovascular disease, type 2 diabetes
mellitus, hypertension, cancer, and other related diseases
(1). Obesity develops when energy intake exceeds energy
expenditure and the excess energy is stored in white adipose
tissue (WAT) as a form of triglyceride (2). Current antiobe-
sity strategies are aimed at restricting energy uptake and

The incidence of obesity has dramatically increased over
the past few decades and has become a global health
problem worldwide. Obesity is a result of excess body fat
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absorption; however, obesity is far from being dealt with
satisfactorily. Therefore, an effective alternative strategy
is urgently needed to increase energy expenditure in key
metabolic organs such as brown adipose tissue (BAT) (3).
Mammalian fat tissues are mainly divided into 2 types
of fat tissues with opposing functions: BAT and WAT (4).
BAT, histologically distinct from WAT, is composed of
multilocular lipid droplets and a large number of mito-
chondria that generate heat to maintain body temperature
through a process called nonshivering thermogenesis (5).
Previous studies have shown that BAT potentially protects
against obesity and its related diseases, which opens a
novel avenue to combating obesity (6-8). BAT was initially
thought to facilitate adaptation to cold environments in
rodents and in newborn infants. Recent studies have
revealed that adult humans also have functional BAT
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(9-11) and various stimuli could recruit uncoupling pro-
tein (UCP)-1-positive multilocular adipocytes in WAT,
which is defined as beige or brite (brown in white) (12).
Recently, irisin and PRDM16 have been found to stimulate
beige formation in WAT, resulting in the augmentation of
energy expenditure (13, 14). Therefore, increasing BAT
activity and induction of beige formation could be a novel
and effective therapeutic approach to the prevention and
cure of obesity and its related diseases.

In our recent study, we showed that mulberry extract
increases the number of mitochondria and expression of
BAT-specific thermogenic genes during in vitro brown
adipogenesis (15). Furthermore, we found that mulberry
extract contains a large amount of anthocyanin, such as
cyanidin 3-glucoside (C3G) and rutin. Rutin is an important
flavonoid that is consumed in the daily diet. In vivo and in
vitro studies have shown that it can exhibit significant
pharmacological activities, including antioxidation and
anti-inflammation, and antidiabetic properties (16-18). Al-
though rutin has been demonstrated to block high-fat-diet-
induced obesity and to have beneficial effects on blood
lipids and glucose levels in recent years (18), the underlying
molecular mechanisms are largely unknown. For the first
time, we demonstrated that rutin increases energy expen-
diture by activating BAT and inducing beige tissue for-
mation in genetic obese Db/Db (leptin receptor-deficient)
and DIO mouse models. In addition, rutin functions as a
cold mimetic through activating the sirtuin 1 (SIRT1)/
peroxisome proliferator-activated receptor y coactivator
(PGC)-1a/mitochondrial transcription factor (Tfam) sig-
naling cascade and increasing the number of mitochon-
dria and UCP1 activity in BAT. Our data establish that
rutin plays a previously unrecognized role in combating
obesity, which may provide a novel therapeutic approach
to the treatment of metabolic disorders.

MATERIALS AND METHODS
Animals

Obese C57BLKS/]J-Leprdb/Leprdb (Db/Db) male mice (3-wk-
old) were purchased from the Model Animal Research Center of
Nanjing University. Three-week-old male C57BL/6] mice from
Vital River Laboratory Animal Technology (Beijing, China) were
fed either a low-fat (LFD) or high-fat (HFD) diet. The LFD
(12450Bi) and HFD (D12492i) contain 10 kcal% fat and 60 kcal%
fat, respectively (Research Diets, New Brunswick, NJ, USA).
Rutin (1 mg/ml) was added to the drinking water of the mice for
10 wk. The mice were fed ad libitum and euthanized under mild
ether anesthesia. All animal studies were approved by the In-
stitutional Animal Care and Use Committee of Institute of
Zoology (Chinese Academy of Sciences).

Glucose tolerance test

Mice were left unfed for 16 h (5:00pM t09:00 am) with free access to
drinking water. Glucose (1 g/kg for Db/Db mice and 1.5 g/kg
for HFD mice) was administered intraperitoneally, and blood
glucose levels were measured with an Accu-Chek glucose
monitor (Roche Diagnostics, Indianapolis, IN, USA) at various
time points (see Results). If the blood glucose value was higher
than the measuring range of the commercial glucometers, we
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diluted the sample in saline and repeated the measurement.
Thereafter, we multiplied the result by the dilution factor as the
final blood glucose value.

Metabolic rate and physical activity

Oxygen consumption and physical activity were determined at
12 wk of age with a TSE lab master, as previously described (19).
Mice were acclimated to the system for 20-24 h, and then Vo, and
Vco, were measured during the next 24 h. The animals were
maintained at 24°C in a 12-h light/dark cycle with free access to
food and water. Voluntary activity of each mouse was measured
with an optical beam technique (Opto-M3, Columbus Instru-
ments, Columbus, OH, USA) over 24 h and expressed as 24-h
average activity. Heat production and respiratory exchange ratio
(RER) were then calculated (20).

Body composition measurements

The total fat and lean masses of mice after a 7-wk treatment
with either vehicle or rutin were assessed with the Small Animal
Body Composition Analysis and Imaging System (MesoQMR 23-
060H-I; Nuimag Corp., Shanghai, China), according to the
manufacturer’s instructions.

Cold-induced thermogenesis

A cold tolerance test was performed in 13-wk-old mice. The mice
were placed in a cold chamber (4°C) for up to 4 h with free access
to food and water. Body temperature was measured with a rectal
probe connected to a digital thermometer (Yellow Spring In-
struments, Yellow Springs, OH, USA).

Skin temperature measurement

Skin temperature surrounding BAT was recorded with an in-
frared camera (E60: Compact Infrared Thermal Imaging Camera;
FLIR, West Malling, United Kingdom) and analyzed with a
specific software package (IR Max 3.4; FLIR). Skin temperature
surrounding the BAT was analyzed after averaging tempera-
tures from 3 or 4 images in each animal.

Postitron emission-computed
tomographic imaging

Positron emission-computed tomographic (PET-CT) imaging
was achieved with the Siemens Inveon Dedicated PET (dPET)
System and Inveon Multimodality (MM) System (CT-SPECT)
(Siemens Preclinical Solutions, Knoxville, TN, USA) at the In-
stitute of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences. The mice were left unfed overnight and were
lightly anesthetized with isoflurane followed by a tail vein in-
jection of fluorodeoxyglucose (['*F]-FDG; 500 mCi). They were
subjected to PET-CT analysis at 60 min after radiotracer injection.
Inveon Acquisition Workplace (IAW) software (Siemens Pre-
clinical Solutions) was used for the scanning process. A 10-min
CT X-ray for attenuation correction was scanned with a power of
80 kV and 500 wA and an exposure time of 1100 ms before the
PET scan. Ten-minute static PET scans were acquired, and im-
ages were reconstructed by an ordered-subsets expectation
maximization (OSEM) 3-dimensional algorithm followed by
maximization/maximum a posteriori (MAP) or FastMAP pro-
vided by IAW. The 3-dimensional regions of interest (ROIs) were
drawn over the guided CT images, and the tracer uptake was
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measured with the IRW software (Siemens). Individual quanti-
fication of the [**F]-FDG uptake in each of the ROIs was calcu-
lated. The data for the accumulation of [*®F]-FDG on micro-PET
images were expressed as the standard uptake values, which
were determined by dividing the relevant ROI concentration by
the ratio of the injected activity to the body weight.

Histology and bodipy staining

Tissues fixed with 4% paraformaldehyde were sectioned
after being embedded in paraffin. Multiple sections were
prepared for hematoxylin-eosin staining. Cells grown on poly-
L-lysine-pretreated coverslips (Sigma-Aldrich, St. Louis, MO,
USA) were incubated in 5% goat serum for 1 h at room
temperature after fixation with 1% formalin at room tem-
perature for 1 h, then incubated with Bodipy (Thermo Fisher
Scientific, Waltham, MA, USA) for 2 h at room temperature.
All images were acquired with the BX51 system (Olympus,
Tokyo, Japan).

Transmission electron microscopy

BAT sections were fixed with 2% (vol/vol) glutaraldehyde in
100 mM phosphate buffer (pH 7.2) for 12 h at 4°C. Sections
were then postfixed with 1% osmium tetroxide, dehydrated in
ascending gradations of ethanol, and embedded in fresh ep-
oxy resin 618. Ultrathin sections (60-80 nm) were cut and
stained with lead citrate before being examined on a CM-120
transmission electron microscope (Philips, Eindhoven, The
Netherlands).

Brown adipocyte differentiation

C3H;oTy /7 cells, a mouse mesenchymal stem cell line, were
purchased from National Platform of Experimental Cell Re-
sources (Sci-Tech, Shanghai, China). The cells were treated
with a brown adipogenic induction cocktail [DMEM contain-
ing 10% fetal bovine serum, 20 nM insulin, 1 uM dexametha-
sone, 0.5 mM isobutylmethylxanthine, 125 nM indomethacin,
and 1 nM 3,3,5-triiodo-L-thyronine (T3)] for the first 2 d. The
medium was then replaced by that supplemented with only
insulin and T3 every other day. The cells were treated with or
without rutin (10 pM) for 6 d during brown adipogenesis.
At d 6, fully differentiated adipocytes were used for all exper-
iments in the study.

Measurements of cellular respiration

C3H; 0Ty /7 cells were treated with or without rutin (10 uM) for
6 d during brown adipogenesis. O, consumption of fully differ-
entiated adipocytes was measured at d 6 with an XF24-3 extra-
cellular flux analyzer (Agilent Technologies, Santa Clara, CA,
USA). Basal respiration was also assessed in untreated cells.

Measurements of lipolysis in vitro

Lipolysis activity was measured as described elsewhere (21). In
brief, fully differentiated brown adipocytes were treated with
serum-free DMEM, with or without rutin (10 wM) for 3 h, and the
medium was collected for lipolysis measurement. Extracellular
glycerol release was extracted and measured as an index of li-
polysis by colorimetric assay (EnzyChrom Adipolysis Assay Kit,
BioAssay Systems, Hayward, CA, USA), according to the man-
ufacturer’s instructions.
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Luciferase reporter assay

The mouse Tfam promoter was amplified and inserted into the
Kpnl and Xhol sites (—134 to +28) of pGL3-basic (Promega,
Madison, WI, USA). The C3H;oT; /, cells were cultured in 24-well
plates and cotransfected with PGCla plasmid (0.4 mg/well),
NRF2 plasmid (0.4 mg/well), and luciferase reporter construct
(0.4 mg/well) with the Profection kit (Promega), according to the
manufacturer’s protocol. The mass of transfected plasmids was
balanced with empty vector (pCDH-EGFP). After 48 h, the cells
were harvested, and luciferase activity was measured with the
Dual-Luciferase Reporter assay system (Promega). Renilla lucif-
erase activity was used to normalize for transfection efficiency.

NRF2 and PGC1«a binding assay

Human embryonic kidney (HEK)293T cells were transfected
with NRF2 and PGCla, alone and in combination. Cell lysates
were collected in RIPA buffer 48 h after transfection. NRF2 pro-
tein was immunoprecipitated with anti-NRF2 antibody (sc-
28696; Santa Cruz Biotechnology, Santa Cruz, CA, USA). NRF2
was Western blotted with anti-NRF2 antibody (sc-6059; Santa
Cruz Biotechnology) and anti-PGCla antibody (AB3242; EMS—
Millipore, Billerica, MA, USA).

PGC1a acetylation assay

C3H;T1 /7 cells were transfected with His-PGCla (2 pg), SIRT1
(0.5 pg), and p300 (0.5 pg). Twenty-four hours after transfection,
the cells were incubated with or without rutin, and then the cell
lysates were collected with IP buffer [50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; pH7.9), 150 mM NaCl,
10% glycerol, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40, 1 uM
trichostatin A (TSA), and protease inhibitor cocktail (Roche)],
followed by incubation with anti-PGCla antibody (H300; Santa
Cruz Biotechnology) overnight at 4°C. Immunoprecipitates were
blotted with anti-SIRT1 (Cell Signaling Technology, Danvers,
MA, USA), anti-PGCla (Abcam, Cambridge, United Kingdom),
and anti-acetyl-lysine (EMS-Millipore) antibodies.

RNA isolation and real-time quantitative PCR

Total RNAs from tissues or cells were extracted with Trizol re-
agent (Thermo Fisher Scientific). Reverse transcription of total
RNA (2 pg) was performed with a high-capacity cDNA reverse
transcription kit (Promega). Real-time quantitative PCR (qPCR)
was performed with a SYBR Green Master Mix (Promega). The
PCR reaction was run in triplicate for each sample using a Prism
VIIA7 real-time PCR system (Thermo Fisher Scientific). See
Supplemental Table S2 for the details of primer sequences.

Western blot analysis

An equal amount of protein from cell lysate was loaded into each
well of a 12% SDS-polyacrylamide gel after denaturation with SDS
loading bulffer. After electrophoresis, proteins were transferred to
a PVDF membrane, incubated with blocking buffer (5% fat-free
milk) for 1 h at room temperature, and blotted with the follow-
ing antibodies overnight: anti-UCP1, anti-oxphos, anti-Tfam,
anti-PGCla (Abcam), anti-SIRT1, anti-GAPDH (Cell Signaling
Technology), and anti- actin (Sigma-Aldrich). The membrane was
incubated with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. All signals were visualized
and analyzed by densitometric scanning (Image Quant TL7.0; GE
Healthcare Biosciences, Uppsala Sweden). Intensity values of the
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bands were quantified by using Image] software (National Insti-
tutes of Health, Bethesda, MD, USA).

Measurement of mitochondrial copy humber

Total DNAs [genomic and mitochondrial DNA (mtDNA)] were
isolated from C3H;oT; /> cells, BAT and subcutaneous (s\WAT
with the QiaAmp DNA Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. DNA concentration
was assessed with a Nanodrop 2000 (Thermo Fisher Scientific).
mtDNA copy number relative to genomic DNA content was
quantitatively analyzed with a Prism VIIA7 real-time PCR sys-
tem (Thermo Fisher Scientific). Primer sequences for COX II and
B-globin were as follows: COX II: (forward) GCCGACTAA-
ATCAAGCAACA, (reverse) CAATGGGCATAAAGCTATGG;
and B globin: (forward) GAAGCGATTCTAGGGAGCAG,
(reverse) GGAGCAGCGATTCTGAGTAG.

Isothermal titration calorimetric measurements

Isothermal titration calorimetric (ITC) measurement were per-
formed with an ITC200 calorimeter (MicroCal LLC; Malvern
Instruments, Malvern, United Kingdom) at 25°C in reaction
buffer [20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 10%
glycerol, and 1.2% DMSO]. SIRT1-143 CS and mutant E230K
proteins (generous gifts from Dr. Ruiming Xu, Chinese Academy
of Sciences) were purified and dialyzed against the buffer,
centrifuged, and thoroughly degassed before the experiment. A
total of 20 aliquots of 1.5 mM peptide, with a 0.5 pl first drop (data
not used) and 2 ul subsequent drops was injected from a rotating
syringe (600 rpm) into a 200 wl calorimetric cell containing
0.1 mM protein solution. The initial delay was set at 60 s, and the
reference power was set at 5 pcal /s. Injections were performed at
0.5 pl/s with an interval of 120 s between injections. The titrant
and protein cell solution were in the same buffer [20 mM HEPES-
NaOH (pH 7.5), 150 mM NaCl, 10% glycerol, and 1.2% DMSQO],
with or without rutin (0.5 mM). The corresponding buffer control
(without peptide in the titrant) for each experiment was per-
formed under the same condition, and the measured background
heat was subtracted from the integrated data to arrive at the
actual heat of interaction. The ITC data were integrated and an-
alyzed by Origin software (Origin Lab, Northampton, MA,
USA), supplied with the instrument according to a 1-site model.

In vitro deacetylation assay

HEK?293 cells were cotransfected with plasmids encoding p300
and His-tagged PGC-lo. After 48 h, the cells were collected in
PBS buffer (pH7.5) containing 330 mM NaCl, 0.5% Tween-20,
20% glycerol, 1 pM TSA, 10 mM imidazole, and protease in-
hibitor cocktail (Roche), and were lysed with sonication in an
ultrasonic processor (Scientz-IID; Ningbo Scientz, Ningbo City,
China). To capture the maximum quantity of acetylated PGC-1c,
10 mM nicotinamide, 2 uM TSA was added for the last 10 h
before harvest. Acetylated PGC-1a was purified by immobilized
metal affinity chromatography of protein lysate in lysis buffer
(PBS at pH7.5, containing 330 mM NaCl, 0.5% Tween-20, 20%
glycerol, 1 uM TSA, and 10 mM imidazole), with Ni-NTA beads
(Qiagen). Beads were collected in a drip column at 4°C directed
against the hexahistidine tag. Nonspecifically bound proteins
were removed via wash buffer (PBS at pH7.5, containing 330 mM
NaCl, 0.5% Tween-20, 20% glycerol, 1 uM TSA, and 30 mM im-
idazole) before elution (PBS at pH7.5, containing 330 mM NaCl,
0.5% Tween-20, 20% glycerol, 1 uM TSA, and 400 mM imidazole).
For the deacetylation reaction in vitro, an equal amount of acety-
lated PGCla was incubated with 1 pg recombinant WT SIRT1 or
mutant SIRT1 E230K. A deacetylation assay was performed in
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reaction buffer [50 mM Tris (pH 8.0), 500 mM NaCl, 4 mM MgCl,,
10 mM DTT, 1 mg/ml bovine serum albumin, and 100 kM NAD"]
for 3 h at 30°C in the presence of various concentrations of rutin,
and 10 mM nicotinamide was used as the negative control. After
incubation with recombinant SIRT1 or E230K, the level of acety-
lated PGCla was determined by blotting with anti-acetyl lysine
antibody (Cell Signaling Technology).

Statistics

Data are expressed as means =+ SEm. Statistical significance was
tested with 1-way ANOVA followed by Tukey’s post hoc test or a
paired Student’s ¢ test. Statistical significance was set at P < 0.05.

RESULTS

Rutin increases mitochondrial biogenesis and
oxygen consumption

We previously showed that mulberry extracts contain
large amounts of anthocyanin pigments such as Cy-3-glu
and Cy-3-rut which increase mitochondrial function dur-
ing in vitro brown adipogenesis (15). To investigate
whether rutin is involved in BAT differentiation, C3H;oT; />
cells were used to perform an in vitro BAT differentiation
assay, with or without rutin treatment. Rutin markedly
increased the expression of UCP1, a BAT-specific marker,
in a dose-dependent manner and with maximum effect at
10 uM concentration (Fig. 14). Consistently, Rutin also
increased the expression levels of other BAT-related ther-
mogenic genes, such as PRDM16 and PGCla (Fig. 1B).
However, it had no significant effect on lipid accumulation
(Fig. 1C) or on the expression of adipogenic marker genes
(Fig. 1D). The high number of mitochondria and high rates
of oxygen consumption are 2 main features of BAT. We
first asked whether rutin had any effect on mitochondrial
biogenesis. As expected, the expression levels of key genes
in mitochondrial biogenesis such as Tfam, nuclear re-
spiratory factor 1 (NRF1), and NRF2 were significantly
increased by rutin treatment (Fig. 1E). We also observed
that rutin dramatically augmented the mitochondrial
copy number (Fig. 1F). On the other hand, oxygen con-
sumption was significantly increased by rutin treatment
and was further boosted by addition of carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), a potent
mitochondrial oxidative phosphorylation uncoupler stim-
ulator (Fig. 1G). Taken together, these results indicate that
rutin can effectively increase the mitochondrial biogenesis
and respiratory function of brown adipocytes.

Rutin augments whole-body energy
metabolism and maintains
glucose homeostasis

Having found that rutin increases the mitochondrial bio-
genesis and respiratory function of brown adipocytes, we
next investigated whether it has an effect on whole-body
energy metabolism. To this end, diet-induced obesity (DIO)
and genetically obese (Db /Db) mice were used to assess the
interventional effects of rutin on energy metabolism. A
significant reduction in body weight upon rutin treatment
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Figure 1. Rutin increases mitochondrial biogenesis and oxygen consumption. A) Dose-dependent effect of rutin on UCPI
expression in CsH;¢T; /o cells at d 6 of brown adipogenesis. B) Thermogenic gene expression in CsH;¢T; /o cells treated with
10 pM rutin or DMSO. C) Representative images of Bodipy staining. CsH;¢T} /o cells were treated with 10 uM rutin or DMSO
during 6 d of brown adipogenesis. D-G) The expression levels of adipogenic marker genes (D), mitochondrial biogenic genes
(£), mitochondrial copy number (f7), and oxygen consumption rates (OCR) (G) at d 6 of brown adipogenesis with 10 wM rutin
or DMSO treatment. Data are means * SEM (n = 3-6). *P < 0.05, **P < 0.01, ***P < (0.001 vs. control.

was observed in both mouse models (Fig. 24, B and Sup-
plemental Fig. S1A, B). Further studies showed that the
reduction in body weight was mainly due to the im-
provement in adiposity (Fig. 2C, D and Supplemental
Fig. S2A, B). Consistently, histologic analysis revealed
that the sizes of lipid droplets in adipose tissues from rutin-
treated mice were smaller than those from control mice
(Supplemental Fig. S1C-H). In parallel, serum cholesterol
and triglyceride levels were significantly reduced after rutin
treatment (Supplemental Table S1). These results indicate
that rutin specifically affects adipose tissue composition.
Adiposity is often accompanied by alteration of energy
balance. We next examined whether rutin treatment could
affect energy metabolism. Rutin significantly increased
energy expenditure (Fig. 2E-H) without any changes in
food or water intake (Supplemental Fig. S2C, D, G, H) or
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physical activity (Supplemental Fig. S2E, I), compared
with control mice. These results strongly indicate that rutin
increases energy expenditure and reduces adiposity. Fur-
thermore, rutin treatment greatly increased core body
temperature when animals were exposed to a cold envi-
ronment (4°C, 4 h; Fig. 2I-L). In addition, the RER was
decreased in Db/Db mice (Supplemental Fig. S2F, |),
which indicates the flexibility of the body to switch energy
sources from oxidizing glucose to fat in response to energy
homeostasis.

To examine whether the decreased adiposity by rutin
treatment altered glucose metabolism in our mice, we in-
vestigated glucose homeostasis by an intraperitoneal
glucose tolerance test (GTT). Rutin treatment greatly im-
proved glucose homeostasis (Fig. 2M, N). Severe hepatic
steatosis has been observed in Db /Db mice (22). Histologic
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Figure 2. Rutin increases whole-body energy metabolism and glucose homeostasis. Rutin treatment significantly decreased body
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temperature (L) were significantly increased after rutin treatment in DIO (E, F, I, K) and Db/Db (G, H, J, L) mice. Infrared
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and Db/Db (N) mice. Data are means = seM (n = 10). *P < 0.05, **P < 0.01, ***P < (0.0001 vs. control.

examination revealed that rutin treatment ameliorated
hepatic steatosis (Supplemental Fig. S3A, B). Consistently,
the expression levels of inflammatory genes, such as IL-6,
MCP1, and TNFe, in liver were dramatically decreased
after rutin treatment (Supplemental Fig. S3C, D). Taken
together, the evidence shows that rutin treatment greatly
reduces adiposity, increases energy metabolism, main-
tains glucose homeostasis, and ameliorates hepatic
steatosis in both Db /Db and DIO mice.

Rutin induces BAT activity

Based on the above findings, we speculated that rutin
plays important roles in BAT function in vivo. Indeed, the
expression levels of BAT markers, such as UCP1, Cidea,
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and Prdml16, were dramatically increased in BAT from
rutin-treated DIO or Db/Db mice (Fig. 3A, B). Consis-
tently, the expression of fatty acid oxidation-related genes,
including CPT1a, MCAD, PPARa, and PGCla, was
markedly increased in BAT from rutin-treated mice (Fig.
3C, D). The increased UCP1 expression in BAT from rutin-
treated mice was further confirmed at the protein level
(Fig. 3E, F, L). BAT UCP1 expression correlated closely
with mitochondrial number and function. The expression
of mitochondrial biogenic transcription factors, such as
Tfam, NRF1, and NRF2, was increased more than 2-fold
after rutin treatment (Fig. 3G, H). Accordingly, rutin treat-
ment significantly raised the mitochondrial number in BAT,
as evidenced by mitochondrial DNA copy number analysis
(Fig. 31, ]) and electronic microscopic examination (Fig. 3K),
but not in muscle and liver (Supplemental Fig. S4A, B).
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Furthermore, the expression levels of mitochondrial oxida-
tive phosphorylation (OXPHOS) proteins were significantly
upregulated in BAT from rutin-treated mice (Fig. 3L). It has
been reported that BAT activity is defective in Db/Db mice
(23, 24). Consistently, the PET-CT analysis showed that no
detectable PET signal was found in BAT from Db/Db mice,
whereas rutin treatment dramatically increased the positive
PET signal in BAT in Db /Db (Fig. 3M); the same results were
observed in DIO mice (Supplemental Fig. S5A, B). These
results indicate that rutin specifically and significantly in-
creases the number of mitochondria and the BAT activity in
both obesity mouse models.

Rutin induces beige cell formation in sSWAT

Cold exposure induces the appearance of UCP1-positive
adipocytes in WAT, which are termed “beige” cells (25).
Similar to BAT, beige cells also contain a high number
of mitochondria and express BAT-specific genes.
Moreover, mice with increased activity of BAT or beige
fat resist obesity and display improvement in systemic
metabolism (6). As expected, the expression of several
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BAT-specific genes, including UCP1, PGCla, PGC1p,
CPT1a, and PPARa ,was significantly increased in
sWAT after rutin treatment (Fig. 4C, D). The expression
of beige cell markers, such as CD137 and TBX (12), was
also significantly upregulated in sWAT from rutin-
treated mice (Fig. 4A, B). Because we found that rutin
treatment increased BAT mitochondrial biogenesis
(Fig. 3), we then investigated the expression of Tfam
and NRF1/2 in rutin-treated sWAT and found that it
was significantly increased after rutin treatment (Fig.
4E, F). Consistently, rutin significantly increased mi-
tochondrial copy number and oxphos protein expres-
sionin sWAT in both mouse obesity models (Fig. 4G-J).
Together, these results indicate that rutin treatment
increases beige cell formation through regulating mi-
tochondrial biogenesis.

Rutin stabilizes SIRT1 and increases
deacetylase activity

Activation of PGCla plays an important role in mito-
chondrial biogenesis (26). It has been demonstrated that
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SIRT1-mediated PGCla deacetylation and activation are
critical for mitochondrial function in BAT (27). Further-
more, SIRT1-activating compounds (STACs) enhance
SIRT1 activity by deacetylation of its substrate, such as
PGCla (28). These previous results led us to investigate
whether rutin-induced BAT activation is dependent on the
SIRT1- PGCla signaling pathway. The expression of
SIRT1, PGCla, and Tfam was significantly increased by
rutin treatment in BAT (Fig. 5A, B) and sWAT (Fig. 5C, D)
from both DIO and Db/Db mouse models. These results
indicate that rutin may affect SIRT1 protein stability. To
this end, protein stability was examined by a cyclohexi-
mide assay. Our results showed that rutin treatment in-
creased SIRT1 stability (Fig. 5E, F). Consistent with
previous reports, SIRT1 deacetylated PGCla, and rutin
treatment substantially increased SIRT1-mediated PGCla
deacetylation (Fig. 5G), whereas knockdown SIRT1 di-
minished rutin-mediated PGCla deacetylation (Fig. 5H).
These results suggest that rutin increases SIRT1 deacetylase
activity. To further investigate whether rutin affects
SIRT1 deacetylase activity, an in vitro deacetylation assay
was performed by using acetylated PGCla as a substrate.
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Our results showed that rutin significantly increased the
deacetylase activity of wild-type (WT) SIRT1, but not that
of the mutant protein (E230K), which has been shown to
be critical for activation by all previously reported
chemically distinct STACs (28, 29) (Fig. 51, ]). These
findings demonstrate that rutin increases SIRT1 stabil-
ity and its deacetylase activity.

Rutin activates the SIRT1/PGC1o/Tfam
signaling pathway

The remaining question was how rutin modulates SIRT1
activity. To investigate whether rutin increases SIRT1
deacetylase activity through direct binding, the energetic
binding of rutin to purified SIRT1 protein was studied by
ITC. Similar to the previously reported STACs (28), rutin
alone did not show any detectable binding with SIRT1
protein (data not shown). However, it was found to be
bound to WT SIRT1, but not to the mutant, only in the
presence of acetylated peptide substrate p53 in vitro (Fig.
64, B). These results demonstrate that rutin directly binds
to SIRT1 protein.

YUAN ET AL.
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control.

Tfam is a key gene for mitochondrial DNA replication
and biogenesis, and PGCla regulates Tfam transcription
by interacting with NRF1/2 (30). Coimmunoprecipitation
analysis revealed that PGCla interacted with NRF2, and
this interaction was further enhanced by rutin treatment
(Fig. 6C). To identify whether rutin could regulate NRF2-
mediated Tfam transcriptional activation, a luciferase re-
porter assay was performed with the Tfam promoter
where NRF2 binding sites have been characterized (31).
As shown in Fig. 6D, PGCla and NREF2 increased the
expression of WT Tfam luciferase, whereas this activa-
tion was diminished by mutation of thNRF2 binding
site in the Tfam promoter. Rutin treatment further in-
creased PGClo- and NRF2-mediated Tfam luciferase
expression (Fig. 6E). Consistent with our hypothesis,
rutin treatment dramatically increased the mitochon-
drial copy number in primary brown adipocytes from
WT mice but not in SIRT1 KO mice (Fig. 6F). These
results suggest that PGCla and NRF2 form a tran-
scriptional complex that regulates Tfam transcriptionin
brown adipocytes. Taken together, these data show that
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rutin regulates Tfam transcription through a SIRT1/
PGCla/NRF2-dependent pathway (Fig. 7).

DISCUSSION

As a thermogenic organ, BAT has been known to be es-
sential for maintaining the body temperature of rodents
and infants (5, 32). Cold exposure is now believed to be the
safest way of activating BAT through increasing thermo-
genic protein expression. Activated BAT after cold expo-
sure promotes the clearance of excessive triglycerides in
the plasma by increasing lipid uptake into BAT, sub-
sequently improving energy metabolism and weight loss
(33, 34). Under thermoneutral conditions, activated BAT
was detected by a PET-CT scan in only 3.1% of men and
7.5% of women (9); however, it has been found in 96% of
the population after cold exposure (10). BAT activity cor-
relates inversely with body mass index in humans (9, 35)
and BAT mass. Moreover, its activity progressively de-
creases with age (9, 33). Studies by our group and others
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have shown that BAT transplantation reverses metabolic
disorders in various obese mouse models (37-39). These
previous results suggest that functional BAT in adults
may play important roles in systemic energy metabolism.
Therefore, enhancement of energy expenditure by in-
creasing BAT mass and its activity is offered as a prom-
ising strategy to treat obesity and diabetes. Except for
WAT and BAT, the third adipose tissue is identified by
browning of WAT, which is termed “beige cells” and has
the similar functional characteristics of BAT (6). Even
though rosiglitazone or -adrenergic agonist treatment
has been reported to promote the browning of WAT to
beige adipocytes (34, 1), the unwanted side effects they
caused have prevented their application in clinical prac-
tice. In the current study, rutin , a novel cold mimetic
ameliorated obesity in Db/Db and DIO mice by in-
creasing energy expenditure via increased BAT activity
and induced beige formation in sWAT.

Recently, we have shown that mulberry extract which
contains a large amount of C3G and rutin increases the
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number of mitochondria and O, consumption during
brown adipogenesis in vitro (15). In line with our previous
in vitro results, in the current study, rutin treatment pro-
foundly increased BAT activity (Fig. 3M) in obese mouse
models. Furthermore, BAT activation was more profound
in Db /Db mice than in DIO mice, given that Db /Db mice
had been known to be deficient in BAT activity (23, 24).
Other studies have shown that rutin can reduce body
weight gain and improve glucose homeostasis in rodent
models (18, 41), but the underlying molecular mechanisms
are still unclear. Given the variety of physiologic activity of
rutin, we are optimistic that it can be used to activate BAT
in a therapeutic view.

Accumulating evidence has demonstrated that BAT
thermogenesis and white fat browning are critical strate-
gies for antiobesity (40, 42). In the present study, rutin
activated BAT and white fat browning (Figs. 3, 4). It has
been demonstrated that thermogenesis is predominantly
dependent on BAT in rodents (43). Moreover, rutin treat-
ment increased the levels of thermogenic gene expression
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in sSWAT of both obese mouse models (Fig. 3C, D, I, )).
These findings strongly suggest that rutin has a white
fat-browning effect. Rutin treatment significantly reduced
body weight gain (Fig. 2A, B), by decreasing body fat ac-
cumulation (Fig.2C, D and data not shown).

It has been demonstrated that mitochondrial function
has an impact on whole-body metabolism that is closely
related to BAT function (6). In the present study, rutin
treatment increased mitochondrial copy number and
upregulated BAT-specific OXPHOS protein in BAT, in-
dicating that it can improve mitochondrial function. Fur-
thermore, rutin treatment improved energy expenditure
(Fig. 2E-H) and glucose homeostasis (Fig. 2M, N) in both
obese mouse models. In addition, rutin treatment en-
hanced adaptive thermogenic capacity (Fig. 2I-L). Al-
together, our results indicate that the rutin-mediated
increase in mitochondrial function and energy expendi-
ture may synergistically contribute to favorable metabolic
profiles against obesity and metabolic disorders.

SIRT1 is an NAD-dependent protein deacetylase
(mammalian homolog of the yeast enzyme Sir2) that in-
fluences yeast lifespan (44). Recently, it has been shown
that adipose tissue-specific overexpression of SIRT1 en-
hances whole-body energy metabolism and improves
age-related insulin resistance in mice (45). In particular,
moderate SIRT1 overexpression increases energy expen-
diture and improves glucose homeostasis by enhancing
BAT function (46). In contrast, the adipose tissue-specific
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knockout of SIRT1 leads to increases in body weight gain
and metabolic dysfunction (47). PGCla is a master regu-
lator of mitochondrial biogenesis (27) in mammals, and it
has been reported to be positively regulated by SIRT1 (23).
SIRT1 activation decreases PGCla acetylation and also
increases its activity (24). Several polyphenols from plant
extract, including resveratrol, are known to directly stim-
ulate BAT thermogenesis by increasing expression and
activation of SIRT1 (48) and promote WAT browning by
activating AMPK1 (9). In our study, rutin increased the
stability of SIRT1 protein (Fig. 5E, F). Moreover, our results
showed that rutin could increase SIRT1-mediated PGCla
deacetylation in vivo and in vitro (Fig. 5G, I), whereas
knockdown of SIRT1 diminished rutin-mediated PGCla
deacetylation (Fig. 5H). Consistently, rutin treatment sig-
nificantly increased PGCla and Tfam expression in BAT
(Fig. 5A, B) and sWAT (Fig. 5C, D) from both DIO and
Db /Db mouse models. These results highlight that the rutin
SIRT1/PGCla/TFAM pathway is actively involved in
BAT and beige cell function.

Although we cannot exclude the possibility that rutin
regulates whole-body energy metabolism via enhancing
BAT metabolic activity through stimulating the sympa-
thetic nervous system (50), the cellular experiments in-
dicated that rutin directly activated BAT oxidation in vitro
(Fig. 1). In agreement with a report that BAT activation is
associated with lipolysis (51), rutin treatment significantly
increased the lipolysis in fully differentiated BAT cells
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(Supplemental Fig. S5C). Moreover, we found that nu-
merous genes involved in thermogenesis and fatty acid
oxidation were upregulated in BAT and sWAT (Fig.
3A-D). These results suggest that rutin activates BAT ac-
tivity via increasing hzgolysis. In the current study, rutin
bound to SIRT1 at Glu™ and dramatically increased SIRT1
activity, which led to hypoacetylation of PGCla protein
and upregulation of Tfam expression. However, the exact
molecular mechanism underlying rutin-mediated SIRT1
activation remains to be further investigated.

CONCLUSIONS

In summary, the most notable finding of the present study
is that rutin ameliorates obesity through BAT activation
and beige formation in SWAT. In particular, rutin, as a
SIRT1 activator, contributes to activation of the SIRT1/
PGCla/Tfam-signaling cascade and thereby the number
of mitochondria and BAT activity, as well as energy ex-
penditure, resulting in a significant reduction in adiposity.
It has been used clinically as a capillary stabilizer for more
than 60 yr without any side effects (52). Therefore, rutin, as
a cold mimetic, may open a novel avenue for the treatment
of obesity and its related diseases.
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Table S1

Plasma profiles

Db/Db+DMSO Db/Db+Rutin Chow DIO DIO+Rutin
CHO (mM) 3.65 + 0.17 265+ 0.12~ 2.8+0.18¢ 4+0.162 3.62+0.07P
TG (mM) 1.40 £ 0.12 1.16 £ 0.04* 0.7+0.06¢ 1.14£0.072 0.95+0.05°
LDL (mM) 0.26 &+ 0.01 0.21 £ 0.02 0.32+0.05b¢ 0.57+0.022 0.50+0.020
HDL (mM) 3.01 + 0.30 3.07 + 0.24 2.70£0.08° 3.63+0.082 3.42+0.072

Yuan et al, Table S1



Table S2

Primer Sequences

Primer Forward Reverse

AP2 GAAGACTGCGAGGACCTC GAAGTGCCGTAATCCCCACAC
ATGL ATATCCCACTTTAGCTCCAAGG CAAGTTGTCTGAAATGCCGC
CEBP/a GCGGGAACGCAACAACATC GTCACTGGTCAACTCCAGCAC
CEBP/B TGACGCAACACACGTGTAACTG AACAACCCCGCAGGAACAT
CEBP/5 CGACTTCAGCGCCTACATTGA GAAGAGGTCGGCGAAGAGTT
Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
COX-IT GCCGACTAAATCAAGCAACA CAATGGGCATAAAGCTATGG
CPTla GACTCCGCTCGCTCATTCC GACTGTGAACTGGAAGGCCA
CyclophilinA CAAATGCTGGACCAAACACA GCCATCCAGCCATTCAGTCT
GCK CTTCACCTTCTCCTTCCCTG ATCTCAAAGTCCCCTCTCCT
HSL CTGAGATTGAGGTGCTGTCG CAAGGGAGGTGAGATGGTAAC
11-6 AGACAAAGCCAGAGTCCTTCAG GCCACTCCTTCTGTGACTCCAG
MCAD ACTCGAAAGCGGCTCACAA ACGGGGATAATCTCCTCTCTGG
MCPI1 GTCCCTGTCATGCTTCTGG GCTCTCCAGCCTACTCATTG
NRF1 CAACAGGGAAGAAACGGAAA GCACCACATTCTCCAAAGGT
NRF2 TAGATGACCATGAGTCGCTTGC GCCAAACTTGCTCCATGTCC
PGCla ACAGCTTTCTGGGTGGATT TGAGGACCGCTAGCAAGTTT
PGC1p CGTATTTGAGGACAGCAGCA TACTGGGTGGGCTCTGGTAG
PPARa AGCCTCAGCCAAGTTGAAGT TGGGGAGAGAGGACAGATGG
PPARYy2 TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
PRDM16 GAAGTCACAGGAGGACACGG CTCGCTCCTCAACACACCTC
Tfam GTCCATAGGCACCGTATTGC CCCATGCTGGAAAAACACTT
TNFa TGGGCCTCTCATGCACCACC GAGGCAACCTGACCACTCTCCCT
UCP1 GGCAAAAACAGAAGGATTGC TAAGCCGGCTGAGATCTTGT
B-globin GAAGCGATTCTAGGGAGCAG GGAGCAGCGATTCTGAGTAG

Yuan et al, Table S2
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Supplementary Fig.1 Rutin decreases adipose tissue hypertrophy
a-b) Rutin protect against body weight gain in DIO obese mice (a) and Db/Db mice (b). c-d) Representative
hematoxylin-eosin staining of inguinal WAT and epididymal WAT sections from DIO mice(c) and Db/Db mice(d) treated
with DMSO or Rutin for 10 weeks (n=10). e-h) The size of adipocyte in epididymal fat and subcutaneous fat of DIO
mice(e-f) and Db/Db mice(g-h) treated with DMSO or Rutin for 10 weeks (n=10). Data are represented as mean =+
SEM. N=10. **: P< 0.01, *: P < 0.05 versus control.

Yuan et al, Figure S1

—e—Db/Db

—a— Db/Db+Rutin

0 1 2 3 4 5 6 7 8 9 10
Time (weeks)
e 8 Chow B DIO ® DIO+Rutin
8 30
ST 20
+—= O
&g 10
d%-) g 0 T T T T T T T T
BN ,\0 S \,50 ,\@(199 q(?g q(po
f EP Diameter (um)
B — 60
2 < 40
DS =
= 820
SE o
o < D H O Do ‘o DM O H SN
o N A R O VRGNS
& "1?‘) bfo Q)b \b\(@\bﬁa\@b\
Sub Diameter (um)
— B Rutin
o —40
(&]
©
c
I}
o
[
o
EP Diameter (um)
h
B 530
2 20
O
= _810
(O] [ 0
3
61_) c

Sub Diameter (um)



Yi I, Fi 2
B Chow E DO uan et al, Figure S

a 20 Chow+Rutin ™ DIO+Rutin  ** b 4 - NS
15 - S 81 ;
o 2
o 10 - g 61
% =
= S 47
%5 0 3
L 2 1
0 - 0 . .
Chow Chow+Rut|n DIO+Rut|n Chow Chow+Rutin DIO+Rutin
B Chow DIO Db/Db
DIO+Rutin 9 - ® Rutin
= 707 —~ 100 - 15 -
2 60 _ <
= = 2 80 =
¥ 50 4 = 6 A 5 =
=~ o) < = 10 -
2 40 - ® o 60 2
8 k= 5 <
§ 20 A g S E 5
o = 20 ©
5 10 chj =
0 0 0 0 -
DIO+Rut|n DIO DIO+Rutin DMSO Rutin DMSO Rutin
€ 100000 - LI I 25000 - ] 0.85 -
2= o Z = 20000 T
= | > o ] -
=8 %0.9 28 15000 . 0.8
[7)] i (&] [7)] —
=2 50000 £ T E € *
23 S 0.8 1 S 310000 o075
20 o) ) z20 Q™
T~ & =~ 5000 g
0 A . 0.7 - 0 0.7 -
Chow DIO DIO+Rutin Chow DIO DIO+Rutin DMSO  Rutin DMSO  Rutin

Supplementary Fig.2 Rutin treatment decreases adiposity

a-b) The total fat (a) and lean (b) mass was measured using MesoQMR after 7 weeks treatment during chow diet or high fat diet. Energy intake (c, g),
water intake (d, h), Physical activity (e, i) and respiratory exchange ratio (RER) (f, j) of DIO mice(c-f) and Db/Db mice(g-j). Data are represented as mean
+ SEM. **: P< 0.01, *: P < 0.05 versus control.
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Supplementary Fig.3 Rutin treatment reverses hepatic steatosis

a-b) Representative hematoxylin-eosin staining of liver tissues from DIO mice (a) and Db/Db mice (b) treated with DMSO or Rutin for 10
weeks (n=10). c-d) Gene expression levels of liver from DIO mice (c) and Db/Db mice (d) treated with DMSO or Rutin for 10 weeks
(n=10). Data are represented as mean = SEM. . **: P< 0.01, *: P < 0.05 versus control.
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Supplementary Fig.4 Mitochondrial copy nhumber.

a-b)There is no difference in mitochondrial copy number in muscle and liver tissues of DIO mice (a) and Db/Db mice
(b) treated with DMSO or Rutin for 10 weeks (N=10). Data are represented as mean = SEM.



PET-CT image BAT SUV Yuan et al, Figure S5
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Supplementary Fig.5 PET-CT image and lipolysis assay during BAT differentiation in vitro.
a-b) The activity of brown adipose tissue in gram times the mean standard uptake value (SUV) of DIO mice (a) and Db/Db mice (b)

treated with DMSO or Rutin for 10 weeks (N=10). c) Rutin treatment significant increase in vitro lipolysis during BAT differentiation

(N=3-6). Data are represented as mean + SEM. ***: P < 0.001, *: P < 0.05 versus control.



