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Sodium rutin extends lifespan and health span in mice
including positive impacts on liver health
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1 | INTRODUCTION

Ageing is a risk factor for a range of chronic diseases, including cardio-

vascular diseases, neurodegenerative diseases and cancer. With the
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Background and Purpose: Ageing is associated with progressive metabolic dys-
regulation. Rutin is a metabolic regulator with a poor solubility. Using soluble sodium
rutin we investigating the effect and mechanisms of rutin in ageing process.
Experimental Approach: Wild type male mice were treated with or without sodium
rutin ( 0.2 mg:ml~t in drinking water from 8-month-old until end of life. Kaplan-
Meier survival curve was used for lifespan assay, ageing-related histopathology anal-
ysis and metabolic analysis were performed to determine the effects of chronic
sodium rutin on the longevity. Serological test, liver tissue metabolomics and trans-
criptomics were used for liver function assay. SiRNA knockdown Angptl8 and
autophagy flux assay in HepG2 cell lines explored the mechanism through which
sodium rutin might impact the function of hepatocyte.

Key Results: Sodium rutin treatment extends the lifespan of mice by 10%. Sodium
rutin supplementation alleviates ageing-related pathological changes and promotes
behaviour performance in ageing mice. Sodium rutin supplementation altered the
whole-body metabolism in mice, which exhibited increased energy expenditure and
lower respiratory quotient. Transcriptomics analysis showed that Sodium rutin
affected the expression of metabolic genes. Metabolomics analysis showed that
Sodium rutin reduced liver steatosis through increased lipid p-oxidation. Sodium rutin
treatment increased the autophagy level both in vivo and in vitro. The inhibition of
autophagy partially abolished the sodium rutin-mediated effect on lipolysis in HepG2
cells.

Conclusion and Implications: Sodium rutin treatment extends the lifespan and health
span of mice with beneficial effects on metabolism, which were achieved by enhanc-

ing the autophagy activity in hepatocytes.

KEYWORDS
ageing, autophagy, longevity, metabolism, metabolomics, sodium rutin

deepening understanding of the ageing process, the importance of
metabolic alterations, including insulin resistance, hypertension and
dyslipidaemia, during ageing and in the development of ageing-related
diseases, has been gradually discovered. Metabolomics studies con-
firmed that disordered metabolic pathways, including decreased glu-

cose metabolism and altered lipid metabolism, were closely associated
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with ageing pathologies and lifespan in mice (Barcena et al., 2019;
Uchitomi et al., 2019). Therefore, the maintenance of metabolic health
may lead to anti-ageing and lifespan-extending effects. The liver plays
a pivotal role in metabolic regulation and several studies have identi-
fied a series of alterations in ageing livers, including vacuolation,
steatosis, fibrosis and increased senescence-associated p-gal expres-
sion (Schmucker, 1998, 2005). These pathological changes increased
the risk of ageing-related metabolic diseases, such as diabetes and
fatty liver disease. Ageing indeed increases the risk and severity of
liver diseases including non-alcoholic fatty liver disease and hepato-
cellular carcinoma (Furman et al., 2019; Ogrodnik et al., 2017,
Papatheodoridi et al., 2020; Ramirez et al., 2017). Young individuals
have a better prognosis of liver diseases. Lifespan-extending
strategies, such as dietary restriction and rapamycin treatment, have
been reported to improve liver metabolism, indicating that liver
health plays an important role in the anti-ageing process (Fontana &
Partridge, 2015; Martin-Montalvo et al., 2013).

Rutin is a natural flavonoid compound and widely distributed in
the plant kingdom, especially in vegetables and fruits. Rutin has
attracted attention over the past decades due to its multiple func-
tions, including anti-oxidative, anti-inflammatory, anti-tumor, anti-dia-
betic, neuroprotective and cardiovascular-protective effects (Alonso
et al.,, 2014; Chua, 2013; Mahmoud, 2012). A recent study has shown
that rutin has a metabolic modulator ameliorates obesity in mice
though brown fat activation (Lin et al., 2017). The poor solubility of
rutin in aqueous media (approximately 0.125 g-L~! at room tempera-
ture) hampers the thorough investigation of its biological mechanisms
and its clinical application (Samsonowicz, Kaminska, Kalinowska, &
Lewandowski, 2015). In our previous study, we successfully prepared
the sodium salt of rutin (hereafter called sodium rutin; Figure S1A),
exhibiting improved water solubility and bioavailability (Pan
et al., 2019).

In the present study, we aimed to determine the effects of
chronic sodium rutin consumption on the longevity and health span of
male C57BL6 mice. For this reason, we performed behaviour tests,
histological analysis and metabolomics analysis. We demonstrated
that sodium rutin significantly extended the lifespan and health span
of mice through maintaining liver health by autophagy. The present
findings render sodium rutin a promising candidate for clinical applica-

tion in ageing-related diseases.

2 | METHODS

21 | Animal housing

All C57BL6 mice used in this study were housed at 22°C-24°C
with a 12 h dark-light cycle. Mice were provided with standard
rodent chow and water ad libitum. Sodium rutin was added to the
drinking water at a concentration of 0.2 mg:ml~%. All animal experi-
ments were approved by the Institutional Animal Care and Use
Committee at the Institute of Cognition and Brain Sciences

(Beijing, China).

What is already known

e Rutin shows multiple functions in metabolic process
regulation.

What does this study adds

e Sodium rutin treatment extended the life and health span
of mice

e It acts by enhancing the autophagy activity in
hepatocytes.

What is the clinical significance

e The present findings render sodium rutin a promising
candidate for clinical application in ageing-related
diseases.

2.2 | Cell culture and transfection

HepG2 cells were cultured in Dulbecco's modified Eagle medium
(Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS), 100 U-ml~? penicillin 100 mg-ml~* streptomycin at 37°C
in a humidified atmosphere containing 5% CO,. The following
chemicals were added to the medium at different time points:- NaR
(200 uM, 24 h), oleic acid (500 uM, 12 h), chloroquine (CQ;100 pM,
2 h) and metformin (2 mM, 4 h). The siRNA were transfected as previ-
ously described (Zhou et al., 2017). Briefly, siRNAs transfection were
performed in complete medium with Lipofectamine 2000 (Invitrogen,
Waltham, MA, USA) according to the manufacturer's protocols, cells
were collected at 36-48 h after transfection for knockdown assays. si
SQSTM1, (sc-29679, Santa Cruz, CA, USA). si Scramble, (sc-37007,
Santa Cruz, CA, USA). si ANGPTL8-1#: AAGCCCACCAAGAATTT
GAGA,; si ANGPTL8-2#: TATGACAGAGCACTGGAATTC. Those two
siRNAs were mixed together.

2.3 | Behaviour tests

231 | Open-field test

The locomotor activity test was conducted in a clear box
(50 x 50 x 20 cm). Locomotor activity was automatically monitored
with a camera above the box and analysed by ANY-maze software
(ANY-maze, RRID:SCR_014289, Stoelting Co., Wood Dale, IL, USA).
Each mouse was video recorded for 5 min and the total distance and

average speed were analysed.
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2.3.2 | Rotarod test

Motor coordination was assessed using the rotarod test. Mice were
acclimatized to the rotarod platform for three consecutive days, three
trials per day; each trial lasted 5 min and was performed at a constant
rotarod speed of 5 rpm. On the test day, the animals were subjected
to three trials on the accelerating roller (4-40 rpm in 5 min) and the

time that the mice remained on the roller was recorded.

2.3.3 | Beam balance test

The balance and coordination of the animals were assessed by the
beam balance test. Mice were acclimatized to a 1 x 1 x 100 cm beam
for 3 days (five trials each day). On the testing day, the animals were
tested on two beams of different dimensions and shapes
(1x1x100cm and ® =1 x 100 cm) and the time to traverse each
beam was measured three times. The data represent the average
traverse time.

234 | Novel object recognition test

The novel object recognition test was performed in a clear box
(50 x 50 x 20 cm). Mice were accustomed to the box for 3 days.
The test included two phases. Phase 1 was a 10-min familiarization
period in which the animals were presented with two identical
objects and phase 2 was a 5-min test in which one familiar object
was replaced by a novel one. ANY-maze software was used to
record and analyse data. The times spent sniffing novel and known
objects were recorded.

235 | Barnes maze test

Barnes maze test was performed as previously described (Attar
et al., 2013). Briefly, after 3 days of habituation in a behaviour room,
mice were introduced to the Barnes maze for an adaptation session
(Day 1). During the training phase (Days 2-5), mice were allowed to
find the target box, which was hidden beneath one of the platform
holes. Mice that failed to find the target hole were guided to it and
allowed to stay there for 1 min. Each mouse was trained five times
per day and data were presented as the mean value. Twenty-four
hours after the last training trial, mice were tested for memory reten-
tion. The track and activity were recorded and analysed by ANY-maze

software.

24 | Histology

Histopathological analysis was performed in 24-month-old animals.

After killing the animals (mice was killed by CO, and decaptation was
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carried out), organs were dissected and fixed in 4% buffered formalin.
Sections (4 um thick) of paraffin-embedded tissues from the heart,
gastrocnemius muscle, liver and kidney were cut and stained with
haematoxylin and eosin, periodic acid-Schiff stain and Masson
trichrome stain. Sections of the liver (20 um thick) were cut and sta-
ined with oil red O and p-gal. Slides were digitalized using a virtual
slide system (Nanozoomer HT2.0, Hamamatsu, Japan). Computer-
assisted analysis software (Image-Pro Plus, RRID:SCR_007369, Media
Cybernetics, Rockville, MD, USA) was used to assess age-related fea-
tures. Fluorescence slides were observed and photographed with a
Nikon A1 confocal microscope (Nikon, Melville, NY, USA).

2.5 | Transmission electron microscopy

Liver tissues were immediately harvested from mice and cut into
1 x 1 x 1 mm blocks. After fixation, tissues were cut into 70-nm-thick
sections and stained with lead citrate and uranyl acetate.
Autophagosomes and lysosomes were visualized with a Hitachi trans-

mission electron microscope (Hitachi H-7650, Japan).

2.6 | Energy intake, energy expenditure and
activity measurements

The experiment was performed as previously described (Wu, Liu,
et al.,, 2017). Briefly, mice were housed in cages with free access to
food and water. Food intake and oxygen consumption were mea-
sured for two consecutive days using a LabMaster system (TSE Sys-
tems, Bad Homburg, Germany). Consumed oxygen, eliminated CO,,
food intake and energy expenditure were automatically recorded.
Ambulatory activity of each mouse was measured using the optical
beam technique (Opto-M3, Columbus Instruments, Columbus,
OH, USA).

2.7 | Glucose tolerance test

The animals were fasted for 16 h but maintained free access to drink-
ing water. The blood glucose level was determined with a OneTouch
Ultra device (Bayer, Germany) 0, 15, 30, 60 and 120 min after the
intraperitoneal injection of glucose (2 g-kg™?).

28 | RNA-sequencing and qPCR

Total RNA was extracted from mice liver using TRIzol Reagent
(Invitrogen, 15596026). Four samples from mice of the same experi-
mental group were mixed to obtain the sequencing sample, which was
then sequenced twice. RNA sequencing was performed by Annoroad
Gene Technology (Beijing, China). gPCR was performed as previously
reported (Cheng et al., 2020).
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29 | Metabolomics

After killing the animals (Dislocation of the neck), 30 mg of liver tissue
was immediately harvested. The samples were stored at —80°C and
then extracted as previously described (Shui et al., 2010). Met-
abolomics analysis was performed by LipidALL Technology (Beijing,
China).

210 | Determination of triglyceride, cholesterol,
p-hydroxybutyrate and ATP concentrations

Triglyceride and cholesterol concentrations were measured
using commercial measurement kits (E1013 and E1015, Applygen,
Beijing, China) according to the manufacturer's instructions.
B-hydroxybutyrate concentration was measured by an ELISA kit
(Yuanye Bio-Technology, Shanghai, China) and ATP concentration
was determined using the Cell Viability Assay kit (G7571,

Promega, USA).

211 | Adeno-associated virus plasmid injection for
autophagy flux detection

The detection plasmid adeno-associated virus (AAV)-GFP-RFP-LC3
(GFP/RFP, green/red fluorescent protein; LC3,
associated protein light chain 3) (OBio, Shanghai, China) was used for

microtubule-

autophagy flux detection in mice. For this purpose, mice were intrave-
nously injected with AAV-GFP-RFP-LC3 (1.0-1.2 x 10*2 PFU-ml™?)
through the tail vein. Four weeks after injection, mice were killed and
the liver was harvested, fixed with 4% paraformaldehyde and embed-
ded in optimal cutting temperature compound (OCT, 4583, Sakura
Finetek, Torrance, CA, USA). The liver was then cut into 20-um-thick
sections, which were analysed and captured with a Nikon A1 confocal
microscope (Nikon, Melville, NY, USA).

212 | Bioinformatics analysis

The Gene Set Enrichment Analysis tool (Subramanian et al., 2005) was
used for the enrichment analysis of the expression data. We prepared
gene sets based on Gene Ontology (GO) annotation files, which were
downloaded from NCBI (Coordinators, 2018). Then, we extracted the
Gene Ontology terms related to mouse and compared them against
the RNA expression data. Gene Set Enrichment Analysis was per-

formed with default parameters.

213 | Immunoblotting
Immunoblotting was performed as previously described (Wu, Sun,
et al., 2017). Briefly, tissues or cells were lysed in lysis buffer,and pro-

tein concentration was determined by BCA Protein Assay Kit

(Beyotime, China). Proteins were separated on polyacrylamide gel and
transferred to nitrocellulose (GE Amersham, 10600002). The mem-
brane was blocked in 5% milk and subsequently probed with primary
antibodies overnight at 4°C and then incubated with HRP-conjugated
secondary antibodies for protein detection. The antibodies used were
anti-SQSTM1 (Cell Signaling Technology, 5114S, 1:1000), ant- LC3

(Cell Signaling Technology, 4599S, 1:1000), anti-ANGPTL8
(Proteintech  Cat#  66641-1-lg, RRID:AB_2882000), anti-p
actin  (Cwbiotech, CWO0096, 1:1000), GAPDH (CWBio Cat#

CWO0100M, RRID:AB_2801390) HRP tagged Goat anti-rabbit,
(Cwbiotech, CWO0103, 1:5000), HRP tagged Goat anti-mouse,
(Cwbiotech, CW0102, 1:5000). Western blotting has been conducted
the experimental detail provided conforms with BJP Guidelines
(Alexander et al., 2018).

2.14 | Data and analysis

Blinding and random assignment of different groups of mice in this
study were in accordance of the guidelines of British Journal of Phar-
macology. The C57BL6 mice were randomly divided to the control
group and sodium rutin treatment group. Data collection and evalu-
ation of all experiments were performed in a double-blind manner.
Statistical analysis was undertaken for studies where each group
size was at least n = 5, except for transcriptomics and metabolomics,
in which n = 4. The group size selection for each protocol or study
was based on the designation of group size that were previously
published for similar experiments (Martin-Montalvo et al., 2013;
Mitchell et al., 2018; Xie et al., 2018; Xu et al., 2018). The declared
group size is the number of independent values,and statistical analy-
sis was done using these independent values. In multigroup studies
with parametric variables, post hoc tests were conducted only if
F in ANOVA achieved statistical significance (P < .05) and there was
no significant variance in homogeneity. No outliers were removed in
these experiments. The data and statistical analysis comply with the
recommendations of the British Journal of Pharmacology on experi-
mental design and analysis in pharmacology. Most data were shown
with the original values. Bioinformatic, QPCR, and western blot sta-
tistic data were normalized to control group, the Y axis shown as
changing fold. Two-tailed Student's t-test and ANOVA analysis were
used for statistical analysis by GraphPad 6 (GraphPad Software,
RRID:SCR_002798, San Diego, CA 92108). Data are expressed as
mean = SEM. Statistical significance was defined as follows *P < .05.

2.15 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org, and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20Key pro-
tein targets and ligands in this article are hyperlinked to corresponding

entries in http://www.guidetopharmacology.org, the common portal
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for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2018), and are permanently archived in the Concise Guide to
PHARMACOLOGY 2019/20 (Alexander et al., 2019).

2.16 | Materials
All chemicals and reagents were purchased from Sigma-Aldrich (St.
louis, MO, USA) unless stated otherwise.

3 | RESULTS
3.1 | Sodium rutin treatment extends the lifespan
and health span of C57BL6 mice

To investigate the long-term effect of sodium rutin treatment on male
C57BL6 mice, we added sodium rutin to the drinking water at a con-
centration of 0.2 mg-:ml~1. Mice had free access to the sodium rutin/
water solution from 32 weeks old to end of life. After 8 months of
sodium rutin supplementation, we found that sodium rutin treatment
did not affect food intake and water consumption of the mice
(Figure S1B,C). Biochemical and necropsy examinations of 24-month-
old mice revealed no obvious biochemical and pathological changes in
the liver and kidney (Figure S1D-H). A log-rank test-based analysis
revealed that the lifespan of sodium rutin-treated mice was signifi-
cantly higher than that of untreated mice (Figure 1a). The mean
lifespan was increased by approximately 79 days in the sodium rutin-
supplemented group (Figure 1b) and the maximum lifespan was
increased approximately 3 months (Figure 1c).

To determine whether sodium rutin supplementation affects
ageing-associated pathology, we performed a series of experiments,
including morphological, behavioural and histopathological analyses.
Morphological traits were characterized by histomorphometric param-
eters and sodium rutin treatment markedly delayed ageing-related
morphological changes, such as kyphosis, cataract and baldness in
24-month-old mice (Figure 2a,b). Then, the differences in the locomo-

tor ability between the treatment and control groups were assayed

o
N

FIGURE 1 Chronic sodium rutin (NaR)
treatment extends the lifespan of mice.

(a) Kaplan-Meier survival curves for mice fed
with normal water and NaR-supplemented
water (control, n = 52; NaR, n = 47). (b)

Survival percent
(o))
o

o
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using the open-field, rotarod and beam balance tests. The open-field
test results showed that sodium rutin treatment significantly improved
the locomotion ability of mice because animals in the treatment group
exhibited longer total distances and higher mean speeds than those in
the control group (Figure 2c,d). Compared to the control group, the
sodium rutin-treated group stayed longer on the rotarod, indicating
sodium rutin-induced improvements in the motor and coordination
abilities (Figure 2e). In the beam balance test, sodium rutin-treated
mice passed the beam faster and slipped less frequently than
untreated mice, indicating better balance and motor abilities in sodium
rutin-treated mice (Figure 2f,g). Previous studies showed that memory
and cognitive functions significantly decreased in aged mice
(Brockmole & Logie, 2013; Wallis et al., 2016). To evaluate the effect
of sodium rutin on the learning and memory capabilities of mice, we
performed the Barnes maze and novel object recognition tests using
aged mice (24 months). Barnes maze test results indicated that
sodium rutin treatment improved the long-term memory in aged mice
as sodium rutin-treated mice exhibited shorter latencies to reach the
target hole (Figure 2h,i). Moreover, the novel object recognition test
showed that sodium rutin increased the exploration ability of mice,
indicating an improvement in their cognitive function (Figure 2jk).
Overall, these findings demonstrated that sodium rutin treatment
could significantly improve the health span in aged mice.

We further performed histological examinations of control and
sodium rutin-treated mice. Oil red O staining showed steatosis occurs
in the liver from 24-month-old mice. sodium rutin treatment signifi-
cantly decreased oil red O positive counts and the area percentage,
which means sodium rutin supplementation markedly reduced
steatosis (Figure 2I-n). The B-gal expression level is a marker of cellu-
lar senescence. We detected the higher p-gal expression level in the
liver from the old control mice and sodium rutin supplementation sig-
nificantly decreased f-gal expression in liver (Figure 20-q). Further-
more, histopathology analysis showed sodium rutin supplementation
reduced myocardial fibrosis in the heart, glomerulosclerosis in the kid-
ney and atrophy in the skeleton muscle (Figure S2A-F). These results
suggest that dietary supplementation with sodium rutin extends the
lifespan, improves fitness and effectively alleviates a range of ageing-

associated pathologies in mice.

(b) ()

—~~

Average lifespans of control and NaR-treated 10
mice (Student's t-test, *P < .05 ). (c) Maximum
lifespan of control and NaR-treated mice
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FIGURE 2 Chronic sodium rutin (NaR) treatment improves the health of ageing mice. (a) NaR treatment delays ageing-related morphological
changes (kyphosis, cataract, baldness) in 24-month-old mice. (b) The score of ageing-related morphological changes (including kyphosis, cataract,
baldness, each of which count 1 point, the range of ageing score is O to 3 points. Higher score represents more obvious ageing trait). (c) Average
speeds and (d) total distances of 14-month-old mice during the open-field test. (e) Falling latencies of 16-month-old mice in the rotarod test. (f)
Total traversing time and (g) number of foot slips of 28-month-old mice during the beam balance test. (h) Track plots of 19-month-old mice in the
Barnes maze test; (#) represents the target hole location. (i) Primary latency times of mice to reach the target hole. Preference indices of
20-month-old mice during the (j) training and (k) test phases of the novel object recognition test. For all behaviour tests: n > 8, *P < .05,. (I) Oil red
O staining of liver tissue slides from 24-month-old control and NaR-treated mice; scale bar = 100 pm. (m) Statistic numbers and (n) areas of
positive counts in oil red O stained liver tissue slides. (o) B-gal staining of liver tissue slides from 24-months-old control and NaR-treated mice;
scale bar = 100 pm. (p) Statistic numbers and (q) areas of positive counts in p-gal stained liver tissue slides. For pathology analyses: n = 5 (each

statistic number was derived from five slides), Student's t-test *P < .05

3.2 | Sodium rutin treatment alters the whole-
body metabolism

We tested whether whole-body metabolism was changed upon
sodium rutin treatment. In vivo metabolism tests revealed that sodium
rutin treatment significantly increased the energy expenditure in mice
(Figure 3a,b). Increased energy expenditure influences the lipid metab-
olism in the liver (Scheja & Heeren, 2016). Also, sodium rutin-treated
mice showed a lower respiratory quotient (RQ ~ 0.75) than those in
the control group (RQ ~ 0.8), especially during light cycles (Figure 3c,
d). A previous report showed that at an RQ value of ~0.75, fatty acids
become the predominant energy source of the organism, whereas at
an RQ value of ~1.0, the energy mostly comes from carbohydrates

and at an RQ between 0.75 and 1.0, energy is supplied by both fats

and carbohydrates (Mitchell et al., 2018). The RQ results indicated
that sodium rutin-treated mice burned more fat than the control
group mice. Furthermore, there was no difference in locomotive abil-
ity and food intake between both groups during the metabolic mea-
surement period (Figure S3A-C). The present results indicated that
sodium rutin treatment increased the energy expenditure in mice
largely through fat burning. Consequently, the body fat percentage
was significantly lower in the sodium rutin treatment group than in
the control group (Figure 3e), whereas the body weights were similar
between the two groups (Figure S3D). The lean mass is increased in
sodium rutin-treated group (Figure 3f), which indicates that sodium
rutin could increase energy expenditure (Figure 3a,b). These results
suggest that sodium rutin treatment improves energy metabolism and
body composition of mice.
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FIGURE 3 Sodium rutin (NaR) treatment alters whole-body metabolism. (a) Energy expenditure of the control and NaR treatment groups

during light and dark periods. (b) Average energy expenditure of the control and NaR treatment groups during light and dark periods. (c,d)
Respiratory quotients of the control and NaR treatment groups during light and dark periods. (e) Fat and (f) lean weight percentages of the
control and NaR treatment group mice measured by echo MRI. Metabolic analyses were conducted using 19-month-old mice. n > 8, *P < .05

3.3 | Sodium rutin treatment significantly alters
the expression of metabolic genes in the liver

The liver is essential for the maintenance of the lipid and glucose
homeostasis and plays an important role in energy balance. To better
understand the response of the liver to long-term sodium rutin treat-
ment, we performed RNA-sequencing analysis (Table S1). Total RNA
was extracted from the liver of 24-month-old mice. We identified
94 differentially expressed genes with the more stringent methodol-
ogy analysis (adjusted P <.05, or more than twofold changes)
(Figure 4a). Gene enrichment analysis of the differentially expressed
genes showed that sodium rutin treatment significantly increased the
expression of genes related to the lipid droplet metabolism, which
was downregulated in the control group (Figure 4b). These results are
consistent with the obtained histopathological parameters. Further-
more, genes involved in the respiratory chain were also upregulated in
the sodium rutin treatment group (Figure 4c). These data indicate that
sodium rutin treatment could improve liver energy metabolism. In

addition, we found that the expression levels of genes related to the

p53 (Lyn) and reactive oxygen species pathways were markedly
downregulated in the sodium rutin treatment group; these pathways
are closely related to ageing processes (Figure S4A,B). Gene ontology
analysis showed that sodium rutin treatment led to the down-
regulation of genes that are mainly enriched in the inflammatory
response, whereas genes mainly enriched in metabolic response were
upregulated (Figure 4d). Our data strongly suggest that sodium rutin
treatment altered the metabolic gene expression pattern in the liver,

improving the global energy expenditure.

3.4 | sodium rutin treatment alters liver metabolic

profiling

Using gPCR, we confirmed that the expression of genes involved in
the lipid metabolism was altered, including Far1 (fatty acyl-CoA reduc-
tase 1, synthesis of monoesters and ether lipids), Steap4 (STEAP fam-
ily member 4, FFAs metabolism), Illirn (interleukin 1 receptor
metabolism), (inositol-3-phosphate

antagonist, cholesterol Isynal
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synthase 1, phosphoinositide metabolic), Lcn2 (lipocalin 2, lipid droplet
formation), Enho (energy homeostasis associated, lipogenesis) and
Angptl8 (angiopoietin-like 8, lipogenesis) (Figure 5a). To further
explore the effect of sodium rutin on liver metabolism, we performed
liver metabolomics and found that sodium rutin influenced the abun-
dance of metabolites (Figure 5b and Table S2, S3). The levels of the
metabolites from the tricarboxylic acid cycle and lipid metabolism
were altered the most upon sodium rutin treatment. As depicted of
the metabolic pathway based on liver metabolites analysis in
Figure 5c¢, the sodium rutin treatment group exhibited lower triglycer-
ide, diglyceride and cholesterol levels than the control group
(Figure 5d,e), which are the major components of the lipid droplet
metabolism in hepatocytes. In contrast, the levels of phospholipids
related to membrane fluidity were increased in the sodium rutin treat-
ment group, including phosphatidylethanolamines, phosphatidylcho-
lines, phosphatidylglycerols and phosphatidylserines. Concomitantly,
intermediates of the tricarboxylic acid cycle were upregulated, such as
isocitric acid, succinic acid and malic acid, suggesting a higher level of
lipolysis. sodium rutin treatment also increased the amount of
B-hydroxybutyrate (Figure 5f), suggesting that sodium rutin promotes

lipolysis by enhancing fat oxidation. Since fatty acid oxidation leads to
enhanced tricarboxylic acid cycle activity and ATP production, we
determined the ATP production in the liver. Our results showed no
significant difference in ATP production between the two groups
(Figure S5A). As fatty acids and glucose play a key role in energy bal-
ance, we analysed the glycolysis level and found that sodium rutin
treatment slowed down glycolysis by changing the expression level of
glycolysis-related genes (Figure S5B,C). These results indicated that
sodium rutin-induced effects rely on fat oxidation as a predominant
energy source.

3.5 | Sodium rutin treatment maintains liver fitness
by promoting hepatocyte autophagy

Previous reports showed that autophagy contributes to the mainte-
nance of intracellular amino acid levels, lipophagy-mediated lipolysis
and oxidative metabolism in hepatocytes (Ezaki et al., 2011; Sinha
et al., 2014). Since the metabolomics results showed that sodium rutin

treatment increased the levels of several amino acids and fatty acid
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B-oxidation (Figure 5F), we proposed that sodium rutin increases
hepatocytic autophagy. Transcriptomics showed that sodium rutin
treatment upregulated the gene expression of angiopoietin-like pro-
tein 8 (Angptl8) (Figure 5a). Angptl8 reportedly enhances the
p62-dependent autophagic degradation pathway (Zhang et al., 2017).
To test this hypothesis, we employed three different methods to
assess the autophagic degradation activity in murine hepatocytes.
First, we examined the protein levels of p62 and LC3 in the liver tissue
of 24-month-old mice. The expression of the p62 protein increases
when autophagy is inhibited and decreases when it is induced
(Bjerkay et al., 2009). Immunoblotting showed that the expression
levels of p62 and LC3 Il/I were decreased and increased, respectively,
in the liver tissue from sodium rutin-treated mice compared with the
corresponding values in the control group, indicating that sodium rutin
treatment increased the autophagic flux in the murine liver (Figure 6a,
b). Second, electron microscopy of the liver tissue showed that
sodium rutin increased autophagic induction in the liver, as evidenced
by the enhanced formation of autophagosomes (Figure 6c,d). We also
observed increased lipophagy in the sodium rutin treatment group

(Figure S6A), suggesting that sodium rutin administration may reduce

steatosis through lipophagy (Sinha et al., 2014). Finally, we injected
24-month-old mice with the AAV-RFP-GFP-LC3 expression plasmid
to explore the effect of sodium rutin treatment on the autophagic flux
in vivo (Kimura, Noda, & Yoshimori, 2007). In the present experimen-
tal setup, GFP-tagged LC3 only labelled autophagosomes, while RFP
labelled both autophagosomes and autolysosomes; therefore,
autophagosomes appeared as yellow dots and autolysosomes as red
dots. We observed that sodium rutin increased the fraction of
autolysosomes (red foci), indicating that sodium rutin treatment pro-
motes autophagy flux (Figure 6e-g). Since lysosomes are the site of
degradation of obsolete macromolecules, such as lipids, during
autophagy, we examined whether sodium rutin-promoted lipid droplet
clearance depends on autophagy. Chloroquine was used to block the
fusion of autophagosomes with lysosomes. sodium rutin treatment
enhanced autophagy flux in HepG2 cells, reflected by the increased
LC3 I/l and decreased p62 accumulation, which could be blocked by
chloroquine (Figures 6h,i and S6B). Electron microscopy of the HepG2
cells showed that sodium rutin increased autophagy induction, as
enhanced formation of

evidenced by the autophagosomes

(Figure S6B). Overall, those results showed sodium rutin treatment
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enhanced autophagy level in HepG2 cells. In order to illustrate the
sodium rutin-induced autophagy enhancement was achieved by
ANGPTLS8, we performed Angptl8 knockdown by siRNA and found
that Angptl8 knockdown, similar to chloroquine, alleviated the sodium
rutin's effect on autophagic flux (Figures 6j,k and S6D,E). It has been
reported that metformin attenuated ageing process though activating
autophagic flux (Kulkarni et al., 2020). Here, we use metformin as a
positive control. The oil red O staining and lipid quantification experi-
ments showed that sodium rutin or metformin treatment significantly
reduced steatosis in HepG2 cells, which could be blocked by chloro-
quine in HepG2 cells (Figure 6l-n). Therefore, we concluded that
sodium rutin treatment maintains liver fitness by promoting

autophagy activity in hepatocytes.

4 | DISCUSSION

Ageing is one of the most challenging issues in the fields of population
and health research nowadays. Here, we demonstrated that chronic
sodium rutin treatment significantly extended the lifespan in wild-type
C57BL6 mice by 9.3% and, more importantly, increased the health
span by significantly delaying ageing-related morphological changes.
Those results were consistent with the previous report that rutin pro-
mote longevity in Drosophila melanogaster (Chattopadhyay
et al., 2017). Our study for the first time demonstrated this effect in
mammals. Furthermore, whole-body metabolic investigations, met-
abolomics and transcriptomics revealed that sodium rutin treatment
promoted liver fitness by modulating lipid metabolism. We also dem-
onstrated that the hepatoprotective effect of sodium rutin was
achieved by enhancing hepatocytic autophagy. Thus, our study
strongly implicates that sodium rutin is a promising drug candidate for
targeting ageing.

Ageing is a process of progressive impairment of homeostasis
at the genomic, cellular, tissue and whole-organism levels, increasing
the risk of diseases and death (Timchenko, 2009). At the cellular
level, multiple biological alterations accumulate over time, including
genomic stability, epigenetic alterations, telomere attrition, loss of
proteostasis, dysregulation of nutrient sensing, altered intracellular
communication, mitochondrial dysfunction, stem cell exhaustion and
cellular senescence. The crosstalk between the ageing-related dys-
function and metabolism dysregulation had been reported in previ-
ous studies (Lépez-Otin, et al., 2016). At the whole-organism level,
the ageing phenotypes usually comprise lower voluntary running,
lower energy expenditure, glucose intolerance and reduced fatty
acid oxidation (Azzu & Valencak, 2017). In our study, all the above
ageing-related phenotypes were significantly reversed by sodium
rutin treatment. The liver is the central organ for metabolic homeo-
stasis and liver fitness reportedly plays an important role in the
anti-ageing effects of nutritional interventions, such as caloric and
protein restrictions (Jové et al., 2014; Vermeij et al., 2016). In accor-
dance, we found that sodium rutin markedly promoted liver meta-
bolic fitness and alleviated ageing pathological features in

aged mice.
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Low grade inflammation is a hallmark of ageing. In this study, our
transcriptomic analysis showed that sodium rutin treatment has an
anti-inflammatory effect in liver. According to Gene Ontology analy-
sis, the genes involved in inflammation pathway were significantly
downregulated in sodium rutin treatment group (Figure 4d). Actually,
our previous work showed that sodium rutin treatment exhibits neu-
roprotective property by suppressing microglia-derived
proinflammatory cytokine production and enhancing microglia
phagocytosis (Pan et al., 2019). Here, we also observed that sodium
rutin treatment reduced the number of senescent cells in vivo
(Figure 20-q). Together, our data indicated sodium rutin treatment
could alleviate senescence-associated secretory phenotype. Thus, we
argue sodium rutin confers a senolytic property.

Autophagic dysfunction during ageing leads to the aggregation
of damaged organelles or obsolete cytoplasmic proteins. It has been
reported that autophagy defects contribute to liver pathologies; thus,
enhancing autophagy activity could maintain the energy balance and
eliminate damaged cellular components or structures, rendering
autophagy a therapeutic target for the treatment of liver disorders
(Schneider & Cuervo, 2014). In addition, enhanced autophagy activ-
ity increases the lifespan of model organisms (Eisenberg et al., 2016;
Fernandez et al., 2018). In the present study, sodium rutin treatment
significantly ~ promoted activity  in

autophagy hepatocytes.

Autophagy-mediated lipid droplet degradation by p-oxidation
reduces steatosis and the associated breakdown of macromolecules
provides cellular fuel and promotes cellular fitness. Thus, autophagy
promotes liver fitness by maintaining energy homeostasis and reduc-
ing cellular senescence. Our results showed that sodium rutin-
mediated steatosis reduction was at least partly dependent on
autophagy; however, the crosstalk between the lipid metabolism and
autophagy is complex. Lipid metabolism products, such as phosphati-
dylethanolamines and phosphatidylserines, can also modulate
autophagy; the mechanism of lipid metabolic regulating autophagy
needs further study.

The search for chemicals affecting longevity has attracted much
attention. For example, resveratrol, a well-studied natural compound,
extended the lifespan in various species (Baur et al., 2006; Pallauf,
Rimbach, Rupp, Chin, & Wolf, 2016); however, its clinical application
is limited due to its low bioavailability, pharmacokinetics and tissue
distribution (Hubbard & Sinclair, 2014), despite being nontoxic to ani-
mals (Baur & Sinclair, 2006). Metformin, a clinical drug for the treat-
ment of type 2 diabetes, has recently been reported to extend the
lifespan in lower animals and mammals (Chen et al., 2017; Martin-
Montalvo et al., 2013). Metformin is used in a variety of clinical appli-
cations (Thomas & Gregg, 2017) and represents a promising drug for
the treatment of ageing and ageing-related diseases. Rutin is a natural
compound found in fruits and vegetables and the average daily intake
is approximately 1.5 mg (Kimira, Arai, Shimoi, & Watanabe, 1998). In
the present study, rutin was prepared as a sodium salt to improve its
water solubility and bioavailability. The chosen doses were made bas-
ing on the clinic dosage of troxerutin (0.2-1 g/70 kg-day™2), which is a
trihydroxyethyl form of rutin. The dosage in mice is 0.52-2.6 mg-day™!
according to the ratio of body surface area in human versus mice
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(387.9:1). Here, the chosen dose is 0.6-0.8 mg-day~?! in mice. Long-
term administration of rutin showed no side effects on the liver and
kidney in aged mice (Figure S1). Therefore, we suggest that sodium
rutin could be used in anti-ageing therapy and for the treatment of

ageing-associated diseases.
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