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Abstract
Rationale: Nicotinamide adenine dinucleotide+ (NAD+)-boosting therapy has emerged as a promising strategy
to treat various health disorders, while the underlying molecular mechanisms are not fully understood. Here,
we investigated the involvement of fibronectin type III domain containing 5 (Fndc5) or irisin, which is a novel
exercise-linked hormone, in the development and progression of nonalcoholic fatty liver disease (NAFLD).
Methods: NAD+-boosting therapy was achieved by administrating of nicotinamide riboside (NR) in human and
mice. The Fndc5/irisin levels in tissues and blood were measured in NR-treated mice or human volunteers. The
therapeutic action of NR against NAFLD pathologies induced by high-fat diet (HFD) or methionine/cholinedeficient diet (MCD) were compared between wild-type (WT) and Fndc5-/- mice. Recombinant Fndc5/irisin was
infused to NALFD mice via osmotic minipump to test the therapeutic action of Fndc5/irisin. Various biomedical
experiments were conducted in vivo and in vitro to know the molecular mechanisms underlying the stimulation
of Fndc5/irisin by NR treatment.
Results: NR treatment elevated plasma level of Fndc5/irisin in mice and human volunteers. NR treatment also
increased Fndc5 expression in skeletal muscle, adipose and liver tissues in mice. In HFD-induced NAFLD mice
model, NR displayed remarkable therapeutic effects on body weight gain, hepatic steatosis, steatohepatitis,
insulin resistance, mitochondrial dysfunction, apoptosis and fibrosis; however, these actions of NR were
compromised in Fndc5-/- mice. Chronic infusion of recombinant Fndc5/irisin alleviated the NAFLD pathological
phenotypes in MCD-induced NAFLD mice model. Mechanistically, NR reduced the lipid stress-triggered
ubiquitination of Fndc5, which increased Fndc5 protein stability and thus enhanced Fndc5 protein level. Using
shRNA-mediated knockdown screening, we found that NAD+-dependent deacetylase SIRT2, rather than other
sirtuins, interacts with Fndc5 to decrease Fndc5 acetylation, which reduces Fndc5 ubiquitination and stabilize it.
Treatment of AGK2, a selective inhibitor of SIRT2, blocked the therapeutic action of NR against NAFLD
pathologies and NR-induced Fndc5 deubiquitination/deacetylation. At last, we identified that the lysine sites
K127/131 and K185/187/189 of Fndc5 may contribute to the SIRT2-dependent deacetylation and
deubiquitination of Fndc5.
Conclusions: The findings from this research for the first time demonstrate that NAD+-boosting therapy
reverses NAFLD by regulating SIRT2-deppendent Fndc5 deacetylation and deubiquitination, which results in a
stimulation of Fndc5/irisin, a novel exerkine. These results suggest that Fndc5/irisin may be a potential nexus
between physical exercise and NAD+-boosting therapy in metabolic pathophysiology.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is a
burgeoning health problem that encompasses a broad
clinicopathological spectrum ranging from simple
steatosis to nonalcoholic steatohepatitis (NASH),
fibrosis and ultimately, cirrhosis [1]. As lifestyles have
become increasingly sedentary and dietary patterns
have changed, the worldwide prevalence of NAFLD
continues to increase [2]. Many metabolic disorders,
including hyperglycemia, abdominal obesity, diabetes
mellitus,
insulin
resistance,
and
adipokine
abnormalities, have close and reciprocal connections
with NAFLD pathogenesis [1,2]. Moreover,
accumulating evidence has revealed that NAFLD
might be an independent risk factor for
cardiovascular diseases such as atherosclerosis and
coronary heart disease [3]. Although NAFLD has been
intensively studied by a large number of experimental
and clinical investigations in previous years, its
pathophysiology and mechanism are not fully
understood. The therapeutic options of NAFLD are
still also limited.
Nicotinamide adenine dinucleotide (NAD+), a
well-known intracellular electron carrier that
functions as an essential cofactor in oxidative
phosphorylation, is required for hundreds of
enzymatic reactions. This molecule plays key roles in
almost all major biological processes, while several
lines of evidence in recent years have uncovered an
entirely different role of cellular NAD+ as a critical
modulator of intracellular signaling transduction [4].
The abundance of NAD+ in cells is elegantly
controlled by many factors, including its biosynthetic
enzymes such as nicotinamide phosphoribosyltransferase (NAMPT) [5] and nicotinamide riboside
kinase [6], or NAD+ consumers such as type III
protein lysine deacetylases sirtuins family [7],
poly(ADP-ribose) polymerases [8] and cADP-ribose
synthase [9]. By controlling the NAD+-responsive
signaling factors, NAD+ regulates a large number of
key cell biology procedures raging from cell
survival/death,
differentiation,
aging/lifespan,
energy hemostasis, etc. Moreover, due to the
pool
in
depressed
intracellular
NAD+
pathophysiologies conditions from aging and various
diseases, stabilizing the NAD+ level by administrating
NAD+-boosting molecules such as nicotinamide
riboside (NR), nicotinamide mononucleotide (NMN)
and
extracellular
vesicle-contained
NAMPT,
represents a promising therapeutic strategy to
stimulate hematopoiesis [10] and extend lifespan
[11-13]. Moreover, they can treat obesity [14], diabetes
[15], brain ischemic injury [16], noise-induced hearing
loss [17], kidney disease [18], vascular aging [19],
dilated cardiomyopathy [20], etc.
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As NR is a natural substance in milk, it has been
proposed to be safe in human [21,22]. NR is
well-tolerated and elevates NAD+ in healthy adults
[23]. Moreover, NR augments the skeletal muscle
NAD+ metabolome in aged adults and induces
anti-inflammatory signatures [24]. However, there are
also reports that indicate NR have limited effects on
insulin sensitivity and whole-body glucose
metabolism in insulin-resistant obese men [25-27]. In
line with these, NAMPT-deficient cells seemed to be
able to maintain substantial NAD+ levels [28].
In liver, NAD+-boosting therapy reversed
high-fat high-sucrose induced fatty liver in mouse
model [29]. NR enhanced liver regeneration and
reduced steatosis following partial hepatectomy [30].
Our group previously reported that NR pronouncedly
corrected
fatty
liver
phenotypes
in
both
NAD+-deficient mice and high-fat diet (HFD)-fed
mice [31]. Some mechanisms were proposed to
explain these observations. NR prevents and reverts
NAFLD by inducing a SIRT1- and SIRT3-dependent
mitochondrial unfolded protein response, triggering
an adaptive mitohormetic pathway to increase hepatic
β-oxidation and mitochondrial complex content
[29,32].
The exercise-modulated peptides and nucleic
acids released from skeletal muscle and other organs,
which are also known as ‘exerkines’, have now been
recognized as key protectors against metabolismrelated and neurodegenerative disorders [33,34].
Irisin is a 12-kDa exerkine released from skeletal
muscle, liver and adipose into the circulation
proteolytically cleaved from fibronectin type III
domain
containing
5
(Fndc5),
a
26-kDa
transmembrane protein [35]. Fndc5/irisin drives
thermogenic capacity of brown adipose tissue to
improve glucose homeostasis and metabolic status via
endocrine, paracrine and autocrine mechanisms
[35,36]. Several new investigations have given
evidence for the protective role of Fndc5/irisin in
Alzheimer’s disease [37], pulmonary ischemia injury
[38], bone remodeling [39] and hepatic steatosis [40].
In this study, we performed a general screening for a
group of circulating ‘exerkines’ in NR-treated mice
with NAFLD induced by high-fat diet (HFD), and
found that a novel exerkine Fndc5/irisin was reduced
after 3-month HFD treatment but rescued by NR
supplement. Thus, we tested whether Fndc5/irisin
participates in the safeguard action of NAD+-boosting
molecule against NAFLD using Fndc5 knockout
(Fndc5-/-) mice and further, investigated how NAD+
boosting molecule modulates Fndc5/irisin in NAFLD.
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Methods
Animals
C57BL/6J mice were purchased from SinoBritish SIPPR/BK Lab Animal Ltd. (Shanghai, China).
The global Fndc5 knockout mice (C57BL/6JFndc5tm1cyagen, Fndc5-/-, Serial Number: KOCMP-00230Fndc5) in C57BL/6 genetic background were
generated by Cyagen Bioscience Inc (Guangzhou,
China) using CRISPR/Cas9 technology. A mixture of
plasmids encoding Cas9 and Fndc5 guide RNA
targeting exon 2 of Fndc5 gene was microinjected into
the fertilized C57BL/6 eggs, and the embryos were
planted into pseudopregnant recipients. Founder
lines of successful mutation of the Fndc5 gene cluster
were identified through PCR genotyping of tail DNA
and DNA sequencing (Primer: 5’-CACTTGTCTGCTC
TCTGGTTCTGT-3’). The length of deleted sequence is
984 bp. Male Fndc5 heterozygote mice and female
Fndc5 heterozygote mice were crossed to obtain
Fndc5 homozygote mice. For mouse genotype
identification, genomic DNA was prepared from the
tail tips and the Fndc5 knockout was identified by
PCR amplification (F1: 5’-CACTTGTCTGCTCTCTGG
TTCTGT-3’; R1: 5’-ACGATATATTCTGTGTCCTC
CTC-3’;
R2:
5’-TAAGGGGAAGGGTCTATGTG
AGC-3’) and immunoblotting. See Figure 2A-D for
more information. All mice were bred and housed in
temperature-controlled cages under a 12/12-h
light/dark cycle with free access to water and chow.
Animal care and experimental procedures were
approved by the Laboratory Animal Management
Committee of Second Military Medical University and
performed in accordance with the Guide for the Care
and Use of Laboratory Animals published by the
National Institutes of Health (NIH publication 86-23
revised 1985) and ARRIVE guidelines.

NAFLD mice model and NR treatment
Two NALFD models were used in this study.
The first model is achieved by using a high-fat diet
(HFD; Catalogue: D12492, 60% fat, Research Diets,
New Brunswick, NJ). Eight-week old male mice were
fed the HFD diet for 16 weeks. Another mouse model
of MAFLD was established by feeding the 8-week-old
male mice a methionine/choline-deficient diet (MCD)
diet (A02082002B; Research Diets, NJ) for 4 weeks as
described previously [41,42]. Mice were fed a normal
chow diet and pure water served as controls. For NR
administration, the animals were fed a diet of pellets
made from HFD powder mixed with a commercial
GMP-grade NR (NIAGEN®, ChromaDex Inc., Irvine,
CA) in a dose of 400 mg/kg/day for 12 weeks (Figure
S1A). For NAFLD model in Fndc5-/- mice, eight-week
old male Fndc5-/- mice and their littermates wild-type
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(WT) mice were genotyped and then fed with chow,
HFD or HFD + NR respectively for 16 weeks.

Treatment with recombinant Fndc5/irisin in
NAFLD mice
For testing the potential therapeutic action of
Fndc5/irisin on NAFLD in mice, NAFLD was
induced by MCD diets in mice as described above.
Then, the mice were subcutaneously infused with
recombinant Fndc5/irisin with 6×His tag at the
C-terminus (#Abs04509, Absin Bioscience Inc,
Shanghai, China) using an Alzet Osmotic minipump
(Alzet DURECT Co., Cupertino, CA) for 7 days. The
pumps were routinely inserted subcutaneously on the
back of mice. The NAFLD mice infused with saline
water were used as control. The dose of recombinant
Fndc5/irisin was 5 nmol/kg body weight per day
[43]. The recombinant Fndc5/irisin was produced by
mammalian expression system and the target gene
encoding Asp32-Glu143 in Fndc5 gene. The purity is
greater than 95% as determined by SDS-PAGE
(endotoxin < 0.1 ng/μg determined by LAL test). At
the endpoint of treatment, the mice were sacrificed
and blood was collected and the liver pathologies
were examined.

Treatment with SIRT2 inhibitor AGK2 in
NAFLD mice
To test whether inhibition of SIRT2 affects the
NR-induced anti-NAFLD effects in mice, the
C57BL/6J mice were divided into five groups: Chow
(control), NR, NAFLD, NAFLD+NR and NAFLD+
NR+AGK2. The mice in NAFLD group were fed with
MCD diets for 4 weeks to induce NAFLD. The mice in
NAFLD+NR group were fed with MCD diets for 4
weeks and injected with NR (i.p., 400 mg/kg/day
dissolved in saline water) during the last two weeks.
The mice in NAFLD+NR+AGK2 group were fed with
NAFLD diets for 4 weeks and injected with NR plus
AGK2 (MedChem Express, Catalogue: HY-100578,
i.p.) simultaneously during the last two weeks. The
dose of AGK2 (1 mg/kg/day) was chosen according
to a previous study [44]. At the endpoint of treatment,
all the mice were sacrificed. Plasma was collected and
the liver pathologies were examined.

Human study
Six healthy volunteers participated in the present
study. They were informed of the study purpose,
experimental procedures, and possible risks of the
study, and they provided written informed consent.
All experimental procedures were approved by the
Ethics Committee of Shanghai Tenth People’s
Hospital affiliated to Tongji University and complied
with the 1975 Declaration of Helsinki. For physical
http://www.thno.org
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exercise intervention, the volunteers were aksed to
run 3000 meters per day (no speed requirement) for 2
weeks. The blood (100 µl) was obtained from fingertip
before and after the two-week exercise. One month
later, they were asked to ingest a commercial
GMP-grade NR for human use (NIAGEN®; 500 mg,
bid; ChromaDex, Inc.) as described previously [23].
The blood (100 µl) was obtained from fingertip before
and after the two-week administration again.

Glucose tolerance test (GTT) and insulin
tolerance test (ITT)
GTT and ITT were applied to determine the
insulin resistance in mice as described previously [31].
For GTT, mice were fasted overnight (~12 hours) and
intraperitoneally injected with glucose (2 g/kg body
weight). Blood samples were collected from the tail at
0, 30, 60, 90,120, 150 and 180 minutes and the blood
glucose levels were determined. For ITT, mice were
fasted for 6 h (from 10:00 am to 4:00 pm) and then
injected with human insulin (Novo Nordisk,
Princeton, NJ) at 2 units/kg body weight. Blood
samples were taken at 0, 30, 60, 90,120, 150 and 180
minutes to determine glucose levels. The blood
glucose concentration was plotted against time and
the area under curve (AUC) was calculated.

Enzyme-linked immunosorbent assay (ELISA)
Blood was obtained, collected in thylenediamine
tetraacetic
acid-anticoagulant
plastic
tubes,
centrifuged, and plasma were either freshly used for
ELISA or immediately frozen in liquid nitrogen until
analysis. The plasma concentrations of fibroblast
growth factor-1 (FGF1, Abcam, Cambridge, UK,
Catalogue: DY4686-05), FGF21 (R&D Biosystems,
Minneapolis, MN, Catalogue: MF2100), resistin
(Boster Biological, Huhan, China, Catalogue: EK0582),
adiponectin (R&D Biosystems, Catalogue: MRP300),
leptin (R&D Biosystems, Minneapolis, MN,
Catalogue: MOB00), chemerin (Boster Biological,
Huhan, China, Catalogue: EK0582), vaspin (Aviscera
Bioscience, Santa Clara, CA), hepcidin (Bioss
Biotechnology Co., Beijing, China, Catalogue:
bsk00526), interleukin-6 (IL-6, R&D Biosystems,
Minneapolis, MN, Catalogue: D6050) and C-X-C motif
chemokine 10 (CXCL10, PeproTech, Rocky Hill, NJ,
Catalogue: 900-K) were detected using commercial
ELISA kits according to the manufacturer’s
instructions. We applied two well-established kits
(#EK-067-29, Phoenix Pharmaceutical, St. Louis, MO;
#AG-45A-0046Y, Adipogen, Liestal, Switzerland) to
measure the plasma irisin concentrations.

Plasmids, cell culture and transfection
The Flag-tagged wild-type Fndc5 (WT-Fndc5),
K127/131R mutant-Fndc5 (mutant 1, MT1-Fndc5),
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K177R mutant-Fndc5 (mutant 2, MT2-Fndc5) and
K185/187/189R
mutant-Fndc5
(mutant
3,
MT3-Fndc5) were generated by Genescript (Nanjing,
Jiangsu Province, China). They were subcloneed to a
pcDNA3.1 plasmid. The AML12 normal hepatocyte
cell line and HepG2 hepatocellular carcinoma cell line
were obtained from American Type Culture
Collection. The AML12 hepatocytes were cultured in
10% FBS, 10 µg/ml insulin, 5.5 µg/ml transferrin, 5
ng/ml selenium, 40 ng/ml dexamethasone and 1%
antibiotic-antimycotic. The HepG2 cells were cultured
in DMEM/F12 medium supplemented with 10% FBS,
1% antibiotic-antimycotic and 1% glutamax. The cells
were maintained in an incubator under 37°C and 5%
CO2. Cells were trypsinized and expanded every 48 to
72 h. Two day before transfection, about 1×105 cells
were seeded onto 6-well plates and allowed to grow
to 70% confluence. Plasmids or siRNA targeting to
SIRT1-7 (Santa Cruz Biotechnology, Santa Cruz, CA)
were transfected into the cells using Lipofectamine
LTX reagents (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions.

Histopathological examination
Oil Red O staining was used to specifically detect
lipids in liver tissue. Hepatic tissue was cut into small
pieces and fixed in 4% paraformaldehyde for 4 hours
and embedded in OCT (Leica Camera AG, Wetzlar,
Germany). Frozen sections (8 µm thickness) were
made on a cryostat and the samples were fixed with
4% paraformaldehyde for additional 30 min. The
slides were washed in distilled water and stained with
Oil Red O for 15 min. Next, the slides were
counterstained with hematoxylin for 10 s to identify
the nuclei. Masson trichrome staining was performed
to evaluate hepatic fibrosis. For Masson trichrome
staining, paraffin sections were stained with Masson's
trichrome (Sigma) according to standard procedures
[45]. The stained slides were examined under light
microscopy at 200× magnification. Specimens were
scored by red (Oil Red O) or blue (Masson's trichrome
staining) using ImageJ software (Version 5.0, NIH).

Immunohistochemistry and apoptosis assay
Immunohistochemistry was performed as
described previously [46,47]. The following antibodies
were used: F4/80 (LS-C96373-100, Lifespan, 1:500
dilution), CD11b (ab6672, Abcam, 1: 1000 dilution)
and α-SMA (ab7817, Abcam, 1: 500 dilution).
Immunofluorescence TUNEL assay was used to
assess apoptosis. Tissue sections were placed and
fixed in 4% paraformaldehyde, and incubated with
immunofluorescent TUNEL reaction mixture for 1 h
in box. DAPI was used to stain nuclei.

http://www.thno.org
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Immunofluorescence images were obtained
Olympus IX71 microscope (Tokyo, Japan, Leica).
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Immunoblotting
Immunoblotting was performed as described
previously [48,49]. Specific primary antibodies were
listed in Table S1. The images were obtained with
Odyssey Infrared Fluorescence Imaging System
(Li-Cor). All immunoblotting experiments were
repeated at least three times.

Immunoprecipitation
Immunoprecipitation
was
performed
as
described previously [50]. Cells were lysed in
radioimmunoprecipitation assay buffer and the
lysates were centrifuged at 13,000 rpm for 20 min. The
supernatant was subjected to immunoprecipitation
with protein A/G-agarose beads (Santa Cruz
Biotechnology) and followed by immunoblotting
analysis with specific antibodies or control IgG.

Acetylation assay
To detect the acetylation signal, tissues or
hepatocytes were lysed by RIPA buffer on ice. Tissue
or cell extracts was immunoprecipitated using the
monoclonal antibody against PGC-1α or Flag. After
incubating with primary antibody against acetylated
lysine and following secondary antibody, the
acetylation of target proteins was detected.
Meanwhile, the total protein amount of housekeeping gene such as GAPDH in the whole extract
(input) were detected and used as loading controls.

RNA isolation and Real-Time PCR
Total RNA was extracted from liver tissues in a
single-step involving the use of TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA)
according to the manufacturer's protocol. One
microgram
of
RNA
was
reversetranscribed to cDNA using the
M-MLV enzyme
(Promega, Madison, WI). Real-time quantitative PCR
was performed using the ABI7500 real-time PCR
detection system (ABI System) and SYBR® Green
Real-Time PCR Master Mixes (ABI System) with
specific primers. The primers were listed as in Table
S2. The fold change in gene expression was
determined using the 2-∆∆CT method. All samples
were performed in duplicate. In the Real-Time PCR
experiments, we judged the PCR quality according to
the melting curve. If the melting curve was not
acceptable, we excluded the data point.

Determination of half-life of Fndc5
HepG2 cells were seeded in a 6-wells plate and
serum-starved for 6 hours. Then, cells were exposed

to NR (300 µM) under 150 µg/ml cycloheximide
(Chx). Cells were harvested at different time points
after Chx treatment, and cell extracts were
immunoblotted with anti-Fndc5 and anti-Tubulin
antibodies respectively. Bortezomib, lactacystin,
MG132 and bafilomycin A1 were purchased from
Selleck.

Statistical Analysis
Data were analyzed with GraphPad Prism-8
statistic software (La Jolla, CA). All values are
presented as the mean ± SEM. The values were
analyzed by t-test (two groups) or One-Way ANOVA
followed by Tukey post-hoc test (three groups or
more). P<0.05 was considered statistically significant.

Results
NAD+-boosting molecules stimulates
Fndc5/irisin in mice and human
To decipher the possible circulating exerkines
mediating the NAD+-boosting therapy-induced
beneficial metabolic modulation, we administrated
NR in HFD-induced NAFLD model mice for 3 months
(Figure S1A). At the end-point, we screened several
circulating exerkines using ELISA assay in the three
groups of mice (Chow, HFD and HFD + NR). We
found the plasma concentrations of fibroblast
growth factor-1 (FGF1), FGF21 and resistin were
higher, whereas adiponectin concentration was lower,
in HFD-fed mice than those in chow-fed mice (Figure
1A-D). However, NR treatment did not affect these
alterations (Figure 1A-D). Plasma concentrations of
leptin, chemerin, vaspin, hepcidin, IL-6 and CXCL10
were not different among the three groups in our
setting (Figure S1B-G). Interestingly, we found that
the plasma concentration of irisin was decreased in
HFD group mice and significantly reversed by NR
administration, which was confirmed by using two
different commercial ELISA kits respectively (Figure
1E). This suggests that NR supplement affects irisin
secretion. Although the absolute values of plasma
irisin concentration differed between the two assays,
the actions of NR were similar (Figure 1E).
Correspondingly, irisin precursor Fndc5 protein
expression in mouse skeletal muscle, which is the
major source of released irisin, was decreased by HFD
but upregulated by NR treatment (Figure 1F). As
Fdnc5/irisin is not just a myokine but also secreted by
other tissues such as adipose and liver [51,52], we
additionally detected Fdnc5/irisin expression in
adipose and liver. As expected, Fndc5 protein in
mouse liver and adipose tissue was significantly
elevated upon NR administration (Figure 1G).

http://www.thno.org
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Figure 1. Nicotinamide riboside, a well-established NAD+-boosting molecule, stimulates Fndc5/irisin in murine and human. (A-F) The influence of NR
treatment (400 mg/kg/d) on plasma concentrations of FGF1, FGF21, resistin, and adiponectin in HFD-induced NAFLD mouse model. FGF1, FGF21, resistin and adiponectin
plasma concentrations were changed in NAFLD mice but not by NR. (E) Plasma irisin concentration was changed by NR treatment. **P<0.01 vs Chow, ##P<0.01 vs HFD, n = 8.
NS, no significance. Two different commercial ELISA kits from Phoenix Pharmaceutical (Manufacturer P) and AdipoGen (Manufacturer A) were used. (F) The protein expression
of Fndc5 in skeletal muscle of NAFLD mice with or without NR treatment. **P<0.01 vs Chow, ##P<0.01 vs HFD, n = 4. (G) The protein expression of Fndc5 in other tissues such
as liver and adipose of NAFLD mice with or without NR treatment. **P<0.01 vs HFD by unpaired t-test, n = 4. (H-I) The influences of two-week NR supplement (500 mg, bid)
or physical exercise on plasma irisin concentration in human volunteers detected by two different commercial ELISA kits from Phoenix Pharmaceutical (Manufacturer P, H) and
AdipoGen (Manufacturer A, I). *P<0.05, **P<0.01 by paired t-test, n = 6.

We also compared the effects of physical exercise
and NR supplement on blood irisin levels in six
human volunteers using two different commercial
ELISA kits from Phoenix Pharmaceutical and
AdipoGen respectively. Both two ELISA kits showed
that physical exercise for two weeks significantly

elevated plasma irisin concentrations, while
two-week NR supplement also enhanced plasma
irisin concentrations to a similar extent in six health
volunteers (Figure 1H-I). These results suggest that
the NAD+-boosting molecule NR stimulates
Fndc5/irisin in mice and human.
http://www.thno.org
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Figure 2. Loss of Fndc5 attenuates the protection of NR against HFD-induced obesity and hepatic steatosis. (A) Generation of global Fndc5 knockout mice by
targeting exon 2 of Fndc5 using CRISPR/CAS9 technology-mediated deletion. (B) Deletion of Fndc5 exon 2 was confirmed using DNA sequencing. The sequencing results
showed that 984 base pairs in the Fndc5 nucleotide sequence were deleted. (C) Genotyping and the used primers are showed. WT, wild-type; MT, mutant. (D) Deletion of
FNDC5 protein in liver and skeletal muscle tissue. (E) The body curves of WT and Fndc5-/- mice fed with HFD and NR for 16 weeks. **P<0.01, *P<0.05 vs Chow, ##P<0.01,
#P<0.05 vs HFD, n = 6. (F-G) The liver weight (F) and the liver/body weight ratio (G) of WT and Fndc5-/- mice fed with HFD and NR for 16 weeks. **P<0.01 vs Chow, ##P<0.01
vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6. NS, no significance. (H-I) Hepatic cholesterol (H) and triglyceride (I) levels in liver of WT and Fndc5-/- mice. *P<0.05 vs chow, ##P<0.01,
#P<0.05 vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6-7. NS, no significance. (J) Oil Red O staining showing the lipid accumulation (red staining) in liver of mice. **P<0.01 vs chow,
##P<0.01, #P<0.05 vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6. NS, no significance. n = 6-7.

Fndc5 is required for protection of NR against
obesity and steatosis in NAFLD mice
Considering that Fndc5 is widely expressed and
can be secreted into blood to form irisin by various
tissues [51,52], we generated a global knockout mice

of Fndc5 (Fndc5-/- mice, Figure 2A-C) to test the role of
Fndc5/irisin in protection of NR in NAFLD. In this
mice strain, we confirmed the absence of Fndc5
protein in skeletal muscle and liver (Figure 2D). The
wild-type (WT) and Fndc5-/- mice were fed with HFD
for 16 weeks to induced NAFLD model. In WT mice,
http://www.thno.org
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HFD-feeding resulted in a significant increase of body
weight. In line with previous results from us [31] and
other lab [14], NR remarkably attenuated the HFDinduced weight gain (Figure 2E). In Fndc5-/- mice,
HFD induced more pronounced body weight gain,
suggesting that Fndc5 knockout partly deteriorated
the HFD-induced obesity. Strikingly, NR treatment
reduced the body weight in HFD-fed Fndc5-/- mice to a
much lesser extent compared with in WT mice.
Similarly, NR administration decreased the HFDinduced increases of liver weight (Figure 2F) and liver
weight/body weight ratio (Figure 2G) in WT mice but
not in Fndc5-/- mice. The inhibitory actions of NR on
serum lipid levels (Table S3) and liver
cholesterol/triglyceride content (Figure 2H-I) were
also significantly suppressed in Fndc5-/- mice.
Accordingly, liver histopathology with Oil Red O
staining showed NR treatment led to a sharper
decrease of lipid content in WT mice compared with
in Fndc5-/- mice (Figure 2J). We also determined the
gene expression involved in lipid uptake (low density
lipoprotein receptor [LDL-R] and CD36), transport (ATP
binding cassette subfamily G member 1 [ABCG1] and
ABCG5), synthesis (sterol regulatory element binding
transcription factor 2 [SREBP-2] and acetyl-coenzyme A
carboxylase [ACCα]) and oxidation (peroxisome
proliferator activated receptor-α [PPARα] and acyl-CoA
oxidase 1 [Acox1]). Loss of Fndc5 did not affect the
effects of NR on LDL-R, CD36, ABCG1, ABCG5,
SREBP-2 and ACCα; however, it reduced the PPARα
and Acox1 mRNA expression change by NR (Figure
S2), implying the action of NR on lipid oxidation may
involve Fndc5. All these results suggest that deletion
of Fndc5 compromises the protection of NR against
HFD-induced obesity and hepatic steatosis.

Deletion of Fndc5 diminishes improvement of
NR on insulin resistance in NAFLD mice
Next, we investigated the influence of Fndc5
knockout on the improvement of NR against HFDinduced insulin resistance. ITT assay showed that NR
significantly improved insulin sensitivity in WT mice
but to a much lesser extent in Fndc5-/- mice (Figure
3A). NR reduced AUC from ~1600 to ~1000 (about
60%) in WT mice but only reduced AUC from ~1600
to ~1400 (about 85%) in Fndc5-/- mice (Figure 3B). GTT
also demonstrated that the NR treatment effectively
improved insulin sensitivity in WT mice but to a
much lesser extent in Fndc5-/- mice (Figure 3C), which
was supported by the AUC results (Figure 3D). The
activation of insulin signaling in liver tissue was also
measured. The tyrosine phosphorylation of insulin
receptor substrate 1 (IRS-1, Tyr-612 site), an essential
procedure
for
activated
insulin
signaling
transduction, was greatly inhibited in HFD-fed mice
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(Figure 3E). NR administration partially rescued the
IRS-1 tyrosine phosphorylation in WT mice but to a
much lesser extent in Fndc5-/- mice (Figure 3E). The
serine phosphorylation of IRS-1 (Ser-307 and Ser-636
sites),
which
counteracted
IRS-1
tyrosine
phosphorylation and contributed to insulin resistance
[53], was enhanced by HFD but suppressed by NR in
WT mice but not in Fndc5-/- mice (Figure 3F).
Accordingly, HFD caused a remarkable decline of Akt
tyrosine phosphorylation (Thr-308) in WT mice,
which was abolished in Fndc5-/- mice (Figure 3G).
These data point out that Deletion of Fndc5
diminishes the improvement of NR against
HFD-induced insulin resistance.

Fndc5 deletion blunts the therapeutic efficacy
of NR on steatohepatitis in NAFLD mice
Immunohistochemical staining of F4/80, a
marker of macrophage, showed that the intensity of
F4/80-positive cells in liver of HFD-fed mice was
much higher than that in mice fed chow, which was
successfully attenuated by NR treatment in WT mice
(Figure 4A). However, this therapeutic action of NR
was blunted in Fndc5-/- mice (Figure 4A). Moreover,
immunohistochemical staining of CD-11b, another
molecular index for monocytes, demonstrated that
NR significantly inhibited monocyte infiltration in
liver tissues in WT mice but to a much lesser extent in
Fndc5-/- mice (Figure 4B). We measured mRNA levels
of three pro-inflammatory factors (tumor necrosis
factor α [TNF-α], IL-6 and IL-1β) in liver tissues. NR
significantly reduced HFD-induced TNF-α, IL-6 and
IL-1β mRNA levels in WT mice but to a lesser extent
in Fndc5-/- mice (Figure 4C). Immunoblotting of
Caspase-8, an essential modulator of liver
inflammation by initiating hepatocytes death [54],
showed that NR treatment successfully suppressed
HFD-induced Caspase-8 cleavage, while this action of
was significantly weakened in Fndc5-/- mice (Figure
4D). In line with this, NR treatment substantially
inhibited the HFD-induced increase of terminal
dexynucleotidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL)-positive cell number in
WT mice but to a much lesser extent in Fndc5-/- mice
(Figure 4E). These data indicate that deletion of Fndc5
blunts therapeutic efficacy of NR on HFD-induced
liver inflammation.

Fndc5 deletion counteracts the therapeutic
efficacy of NR on liver injury in NAFLD mice
To further assess the role of Fndc5/irisin in
therapeutic effects of NR, liver fibrosis was
determined. The intensity of α-smooth muscle actin
(α-SMA) immunohistochemical staining in liver tissue
was obviously enhanced in HFD-fed mice in both WT
http://www.thno.org
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and Fndc5-/- mice, suggesting that HFD induced liver
fibrosis in these mice (Figure 5A). Masson’s trichrome
staining, a specific staining for the detection of
collagen fibres, also demonstrated that NR treatment
greatly reduced the HFD-induced collagen contents in
livers of WT mice, and this action was much reduced
in Fndc5-/- mice (Figure 5B). Quantitative PCR analysis
of transforming growth factor-β (TGF-β) and tissue
inhibitor of metalloproteinase-1 (TIMP-1), two
well-established molecular maker of liver fibrosis [31],
also showed that NR treatment decreased
HFD-induced hepatic TGF-β and TIMP-1 mRNA
expression in WT mice but not in Fndc5-/- mice (Figure
5C). The α-SMA and high-mobility group box-1
(HMGB-1), another important driver of liver fibrosis
[55], were significantly increased by HFD in WT and
Fndc5-/- mice liver tissues (Figure 5D). NR
administration attenuated the upregulation of α-SMA
and HMGB-1 in WT mice liver and to a much lesser
extent in Fndc5-/- mice liver (Figure 5D). In addition,
the inhibitory actions of NR on HFD-induced
increases in plasma levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were
significantly blunted in Fndc5-/- mice e (Figure 5E-F).
However, NR reduced alkaline phosphatase (ALP) in
WT mice and Fndc5-/- mice liver to a similar extent
(Figure 5G).

Fndc5 deletion retards the beneficial effects of
NR on genes involved in mitochondrial
biogenesis and mitophagy in NAFLD mice
Since mitochondrial dysfunction precedes
insulin resistance and steatosis [56], we measured the
expression of genes involved in mitochondrial
biogenesis and mitophagy in WT and Fndc5-/- mice.
Three mitochondrial biogenesis genes (transcription
factor A, mitochondrial [TFAM], nuclear factor erythroidderived 2-related factor 1 [NRF-1] and peroxisome
proliferator-activated receptor gamma coactivator 1-α
[PGC-1α]) were downregulated by HFD and reversed
by NR treatment (Figure 6A-C). Interestingly, Fndc5
knockout only affected the action of NR on PGC-1α
(Figure 6C) but not TFAM and NRF-1 (Figure 6A-B).
The mitofusin-2 (Mfn2), a mitochondrial membrane
protein that was critical for sustaining mitochondrial
DNA stability [57], was also reduced in HFD-fed mice
liver but substantially reversed by NR treatment in
WT mice (Figure 6D). However, the increase of Mfn2
mRNA expression by NR was compromised in
Fndc5-/- mice (Figure 6D). Besides, we determined the
mRNA expression of Mst1, NR4A1 and Bnip3, three
genes involved in mitophagy. HFD enhanced liver
Mst1 and NR4A1mRNA levels (Figure 6E-F), but
decreased liver Bnip3 mRNA level (Figure 6G). NR
corrected the Mst1 mRNA level in WT mice and to a
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lesser extent in Fndc5-/- mice (Figure 6E). Further, NR
failed to restore the HFD-modulated NR4A1 and
Bnip3 mRNA levels in Fndc5-/- mice (Figure 6F-G).
HFD also caused significant decreases in activities of
mitochondrial complex I, II and IV (Figure 6H-J). NR
treatment partly enhanced activities of mitochondrial
complex I, II and IV in WT mice and to a lesser extent
in Fndc5-/- mice (Figure 6H-J). We also detected the
deacetylation of mitochondrial PGC-1α, which
is tightly linked to the limited PGC-1α transcriptional
ability [58]. In line with previous studies [59], HFD
increased PGC-1α acetylation in the liver (Figure 6K).
NR pronouncedly reduced the acetylation of PGC-1α
in WT mice but not in Fndc5-/- mice e (Figure 6K).
Accordingly, NR treatment enhanced the hepatic
NAD+ levels in WT mice and, to a lesser extent in
Fndc5-/- mice (Figure 6L). These data suggests that
deletion of Fndc5 revokes the beneficial effects of NR
on mitochondrial biogenesis and integrity.

Treatment of recombinant Fndc5/irisin
reverses hepatic steatosis and steatohepatitis
in mice
To answer whether direct Fndc5/irisin
administration can reverse NAFLD, we treated the
MCD-induced NAFLD mice with infusion of
recombinant irisin via Alzet osmotic minipump. As
shown in Figure 7A-B, one-week treatment of irisin
successfully attenuated serum ALT and AST
activities. This liver protection was confirmed by the
results from liver ALT and AST activities (Figure
7C-D). Oil Red O staining showed that the lipid
accumulation in liver was largely inhibited by irisin
infusion (Figure 7E). H & E staining also
demonstrated that the NAFLD activity score was
inhibited by irisin treatment (Figure 7F). To assess the
macrophage activation, we performed F4/80
immunohistochemistry staining and found irisin
treatment significantly reduced F4/80+ macrophages
infiltration (Figure 7G). At last, irisin treatment
significantly reversed liver fibrosis in Masson's
trichrome staining (Figure 7H). These data indicate
that recombinant irisin is able to reverse hepatic
steatosis and steatohepatitis.

NR inhibits Fndc5 ubiquitination and stabilizes
Fndc5 under lipid stress
We next explored how NR stimulated Fndc5
protein expression. Intriguingly, NR treatment for
4~16 weeks did not change liver Fndc5 mRNA level in
mice (Figure 8A). Moreover, NR administration
(50-1000 µM) in cultured AML12 hepatocyte cell line
for 48 hours did not alter Fndc5 mRNA level (Figure
8B). This discrepancy suggests a likelihood of
posttranslational regulation of Fndc5. Hence, we next
http://www.thno.org
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examined whether NR affects Fndc5 protein stability
by evaluating the degradation curve of Fndc5 via
blocking protein synthesis with cycloheximide (Chx).
As shown in Figure 8C, the half-life of Fndc5 protein
in hepatocytes was about 6 hours and became
undetectable after 16 hours. In NR-treated cells, the
Fndc5 protein half-life was much longer than control
cells (> 16 hours). Furthermore, treatment with
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proteasome inhibitor lactacystin
or
MG132
dramatically increased Fndc5 levels in AML2 cells
(Figure 8D). In contrast, bafilomycin A1 (Baf-A1) or
chloroquine, two autophagy-lysosome inhibitors,
failed to increase Fndc5 protein level (Figure 8D).
These results suggest that NR increases Fndc5 protein
stability by inhibiting its degradation via ubiquitinproteasome rather than autophagy-lysosome system.

Figure 3. Loss of Fndc5 diminishes the improvement of NR against HFD-induced insulin resistance. (A-B) The ITT assay curve (A) and calculation of area under
curve (AUC, B) on WT and Fndc5-/- mice. (C-D) The GTT assay curve (C) and calculation of AUC (D) on WT and Fndc5-/- mice. (E-F) The phosphorylation of IRS-1 at tyrosine
site 612 of IRS-1 (E) and serine sites at 307 and 636 sites of IRS-1 (F) in liver tissue of mice were detected by immunoblotting. (G) The phosphorylation of Akt at tyrosine site
308 in liver tissue of mice. **P<0.01 vs chow, ##P<0.01, #P<0.05 vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6. NS, no significance.
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Figure 4. Loss of Fndc5 counteracts the therapeutic efficacy of NR on HFD-induced hepatic inflammation and cell death. (A) F4/80 immunohistochemistry
staining in liver tissue of WT and Fndc5-/- mice. (B) CD11b immunohistochemistry staining in liver tissue of WT and Fndc5-/- mice. (C) Tissue TNF-α, IL-6 and IL-1β protein levels
in liver tissue of WT and Fndc5-/- mice fed with HFD and NR. (D) The precursor and cleaved caspase-8 in liver tissue of WT and Fndc5-/- mice. (E) TUNEL staining in liver tissue
of WT and Fndc5-/- mice. **P<0.01 vs chow, #P<0.05, ##P<0.01 vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6. NS, no significance.

Hence, we studied whether Fndc5 is
ubiquitinated and its ubiquitination can be modulated
by lipid stress and NR. Treatment with proteasome
inhibitors bortezomib and MG132, but not
autophagy-lysosome inhibitor Baf-A1, significantly
enhanced Fndc5 ubiquitination in hepatocytes (Figure
8E). Notably, in an in vitro NAFLD model induced by
palmitic acid (PA) in AML12 hepatocyte cell line, the

ubiquitination of Fndc5 was substantially increased
under MG132 (the 2nd lane from right, Figure 8F). NR
supplement partially inhibited the increment of Fndc5
ubiquitination by PA (the 1st lane from right, Figure
8F). In line with these results, the Fndc5 protein
expression in cell lysates was reduced by PA but
reversed by NR (the lowest gel, Figure 8F).
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Figure 5. Loss of Fndc5 counteracts the therapeutic efficacy of NR on HFD-induced liver fibrosis and injury. (A) α-SMA staining in liver tissue of WT and Fndc5-/mice. (B) Masson's staining in liver tissue of WT and Fndc5-/- mice. (C) qPCR analysis showing the TGF-β and TIMP-1 mRNA in liver tissue of WT and Fndc5-/- mice.
(D) Immunoblotting analysis showing the HMGB-1 protein expression in liver tissue of WT and Fndc5-/- mice. (E-G) Plasma activities of AST (E), ALT (F) and ALP (G) in WT
and Fndc5-/- mice. **P<0.01 vs chow, #P<0.05, ##P<0.01 vs HFD, &P<0.05 Fndc5-/- vs WT, n = 6. NS, no significance.

NAD+-dependent SIRT2 promotes Fndc5
deacetylation and deubiquitination
NAD+-boosting molecule elevates intracellular
NAD+ pool, which is the essential for deacetylases
activities [60]. To investigate whether deacetylases
participate in the regulation of Fndc5 ubiquitination,
we treated hepatocytes with PA and NR in the
absence and presence of deacetylation inhibition
cocktail (DIC). NR attenuated PA-induced Fndc5
ubiquitination without DIC; however, this action was
totally abolished in the presence of DIC (Figure 9A).
Thus, we turned to screen which NAD+-dependent

deacetylase is involved in the regulation of NR on
Fndc5 using siRNA-mediated knockdown of
SIRT1-SIRT7 (Figure S3A). Only knockdown of SIRT2
(Figure S3B) remarkably inhibited the rescue effect of
NR on PA-induced Fndc5 downregulation (Figure
9B). We noted that knockdown of SIRT6 also partly
inhibited the action of NR; however, the degree of
SIRT2 knockdown-resulted in inhibition on Fndc5
was much greater than that of SIRT6 knockdown
(Figure 9B). These suggest that SIRT2 may be a key
link between NR and Fndc5. To explore whether
SIRT2 directly interacts with Fndc5, we transfected
Flag-tagged Fndc5 and Myc-tagged SIRT2 into HepG2
http://www.thno.org
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cells and performed co-immunoprecipitation assay.
SIRT2 indeed interacted with Fndc5 in HepG2 cells
(Figure 9C). The interaction between endogenous
SIRT2 and Fndc5 was also confirmed in HepG2 cells
(Figure 9D). The physiological correlation between
SIRT2 and Fndc5 upon lipid stress was further
evaluated. NR treatment successfully reduced
PA-induced
Fndc5
acetylation
(Figure
9E).
Overexpression of SIRT2 also produced a similar
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effect against PA-induced Fndc5 acetylation (Figure
9E). Furthermore, NR displayed a potent inhibition on
PA-induced Fndc5 ubiquitination in control HepG2
cells but not in SIRT2-depleted HepG2 cells (Figure
9F), which suggests SIRT2 is essential for the effect of
NR on Fndc5 deubiquitination. Together, these results
showed that the NAD+ drives the deacetylase SIRT2
to promote Fndc5 deacetylation and deubiquitination.

Figure 6. Loss of Fndc5 revokes the beneficial effects of NR on genes involved in mitochondrial biogenesis and mitophagy in NAFLD mice. (A-G) The
mRNA expression of TFMA (A), NRF-1 (B), PGC-1α (C), Mfn2 (D), Mst1 (E), NR4A1 (F) and Bnip4 (G) in liver tissue of WT and FNDC5−/− mice was determined using
quantitative PCR analysis. (H-J) Mitochondria were isolated and the activities of Complex I, II and IV in mitochondrial extracts were determined. (K) The acetylation of PGC-1α
in liver tissue of WT and FNDC5-/- mice was measured. The liver samples were immunoprecipitated with a monoclonal against PGC-1α and then probed by an antibody against
acetylated-lysine with immunoblotting. (L) The NAD+ levels in liver tissue of WT and FNDC5-/- mice. *P<0.05 vs chow; #P<0.05, ##P<0.01 vs HFD; &P<0.01 Fndc-/- vs WT, n = 6.
NS, no significance.
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Figure 7. Chronic infusion of recombinant irisin alleviates NAFLD in mice. (A-B) Serum activities of ALT (A) and AST (B) in mice infused with recombinant irisin or
saline water (vehicle) via Alzet osmotic minipump (5 nmol/kg body weight per day). (C-D) Liver tissue activities of ALT (C) and AST (D) in mice infused with recombinant irisin
or saline water (vehicle) via Alzet osmotic minipump. (E) Representative images and quantitative analysis of lipid accumulation in liver tissue by Oil Red O staining. (F)
Representative images and quantitative analysis of NAFLD severity in liver tissue by H & E staining. (G) Representative images and quantitative analysis of macrophage infiltration
in liver tissue by F4/80 immunohistochemistry staining. (H) Representative images and quantitative analysis of fibrosis in liver tissue by Masson's trichrome staining. **P<0.01 vs
NAFLD + Saline, n = 6-8 per group.

K127/131 and K185/187/189 sites, but not K177
site of Fndc5, may contribute to the SIRT2dependent deacetylation and deubiquitination
on Fndc5
To explore which sites in Fndc5 may be critical
for its deacetylation and deubiquitination by SIRT2,
we compared the protein sequences of Fndc5 among a
number of species, including mouse, rat, cattle, dog,
cat, oreochromis niloticus, zebrafish and human. We
found that K127/131, K177 and K185/187/189 lysine

sites were conservative among these species (Figure
10A). Thus, we constructed three mutated Fndc5 with
K127/131R (mutant 1, MT1-Fndc5), K177R (mutant 2,
MT2-Fndc5) and K185/187/189R (mutant 3,
MT3-Fndc5) with Flag-tags (Figure 10B). They were
transfected into HepG2 cell line as well as the
Flag-tagged wild-type Fndc5 (WT). The cells were
stimulated by PA (an in vitro NAFLD model) and
treated with NR. We found that in the cells transfected
with MT1-Fndc5 and MT3-Fndc5, the ubiquitination
(Figure 10C) and acetylation (Figure 10D) of Fndc5
http://www.thno.org
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were significantly higher than WT-Fndc5 or
MT2-Fndc5 in the presence of PA and NR (Figure
10C-D), suggesting mutation of K127/131 and
K185/187/189 sites might hamper the regulation of
Fndc5 ubiquitination and acetylation by NR.
Immunoblotting analysis showed that transfection of
WT-Fndc5 or MT2-Fndc5 into HepG2 cells produced
obvious overexpression of Fndc5 protein, whereas
transfection of MT1-Fndc5 or MT3-Fndc5 did not
induce such phenotype (Figure 10E), implying that
mutation of K127/131 and K185/187/189 sites may
affect Fndc5 protein structure. All together these
results suggest that the K127/131 and K185/187/189,
but not K177, may be the critical sites for SIRT2dependent deacetylation and deubiquitination on
Fndc5.

Blockade of SIRT2 compromises the
therapeutic action of NR against NAFLD
To

ascertain

that

SIRT2

is

required

for

deacetylation and deubiquitination on Fndc5 by NR,
we used a SIRT2 selective inhibitor AGK2 in NAFLD
model mice. NR treatment elevated SIRT2 activity in
both Chow-fed and NAFLD model mice (Figure 11A).
However, this elevation was abolished in the mice
received co-treatment of NR and AGK2 (Figure 11A).
Similar results were observed in liver NAD+ and
plasma NAD+ levels (Figure 11B-C). AGK2 treatment
also abrogated the inhibitory action of NR on serum
ALT activity (Figure 11D) but not AST activity
(Figure S4A). NR increased circulating irisin level in
Chow-fed or NAFLD mice, which was compromised
by AGK2 administration (Figure 11E). AGK2
supplement abolished the therapeutic action of NR on
hepatic steatosis (Figure 11F), NAFLD activity score
(Figure 11G) and F4/80+ macrophage infiltration
(Figure 11H). Similar observation was noted in liver
fibrosis, evidenced by Masson trichrome staining
(Figure 11I), Sirus Red staining (Figure S4B) and
α-SMA immunohistochemistry staining (Figure S4C).

Figure 8. NR inhibits ubiquitination of Fndc5 to stabilize Fndc5. (A-B) Fndc5 mRNA expression in mouse liver tissue (A) and AML12 hepatocytes (B) upon NR
administration. n = 5-7. NS, no significance. (C) Evaluation of Fndc5 protein degradation and stability under vehicle control (saline) or NR treatment (300 µM) using
cycloheximide (Chx, 3 µM) incubation in AML12 hepatocytes. *P<0.05, **P<0.01 vs control AML12 cells. n = 4. (D) Influence of lactacystin, MG132, bafilomycin A1 (Baf A1) and
chloroquine (CQ) on Fndc5 protein expression. Tubulin was used as a loading control. (E) Effects of proteasome inhibitors (bortezomib and MG132) and autophagy inhibitor
Baf-A1 on Fndc5 ubiquitination in cultured AML12 hepatocytes. The cell extracts were immunoprecipitated with anti-flag antibody and then probed by anti-ubiquitin and
anti-Fndc5 antibodies. (F) Ubiquitination of Fndc5 under palmitic acid (PA) or NR. MG132 was added to block ubiquitin-proteasome degradation system. The cell extracts were
immunoprecipitated with an anti-flag antibody and then probed by anti-ubiquitin and anti-Fndc5 antibodies. **P<0.01 vs without PA. ##P<0.01 vs PA. n = 4. IP,
immunoprecipitation. WB, western blotting.
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NR treatment did not alter Fndc5 mRNA level in mice
(Figure S4A), but elevated Fndc5 protein level (Figure
11J). Notably, AGK2 inhibited the upregulation of
Fndc5 protein by NR (Figure 11K). AGK2
significantly impaired the NR-induced deacetylation
(Figure 11L) and deubiquitination (Figure 11M) of
Fndc5 in liver tissues from these mice. These results
indicate that blockade of SIRT2 impairs the
therapeutic action of NR against NAFLD and
regulation
of
Fndc5
deacetylation
and
deubiquitination by NR.

Discussion
The NAD+-boosting therapy via ‘NAD+-boosting
molecules’ such as NR and NMN has attracted
considerable attention since it has shown great
potential in various disorders including NAFLD. All
NAD+ precursors (NR, NMN, niacin, nicotinamide
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and nicotinic acid mononucleotide) can effectively
elevate NAD+ level; however, NR seems to be
superior to NA and nicotinamide in elevating
NAD+ content [22], and has been tested in human
preclinical trials [23]. Thus, we used NR as the
NAD+-boosting agent in the present study. As an oral
agent, NR unavoidably causes plenty of biological
functions outside liver [10,20]. Previous studies
reported that blood irisin levels were reduced in
NAFLD [61] but triggered by exercise and cold
[35,36,39]. Moreover, serum irisin concentrations were
reported to be inversely associated with the
triglyceride contents in the liver in obese adults [61].
By screening the circulating metabolism-related
factors found that the exerkine irisin, the cleaved
product of Fndc5, was enhanced by NR
administration. These imply a link between irisin and
NAD+-boosting therapy.

Figure 9. SIRT2 interacts with Fndc5 to promote its deacetylation and deubiquitination. (A) Inhibition of deacetylases by DIC abolishes the action of NR on Fndc5
deubiquitination in HepG2 cells. DIC, deacetylation inhibition cocktail (100×). The extracts of cells treated as indicated were immunoprecipitated with anti-flag antibody and then
probed by anti-ubiquitin and anti-Fndc5 antibodies. **P<0.01 PA vs veh, #P<0.05 NR vs PA; n = 3. NS, no significance. (B) Effects of siRNA-mediated SIRT1-7 knockdown on
Fndc5 protein expression in HepG2 cells under PA and NR treatment. **P<0.01 NR vs PA; #P<0.05, ##P<0.01 vs PA + NR; n = 3. NS, no significance. (C) Flag-Fndc5 and
myc-SIRT2 were co-transfected into HepG2 cells to detect the interaction between them using co-immunoprecipitation assay. (D) The interaction between endogenous Fndc5
and SIRT2 was detected using immunoprecipitation and Western blotting assay. Normal IgG was used as a normal control. (E) The influences of NR treatment or SIRT2
overexpression on Fndc5 acetylation were detected. The Flag-Fndc5-transfected cells treated as indicated were lysed and immunoprecipitated with an anti-flag antibody, and then
probed by an anti-Ac-lys antibody. (F) The ubiquitination of Fndc5 in control and SIRT2-knockdown cells.
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Figure 10. Identification of key lysine sites for SIRT2-mediated Fndc5 deubiquitination and deacetylation. (A) Comparison of Fndc5 protein sequences among
mouse, rat, cattle, dog, cat, oreochromis niloticus, zebrafish and human species. The identical sites were highlighted by red and the conservative lysine sites were indicated by
asterisks. (B) Plasmids carrying wild-type (WT) and mutant Fndc5 (MT) were generated. The K127 and K131 sites in MT1-Fndc5, K177 site in MT2-Fndc5 and K185, K187 and
K189 sites in MT3-Fndc5 were mutated into arginine (R). (C) WT, MT1-Fndc5, MT2-Fndc5 and MT3-Fndc5 were transfected into HepG2 cell line respectively and then treated
with PA and NR. To monitor the ubiquitination of these Fndc5 proteins, the cells were lysed and the extracts were immunoprecipitated by anti-Flag antibody followed by
immunoblotting with anti-Ubiquitin. **P<0.01 vs WT-Fndc5. N = 3. (D) Cells were transfected and treated as in (C) and the cell extracts were immunoprecipitated by anti-Flag
antibody followed by immunoblotting with anti-Acetylated-lysine (anti-Ac) to monitor the acetylation of Fndc5 proteins. **P<0.01 vs WT Fndc5. N = 3. (E) The Fndc5 protein
expression in HepG2 cells transfected with plasmids carrying WT and mutant Fndc5 was determined. **P<0.01 vs Mock. ##P<0.01 vs WT-Fndc5. N = 3.

Intrigued by these ﬁndings, we further asked
whether the stimulated Fndc5/irisin is critical for the
anti-NAFLD activity of NR. Due to its wide
distribution and presence in both extracellular and
intracellular spaces, Fndc5/irisin may function via

multiple mechanisms. As an extracellular cytokine,
irisin regulates hepatic ischemia-reperfusion injury
[62], cholesterol synthesis [43] and gluconeogenesis
[63]. Two independent groups showed that the rs3480
polymorphism in Fndc5 3' untranslated region was
http://www.thno.org

Theranostics 2021, Vol. 11, Issue 9
associated with hepatic steatosis and fibrogenesis in
human NAFLD patients [64,65]. Blood irisin
concentration was reduced in patients with
NAFLD/NASH [66] and obese adults [61]. Our work
showed that loss of Fndc5 globally substantially
impaired the protection of NR against NAFLD. These
results point out that the exercise-linked hormone
Fndc5/irisin is a pivotal mediator of NAD+-boosting
therapy against NAFLD. This previously-unknown
mechanism is likely to explain the enhanced NAD+
pool during exercise and the therapeutic activity of
exercise on NAFLD. NR supplement and exercise
exhibited comparable simulative effects on plasma
irisin in a small sample size of volunteers, suggesting
Fndc5/irisin may be a link between NAD+ and
physical exercise. More importantly, direct treatment
of irisin by minipump successfully alleviated NAFLD
in mice. Thus, the speculation that NAD+-boosting
molecules can mimics physical exercise, at least
partly, should be investigated by more experimental
works and replicated with larger samples in human. It
is noteworthy that some previous studies have
reported HFD feeding even up to 9 months was hard
to induce fibrosis [67,68]. We used C57BL76J mice in
the present study, which have a mutation in the
NADPH-producing enzyme nicotinamide nucleotide
transhydrogenase (NNT), which might cause
mitochondrial dysfunction and increase susceptibility
to metabolism disorders [69,70]. Furthermore, NNT
mutation may render these mice more sensitive to the
protection induced by NR supplement since NR
directly promotes NAD+ production. As both NNT
and NAMPT lie in the NAD+ generation signaling, the
complex crosstalk between these two enzymes may be
an interesting issue for future investigations.
Post translational modification (PTM) is a major
means to modulate protein activity. We for the first
time revealed that upon lipid stress, acetylation and
ubiquitination of Fndc5 were significantly enhanced,
which promoted Fndc5 degradation and thus reduced
Fndc5 protein level. The reduced Fndc5 protein
would naturally lend to a decrease of irisin release
into circulating blood and intercellular space. These
events were counteracted by NR via promoting Fndc5
deacetylation and deubiquitination. Finally, we
confirmed the interaction between Fndc5 and SIRT2,
and found depletion of SIRT2 blocked the action of
NR on Fndc5 ubiquitination. This indicates SIRT2 is
required for the regulation of Fndc5 protein stability.
Our work is the first demonstration of Fndc5
deacetylation/ubiquitination and stability, which is
supported by several lines of evidence. First, the
production of irisin from full-length Fndc5 via
proteolytically cleavage is a kind of PTM [35].
Physiological doses of leptin had no effect on Fndc5
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mRNA level in C2C12 myotubes but increased
circulating irisin concentrations in rats by affecting its
proteolytically cleavage [71]. In another study,
Fndc5/irisin was detected in ~40, 58, and 75 kDa in
immunoblotting, which were confirmed to contain
Fndc5 peptide by mass spectrometry [37]. Second, the
fibronectin type III domain, which is the major
structure of Fndc5 protein, is a small autonomous
folding unit functioning as a scaffold for novel
binding proteins [72]. This suggests that Fndc5 may
interact with other proteins during various biological
functions. Moreover, it should be noted that two
recent independent groups have reported that the
stability of Fndc5 mRNA was regulated by its rs3480
polymorphism in 3' untranslated region [64,65],
suggesting that transcriptional regulation of Fndc5
such
as
microRNAor
long
non-coding
RNA-mediated RNA processing, may be also
involved in the Fndc5 regulation. As we demonstrate
a new type of epigenetic regulatory mechanism of
Fndc5 in this study, the homeostasis of the exerkine
Fndc5 in cell is still an open question.
Our results suggest that SIRT2 may be the
deacetylase of Fdnc5. Mammalian sirtuins, the major
mediator of NAD+ biological functions, have seven
homologs (SIRT1-7). They function as class III histone
deacetylases (HDACs) by hydrolyzing one NAD+ and
releasing nicotinamide with different deacetylase
activities and distinct subcellular localizations. Unlike
other sirtuins, SIRT2 is the only sirtuin that resides
predominantly in the cytoplasm [73]. It was
previously reported that NR reverted NAFLD by
inducing SIRT1 and SIRT3-dependent intracellular
mitochondrial unfolded protein response in
hepatocytes [29]. Nevertheless, it seemed that SIRT1
and SIRT3 may not the only involved sirtuins because
we previously found overexpression of SIRT1 in liver
seemed to fail to fully mimic the protection of NR
[31]. By contrast, our results unraveled that SIRT2 is
an essential factor for NAD+-mediated biological
functions in NAFLD by controlling Fndc5
deacetylation/ubiquitination and protein stability.
Furthermore, we identified K127/131 and K185/187/
189 sites of Fndc5 are critical for its deacetylation by
SIRT2 and thereby the deubiquitination. During this
interaction, SIRT2 may play key roles via their
deacetylate activities. In line with our findings,
Lantier et al. reported that SIRT2-KO mice exhibited
reduced insulin-induced glucose uptake, impaired
insulin resistance, increased body weight and
dysfunctional mitochondrion biosynthesis upon
high-fat diet [74]. SIRT2 inhibitor AGK2 can blocked
the anti‐NAFLD effect of silybin, a traditional Chinese
medicines used as a hepatoprotective agent [75]. This
new regulatory pattern on exercise-linked hormone
http://www.thno.org
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therapy and physical exercise.

Figure 11. Blockade of SIRT2 by AGK2 compromises the therapeutic action of NR against NAFLD. (A-E) Liver SIRT2 activity (A), liver NAD+ level (B), plasma
NAD+ level (C), Serum ALT activity (D) and serum irisin level were determined in five groups of mice. NAFLD model was induced by MCD diet for 4 weeks. NR (400 mg/kg/day)
and AGK2 (1 mg/kg/day) were injected intraperitoneally. *P < 0.05, **P < 0.01 vs Chow. #P < 0.05, ##P < 0.01 vs NAFLD. &P < 0.05, &&P < 0.01 vs NAFLD + NR. N = 6 per group.
(F-I) Representative images and quantitative analysis of lipid accumulation, NAFLD activity score, macrophage infiltration and liver fibrosis according to Oil Red O staining, H &
E staining, F4/80 immunohistochemistry staining and Masson trichrome staining respectively. *P < 0.05, **P < 0.01 vs NAFLD. #P < 0.05, ##P < 0.01 vs NAFLD + NR. N = 6 per
group. (J-K) Fndc5 protein expression in mice under normal (J) or NAFLD (K) status. (L-M) The liver tissues were lysed and then immunoprecipitated by anti-Fndc5 antibody
followed by immunoblotting with anti-Acetylated-lysine (anti-Ac, L) or anti-Ubiquitin (M) to monitor the acetylation or ubiquitination of endogenous Fndc5 in mice treated with
NR or NR plus AGK2. AGK2 treatment significantly abolished the decreased acetylation and ubiquitination of Fndc5 by NR.
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Figure 12. A proposed framework for the involvement of Fndc5/irisin in the protection of NR against NAFLD.

Conclusions
In conclusion, the present study indicates that
NR protects against HFD-induced NAFLD by
stimulating NAD+-dependent SIRT2 to promote
Fndc5 deacetylation and deubiquitination, and then
stabilizes Fndc5 (Figure 12). To our knowledge, this is
the first study comprehensively describing the key
roles of exerkine Fndc5/irisin in mediating
therapeutic functions of NAD+-boosting therapy in
metabolism disorders, further supporting the
translational potential of NAD+-boosting molecules or
irisin as exercise mimetics in clinical.
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