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ARTICLE INFO ABSTRACT

Keywords: Aims: Increasing nicotinamide adenine dinucleotide (NAD*) by Nicotinamide riboside (NR) provides protective
Nicotinamide riboside benefits in multiple disorders. However, the role of NR on liver fibrosis is unclear. We performed in vivo and in
Sirt1 vitro experiments to test the hepatic protective effects of NR against liver fibrosis and the underlying me-
P300 chanisms.

HSCs

Materials and methods: Mice were injected with CCly to establish liver fibrosis model. NR was given by gavage to
explore the hepatic protection of NR. LX-2 cells were given a TGF-f stimulation = NR, the activation of LX-2
cells and the acetylation of Smads were analyzed. To further confirm the role of Sirtl on the protective pathway
of NR, we knockdown Sirt1 in LX-2 cells.
Key findings: We found NR could prevent liver fibrosis and reverse the existing liver fibrosis. NR inhibited the
activation of LX-2 cells induced by TGF-B, activated Sirtl and deacetylated Smad2/3. Sirtl knockdown di-
minished the inhibiting effect of NR on LX-2 cells activation, and increased expressions of acetylated Smads. In
conclusion, NR could prevent liver fibrosis via suppressing activation of hepatic stellate cells (HSCs). This
protective effect was mediated by regulating the acetylation of Smads signaling pathway.
Significance: NR protected mice against liver fibrosis induced by CCly.

NR suppressed activation of hepatic stellate cells induced by TGF-f.

NR protects liver fibrosis via increasing the activity of Sirtl and decreasing the expression of P300, resulting
in the deacetylation of Smads in stellate cells.

TGF-B
Deacetylation

1. Introduction persistent stimulus of hazardous factors, such as toxic chemicals, al-

cohol drinking, and viral infection [2], HSCs were activated and led to

Liver fibrosis is one of the diseases with high mortality and mor-
bidity around the world, which may process to a series of irreversible
diseases, including liver cirrhosis and hepatic failure [1]. Liver fibrosis
is characterized by superfluous deposition of extracellular matrix
(ECM). Hepatic stellate cells (HSCs), the specific myofibroblasts and
endothelial cells in liver, are the main source of ECM. Normally, the
generation and degradation of ECM were kept in balance. During the

ECM deposition, resulting in liver fibrosis [3-5].

TGF-p is the major one of the pro-fibrogenic and inflammatory
factors secreted by damaged liver tissues, which plays pivotal roles in
the process of HSCs activation [6-8]. Upon binding to transforming
growth factor receptor, Smad2/3 are phosphorylated. P-Smad2/3
(Phosphorylated Smad2/3) further bind to the common mediator Smad
(co-Smad)-Smad4, forming the complexes, which relocate to the
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nucleus [9,10]. It has been suggested that transcription of target gene,
such as collagenl, needs the binding of (activated) specific transcrip-
tion factors to DNA promoter elements, which often require bridging
coactivators, such as CBP/P300, the interaction partners of cAMP re-
sponse element binding protein (CREB) [11,12]. As an acetylase, P300
regulates transcriptional activity by acetylation of Smad2/3 [13-15]. In
previous studies, P300 had been identified as a significant regulatory
factor in TGF-B/Smads signaling pathway, which represents a major
signaling route in fibrogenic activity in multiple organizations [16,17].
Another study also demonstrated that AMPK plays a role in protecting
against TGF-B-induced fibrogenic activity in HSCs by regulating P300
[18]. Thus, factors regulating the expression or acetylation effect of
P300 may play an influential role in TGF-/Smads signaling pathway,
which further affects the formation of liver fibrosis.

Nicotinamide riboside (NR), a natural form of vitamin B3 existing in
milk, is a defined biosynthetic precursor of nicotinamide adenine di-
nucleotide (NAD™") via Nrk-dependent pathway. Studies have demon-
strated that NR has beneficial effects on metabolic disorders including
hepatic inflammation and steatosis, induced by diet, aging, or other
hazardous factors [19-22], which were associated with the increase of
cellular NAD* and increase of mitochondrial function. NAD™" is a
substrate for NAD " -consuming enzymes in cells. The histone deacety-
lase sirtuinl (Sirt1), one of NAD " -consuming enzymes, participates in
multiple metabolic diseases through deacetylating target proteins [23].
Accumulating evidence have documented that Sirtl exerts tissue pro-
tective effects in liver injury mediated by activating several signaling
pathways [24-26]. It was also reported recently that Sirtl could reg-
ulate TGF-/Smads pathway, and regulate the expression of P300 in
lung fibrosis [27]. Although our knowledge on the benefit effects of NR
on liver diseases has expanded over the past few years, the role of NR in
protecting against liver fibrosis is currently unclear.

In this study, we will unveil whether NR can prevent liver fibrosis
and reverse the developed liver fibrosis induced by CCl,, and whether
Sirt1-P300-acetylation of Smads signaling pathway is involved in the
protective effect of NR on liver.

2. Materials and methods
2.1. Animal experiments

This study was carried out in agreement with the recommendations
of the Guide for the Care and Use of Laboratory Animals. All animal
experiments were approved by the Animal Care and Protection
Committee of Sun Yat-sen University (Approval No. IACUC-2014-
0305). Male C57BL/6 mice were purchased from Guangdong Medical
Laboratory Animal Center (Guangzhou, Guangdong, China), and were
housed under a 25°C with a 12hday/night cycle and had ad libitum
access to water and food throughout the experiment. Random alloca-
tion was taken to divide mice into four groups: control group (n = 8),
CCly-treated group (n = 8), 8-week NR prevention group (NR-prev)
(n = 8), and 4-week NR therapy group (NR-ther) (n = 8). Mice were
given an intraperitoneal (IP) injection with either 0.5pL/g b.w. CCl,
(CCly group, NR group and NR treatment group) or homologous volume
of vehicle (Ctrl) twice per week for 8 weeks as described previously
[28]. NR-prev group mice were given a gavage of NR of 400 mg/kg
b.w./day, NR was from ChromaDex (Irvine, CA, USA) with a purity of
99.9%, Ctrl group and CCl, group mice were given a homologous vo-
lume (10pL/g b.w.) of saline gavage throughout the experiment,
meanwhile, NR-ther group mice were given saline for week 1-4, and
received 400 mg/kg b.w./day NR treatment for week 5-8. At the end of
the 4th week, three of NR-ther mice were sacrificed to test the forma-
tion of liver fibrosis. After 8 weeks, all mice were sacrificed, blood and
tissue samples were collected. The sections of livers were fixed in 10%
formalin, embedded in paraffin, sectioned and stained for standard
hematoxylin and eosin (H&E) and sirius red. Both H&E staining and
Sirius red staining were observed by an inverted optical microscope
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(Leica Microsystems, Buffalo Grove, IL).
2.2. Cell culture and treatment

LX-2 cells, an immortalized human hepatic stellate cell line, were
kindly donated from Dr. Scott Friedman's lab in Mount Sinai School of
Medicine. LX-2 cells were cultured in Dulbecco's modified Eagle's
medium (GE Healthcare Life Sciences, Logan, UT, USA) with 2% fetal
bovine serum and 1% penicillin and streptomycin at 37 °C with a 5%
CO,, atmosphere. Cells were divided into 4 groups: control group (Ctrl,
cells were incubated with basal culture medium), TGF-B treatment
group (TGF-f, cells were incubated with 4 ng/mL TGF-f in basal cul-
ture medium), 0.5 mmol/L NR supplementary group (0.5NR, cells were
incubated with 4 ng/mL TGF-B and 0.5mmol/L NR in basal culture
medium), 1.0 mmol/L NR supplementary group (1.0NR, cells were in-
cubated with 4ng/mL TGF-f and 1.0 mmol/L NR in basal culture
medium).

2.3. siRNA transfection

LX-2 cells were transfected with Sirtl-siRNA (Santa Cruz, Dallas,
TX, USA) or Scramble siRNA (Santa Cruz, Dallas, TX, USA) for 24 h, and
then were incubated with 4 ng/mL TGF-f in basal culture medium or
4 ng/mL TGF-f with 1.0 mmol/L NR in basal culture medium for 96 h.

2.4. Treatment of LX-2 cells with NAMPT inhibitor

LX-2 cells were treated by vehicle or 1.0 nmol/L FK866 (APO866,
Daporinad, Selleck) or 10 nmol/L FK866, with or without TGF-f} (4 ng/
mL) or NR (1.0 mmol/L) for 96 h.

2.5. Measurements of alanine transaminase (ALT)

ALT was measured in mice serum by ALT assay kit (Jiancheng
Biotech, Nanjing, Jiangsu, China) following the manufacture's instruc-
tion.

2.6. Quantification of NAD" family and ATP, ADP, AMP levels in liver

Liver sections were quick frozen with liquid nitrogen, and were
grinded immediately. The grinding sample were added with cold 80%
(v/v) methanol in H,O and homogenized. After centrifugation, super-
natant were collected, filtrated using C18-SPE column (Agela
Technologies, Wilmington, DE, USA), and vacuum dried. After re-
suspension with 80% (v/v) methanol in H,O, the levels of NAD™,
NADP™, NAM, NMN, ATP, ADP and AMP in liver samples were mea-
sured with a HyperCard column (Thermo Fisher Scientific, Waltham,
MA, USA) with UPLC-QTOF System (Infinity/6538, Agilent Technolo-
gies, Santa Clara, CA, USA). Specific mobile phases in this study are as
follows: (A) 7.5 mmol/L ammonium acetate with 0.05% (v/v) ammo-
nium hydroxide; (B) 0.05% (v/v) ammonium hydroxide in acetonitrile
as described previously [29].

2.7. Protein extraction and immunoblotting

Proteins of liver tissue and cells were extracted using RIPA lysis
buffer (Beyotime, Shanghai, China) with 1% PMSF. The lysates were
centrifuged at 12,000 rpm for 15 min at 4 °C. Supernatant were aspi-
rated and protein concentration was measured by BCA protein assay kit
(Beyotime Biotechnology, Shanghai, China), and then 30-50 mg pro-
teins were used for immunoblotting. Proteins were separated using
8%-12% SDS-PAGE and then transferred to appropriate polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked with 5%
skim milk for an hour and then incubated with primary antibodies for
overnight, antibodies are shown in the Table S1. After be incubated
with HRP-conjugated secondary antibodies, the membranes were used
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for film exposure with ECL Reagent Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

2.8. Immunoprecipitation and co-immunoprecipitation

Total cell lysates were prepared as described previously. After in-
cubated with IgG antibody and suspended (25% v/v) agarose conjugate
(Santa Cruz, Dallas, TX, USA) for 30 min at 4 °C, cell lysates (approxi-
mately 1000 ug of total cellular protein) were centrifuged at 3000 rpm
for 30s at 4 °C. Supernatant were transferred to incubate superfluous
primary antibodies for 2h and incubated with agarose conjugate for
overnight. Pellets were collected after centrifuging at 300 rpm for 30s at
4°C, washed with PBS, and then resuspended in 2 X electrophoresis
sample buffer (Santa Cruz, Dallas, TX, USA). Twenty microliters of
boiled sample were used for immunoblotting.

2.9. RNA extraction and quantitative Real-Time PCR

Total RNA was extracted from liver tissues or cells according to the
manufacturer's protocol of TRIzol Reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Reverse transcription was performed using cDNA
Synthesis kit (TaKaRa, Tokyo, Japan). Real-Time PCR samples were
prepared with SYBR Green Supermix kit (Takara, Tokyo, Japan), and
Real-Time PCR was performed on a Vii7 system (ABI, Carlsbad, CA,
USA). The 2724 threshold cycle method were used to analyze the
data. Primer sequences are shown in the Table S2.

2.10. Statistical analysis

Statistical analysis was performed using SPSS 20.0 Software (SPSS,
Chicago, IL, USA). The significance of differences between two groups
was determined by unpaired two-tailed Student t-test. We compared
multiple groups with a one-way analysis of variance (ANOVA) with a
Dunnett's test. Results are presented as individual data points or
mean =+ standard error of the mean (SEM). P < 0.05 was considered
as statistically significant. Graph bars were obtained using Graph Pad
Prism 5.0 software (Graph Pad Prism, San Diego, CA, USA).

3. Results

3.1. NR protects and reverses the development of fibrosis in CCL, injected
mice

In this study, serum ALT, an indicator of hepatocyte damage, was
significantly elevated by CCl,, whereas NR could reduce the serum ALT
level both in the 4-week therapeutic intervention and the 8-week NR
preventive treatment (Fig. 1B). CCl, is a strong inducer of hepatic fi-
brosis. Sirius red staining revealed that CCl, injected mice exhibited a
high level of collagen deposition as compared with control mice, and
collagen deposition was alleviated in mice livers with 8-week NR pre-
ventive treatment (Fig. 1C-D). As for NR therapeutic treated group,
three mice in the group were sacrificed at the end of stage 1 (CCly
injecting without NR treatment for 4 weeks). The paraffin sections of
livers were used for testing whether the fibrosis were developed. As is
shown, after treated with CCl, for 4 weeks, collagen deposition were
observed in the mice livers, which indicated that fibrotic changes oc-
curred in mice livers after 4-week CCl, stimulation (supplementary
material Fig. S1A). Nevertheless, after 4-week NR therapeutic treatment
(continued treatment with CCl,), collagen deposition was reduced in
mice livers of NR therapy group (Fig. 1C). CCl, also induced in-
flammatory cells infiltration into livers, while both 8-week and 4-week
NR treatment attenuated this inflammatory response in mice (Fig. 1C).
An important marker of HSCs activation, smooth muscle actin (a-SMA),
was increased by CCl, stimulation and decreased by NR preventive and
therapeutic treatment (Fig. 1E, F). These data were also confirmed by
the fibrosis gene expressions, such as acta2 (a-SMA), collal (collagenl)
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(Fig. 1G, J). Interestingly, these protective effects were accompanied
with the levels of TGF-f} in mice livers, which were upregulated by CCly,
and downregulated by NR both in preventive and therapeutic treat-
ment, in both mRNA and protein levels (Fig. 1H, I).

3.2. NAD™ content and energy homeostasis were corrected by NR treatment
in mice

As a confirmed biosynthetic precursor of NAD*, NR was reported to
have the ability to boost NAD* pool in vivo. Thus, we explored whether
NR could increase NAD ™ levels in livers of CCl, injected mice. Hepatic
NAD™ levels were significantly downregulated by CCl,, which were
replenished by NR under 4-week therapy or 8-week preventive inter-
vention (Fig. 2A). Although change in CCl, injected mice was not sta-
tistically significant compared to control, NADP™* levels were sig-
nificantly upregulated in both 4-week therapeutically and 8-week NR
preventively treated mice (Fig. 2B). In line with the changes of NAD*
and NADP ™" levels, Nam and NMN were slightly decreased (no statis-
tical significance) in CCl, injected mice compared with control, which
were upregulated in mice livers of 4-week therapeutic treatment with
NR, in spite of the insignificant elevation in 8-week NR preventive
treatment group (Fig. 2C-D). NAD" is a co-enzyme for redox reaction.
We further investigated whether NAD ™ content changes could influent
energetic status in mice livers. As a result, CCl, decreased hepatic ATP
contents significantly, and NR supplementation, to some extent, could
reverse the loss of ATP contents, but the differences showed no sig-
nificance between NR preventively/therapeutically treated mice and
CCl, injected mice (Fig. 2E). There were no significant changes of AMP
levels in our study, however, the ratio of hepatic ATP/AMP were sig-
nificantly decreased in CCl, treated mice, which were slightly increased
in both 4-week and 8-week NR treated mice compared with CCly
treated mice, but without reaching statistical significance (Fig. 2F-G).

3.3. NR supplementation increased Sirt1 protein expression and suppressed
P300 expression in vivo

Not only playing a role in redox reaction, NAD " also impacts me-
tabolism by activating NAD * -consuming enzymes. We further observed
protein expression of Sirtl, and found that Sirtl was decreased slightly
in CCly injected mice livers (whereas the difference was not statistically
significant), and was upregulated in 8-week NR treated mice livers
(Fig. 3A-B).

To explore the mechanism of NR on protecting against liver fibrosis
in mice, we next investigated TGF-3/Smads pathway, as increased TGF-
B expression had been detected in the livers of CCl, injected mice. We
first investigated mRNA expressions of TGF-$ receptors in mice. We
found that mRNA expression of tgfbr2 (TGF-[3 receptor 2) was increased
by CCl,, which was reduced by NR preventive treatment, and the de-
creased effect of NR was also found in 8-week therapeutic treated mice,
although the difference was not significant between CCl, group and NR-
ther group (Fig. 3C). Western blot revealed that CCl; didn't increase
protein expressions of P-Smad2 and P-Smad3, and NR couldn't at-
tenuate phosphorylation of Smad2 and Smad3 in mice livers. Never-
theless, the expression of Smad4 was suppressed by 4-week NR treat-
ment although its expression was not significantly upregulated by CCl,
(Fig. 3D-G).

Recent studies suggest a potential crosstalk between Sirtl and P300.
Since Sirt1 is a vital histone deacetylase, we further investigated whe-
ther the transcriptional co-activator P300 protein was impacted by NR
treatment. Interestingly, P300 expression in mice livers was higher in
CCl, injected mice, while the level of which was suppressed by both
preventive and therapeutic NR treatment (Fig. 3H-J).

We further investigated the activity of Sirt1 in mice livers. We found
that the acetylation of Smad2/3 was increased in mice livers of CCl4
group compared with Ctrl mice, while it was decreased by NR both in
groups of preventive and therapeutic treatment (Fig. 3K, L).
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Fig. 1. NR protected against liver injuries induced by chronic CCl, exposure. Mice were given either CCl, or vehicle intraperitoneally twice a week, with or without
NR supplementation for 8 weeks. (A) Schematic protocols of the four experimental groups. (B) Levels of serum ALT. (C) Sirius red staining and H&E staining of liver.
(D) Quantification of Sirius red staining from n = 4-8 livers/group. (E-F) Immunoblotting and quantification of a-SMA in mice liver tissues. (G) Relative mRNA
expression of Acta2 (a-SMA) in mice liver tissue. (H, I) Inmunoblotting, quantification of TGF-f. (J) Relative mRNA expression of collal (collagenl) in mice liver
tissue. n = 4-8 in each group. One-way ANOVA with a post-Dennett's test were used for all statistical analyses. *P < 0.05 compared to the CCl, group.

3.4. HSCs were activated by TGF-f treatment and NR attenuated the
activation of HSCs through deacetylating Smads

As we have found that CCl4 could induce liver fibrogenic activation,
in which HSCs activation in response to TGF-} plays a pivotal role, we
carried out the experiments with LX-2 cells to investigate whether NR
can inhibit stellate cell activation and how NR influences TGF-3/Smads
pathway. We first explored whether NR supplementation inhibits LX-2
activation at different time points after cells were treated with TGF-f.
In our study, protein expression of a-SMA in LX-2 cells was augmented
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after treated with TGF-f for 48 h. At the time point of 72 h after treated
with TGF-B, both 0.5mmol/L and 1.0 mmol/L NR exhibited its in-
hibiting effect on LX-2 activation, and the even more inhibiting effect
was found after 96 h' TGF- treatment (Fig. 4A-B). These data were
confirmed by collal mRNA expression in LX-2 after cells were treated
with TGF-3 with or without NR (Fig. 4C).

To investigate the mechanisms of NR on inhibition of the activation
of LX-2 cells induced by TGF-p, the expressions of Smad2/3 and P-
Smad2/3 were detected. Western blot analysis revealed that when cells
were treated for 120 min, Smad2 was activated by TGF-B, and was
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Fig. 2. NR increased NAD + levels and regulated energy metabolism in vivo. Mice were given either CCl, or vehicle intraperitoneally injection twice a week, with or
without NR supplementation for 8 weeks. (A-F) Levels of (A) NAD*, (B) NADP*, (C) Nam, (D) NMN, (E) ATP, (F) AMP in mice liver tissues. (G) Ratio of ATP/AMP in
mice tissues. n = 4-8 in each group. One-way ANOVA with a post-Dennett's test were used for all statistical analyses. *P < 0.05 compared to the CCl4 group.

suppressed by NR supplementation. In addition, the expression of P-
Smad3 was suppressed by NR at the time point of 30 min after ad-
ministration. The inhibitive effects of NR on the phosphorylation of
Smad2 and Smad3 were temporary, and couldn't be detected after
treatment for 120 mins or 30 mins respectively (Supplementary mate-
rial Fig. S2A-B).

Next we investigated P300 mRNA expression in LX-2 cells at the
96 h time point, we found that NR slightly inhibited P300 expression
without reaching statistical significance between NR treated groups and
TGF-f treated group (Fig. 4D). Since the binding of P300 to Smad2/3
initiates the acetylation of Smad2/3, and further initiates downstream
gene transcription, we explored the binding of P300 and Smad2/3 after
cells were treated for 48 h. We found that TGF-f3 enhanced the binding
of P-Smad3 to P300, while NR significantly inhibited P-Smad3/Smad3
binding to P300 (Fig. 4E-F). In in vitro experiment, we also focused on
the expression and function of deacetylase Sirtl. Although we didn't
find a higher Sirtl protein expression in NR treated cells (Fig. 4A-B),
the deacetylated function (activity) of Sirtl was enhanced by NR
treatment. We found that acetylation of Smads in LX-2 cells treated
with TGF-} was increased, and NR supplementation could attenuate the
acetylation of Smads after cells were treated with NR for 48 h, which
indicated either the activation of Sirtl or inhibition of the function of
P300, or both may play key roles in the deactivation of HSC
(Fig. 4G-H).

Further, we applied FK866, an NAMPT inhibitor to inhibit NAD +
production, and explored whether FK866 could block the effect of NR
on the activation of LX-2 cells. We found that 1 nmol/L FK866 did not
block the protective effect of NR on TGF-f induced activation on LX-2
cells. While at 10 nmol/L of FK866, NR lost its ability in protection
against the activation of LX-2 cells. (Supplementary material Fig.
S3A-B).

3.5. Sirt1 inhibited TGF-f induced HSCs activation

To examine the role of Sirtl in the inhibition of HSCs activation by
NR, we carried out the transfection of Sirtl siRNA to LX-2 cells. The
expression of Sirtl protein in LX-2 cells was significantly suppressed in
Sirtl siRNA transfected groups (Fig. 5A-B). In scramble siRNA treat-
ment group, NR treatment decreased the expression of a-SMA after cells
were treated with TGF-f and NR for 96 h. However, with Sirtl knock-
down, NR lost its ability in decreasing the expression of a-SMA, in-
dicating that the inhibition on HSCs activation by NR is mostly Sirtl
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dependent (Fig. 5A, C). Furthermore, we found that Sirtl gene knock-
down caused significantly increased expressions of acetylated Smad2/
Smad3. Compared to cells transfected with scramble siRNA, acetylated
Smad2/Smad3 were significantly enhanced in Sirtl knockdown cells
treated with TGF-f plus NR for 48 h (Fig. 5D-F).

4. Discussion

As is well-known, liver fibrosis is the last reversible stage in chronic
hepatopathy. Preventing liver fibrosis and reversing the early devel-
oped fibrosis are of significance in reducing incidence of advanced liver
diseases. Previous researches mainly concentrated on the role of NR on
liver steatosis and inflammation. In current study, we focused on the
effects of NR on liver fibrosis and HSCs activation. We found that NR
could ameliorate liver fibrosis in CCl,-treated mice, and could suppress
the activation of HSCs. These effects probably result from replenishing
intracellular NAD* and activating Sirtl, regulating TGF-B/Smads sig-
naling pathway by deacetylating Smad2/3 and decreasing the binding
of Smads to P300. As far as we know, this is the first study system-
atically demonstrating both the preventive and therapeutic effects of
NR on liver fibrosis, and exploring the underlining mechanisms on
acetylation of Smads by NR.

An array of evidence have proven that enhancing intracellular
NAD * levels could effectively protect or reverse multifarious metabolic
disorders, mediated by improving oxidative respiration or activating
the NAD " -dependent enzymes [30-33]. Supplying biosynthetic pre-
cursors of NAD™", such as NA (nicotinic acid) or NR, is an effective
method to replenish NAD™ [34]. NA has been applied to clinic, how-
ever, it was observed that high dosage of NA could induce flushing
[35]. NR is a form of vitamin B3, which is also an emerging precursor of
NAD™ by salvage pathway. It was reported that NR alleviated hepatic
metaflammation and steatosis [22]. In line with these data and fur-
thermore, our findings demonstrated that NR also showed the ability to
replenish NAD ™" levels in livers and inhibit liver fibrosis, which was
illustrated by a less collagen deposition, suppressed expressions of a-
SMA and collagen 1 in NR administered mice livers.

Activation of stellate cell appears to be a key step in the develop-
ment of liver fibrosis. CCl4 is a commonly used inducer of liver fibrosis.
It was reported that CCl, could increase the level of TGF- in mice livers
[36]. TGF-B has been characterized as a crucial mediator of stellate cell
activation in liver fibrosis. As is known, TGF-(} signal was transported
into cells by TGF-P receptors on cell membranes [37]. In our data,
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Fig. 3. NR regulated TGF-B-Smad/P300 signaling pathway in mice livers. Mice were given either CCl, or vehicle intraperitoneally injection twice a week, with or
without NR supplementation for 8 weeks. (A) Protein expressions and (B) quantification of Sirtl in mice liver tissues. (C) Relative mRNA expression of Tgfbr2. (D)
Protein expressions and (E-G) quantification of Smad2, Smad3, Smad4 and P-Smad2, P-Smad3 levels in mice livers were measured by Immunoblotting. (H-J) P300
protein expression, quantification and relative mRNA expression in mice livers. (K, L) Immunoprecipitation (IP) was applied to assay the activity of Sirtl in mice
livers. n = 4-8 in each group. One-way ANOVA with a post-Dennett's test were used for all statistical analyses. *P < 0.05 compared to the CCl, group.

consistent with protein expression of TGF-f, tgfbr2 mRNA expression
was distinctly elevated in CCly administrated mice. NR treatment de-
creased tgfbr2 mRNA expression in mice, suggesting that the preventive
and therapeutic effect of NR on liver fibrosis was in significant part
mediated through influencing TGF-$ signaling pathway. Although in
livers, the protein expression and the phosphorylation levels of Smad2
and Smad3 were not significantly different among each group, we
found the activation of Smad2/3 in the immediate hours after TGF-3
stimulation in LX-2 cells, and the processes were abolished beyond 24 h,
which were similar to the previous study [38]. These could be the
reason why no significant variation of P-Smad2/3 was detected in in
vivo studies in current research.

Not only phosphorylation of Smads regulates the TGF-f/Smads
pathway and fibrosis, but also acetylation of Smads, which mediated by

25

P300, also plays a crucial role in transcription of TGF-f target genes,
such as collagen 1. Both of Sirtl and P300 could regulate the acetyla-
tion of Smads, and further regulate the development of fibrosis. As an
NAD*-dependent enzyme, Sirtl could be activated by boosting NAD*
pool in vivo. Sirtl participates in regulating various signaling pathways
by the effect of deacetylation, and many lines of evidence suggested
deacetylation effect of Sirtl may play a crucial role in antagonizing
liver fibrosis. It was reported that Sirtl could regulate the transcription
of PPAR by deacetylating enhancer of zeste homolog 2 (EZH2) in
quiescent HSCs, which results in EZH2 inhibition or PPARYy activation,
and suppresses fibrogenesis [39]. Another study suggested that Sirtl
may modulate the acetylation status of SFRS10 (official gene name,
TRA2B), which also antagonizes liver fibrosis [25]. In addition, Sirtl
could antagonize or inhibit the function of P300 [40]. In lung fibrosis,
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Fig. 4. NR activated Sirt1 and suppressed HSCs activation mediated by down regulating P300 expression and decreased acetylation of Smad2/Smad3. LX-2 cells were
stimulated with TGF-$ (4 ng/mL) in the presence or absence of NR for defined time points. (A-B) Protein expressions and quantification of a-SMA and Sirtl were
measured at the time points of 24 h, 48 h, 72 h, and 96 h after intervention. (C) After LX-2 cells were treated for 96 h, collal mRNA expression was measured by g-
rtPCR. (D) mRNA expression of P300 in cells. (E-F) Binding of P300 and Smad3 were measured by co-immunoprecipitation (Co-IP). (G-H) Immunoprecipitation (IP)
was applied to assay the activity of Sirtl after cells were treated for 48 h. n = 6 in each groups used for q-rtPCR, n-3 in each groups used for WB. One-way ANOVA
with a post-Dennett's test were used for all statistical analyses. *P < 0.05 compared to the TGF-f3 group.

Sirtl may act as an inhibitor of P300, which plays a vital role in tran-
scriptional regulation of TGF-f signaling pathway [27]. In our study,
downregulating the protein expressions of Acty-Smads and gene ex-
pression of P300 was also observed in liver tissues of NR treated mice,
which indicates the acetylation function plays a role in the protective
effect of NR on livers.

HSCs are the primary source of collagen 1, and activation of HSCs is
the key step in the formation of liver fibrosis [41,42]. We further ex-
plored the mechanisms of the protective effect of NR on LX-2 cells.
Previous researches have demonstrated that co-transcription factor
P300 impacts the transcription and expression of target genes mediated
by binding to and acetylating Smads [13,14], and Sirtl plays its role
through deacetylating target proteins. We found that, acetylated
Smad2/3 and Smad4 were significantly decreased, and P-Smad3/
Smad3 binding to P300 was downregulated in NR treated cells. Further
study applying Sirtl knockdown in LX-2 cells found that when Sirt1 was
knocked down, NR lost its ability to inhibit the activation of LX-2 cells.
In addition, we also found that acetylated Smad2/3 expression were
increased in Sirtl knockdown cells compared to cells expressing Sirt1,
whether with NR treatment or not. This confirmed the solid role of Sirt1
and the deacetylation of Smads in the protection of NR on HSCs acti-
vation and liver fibrosis. Our work demonstrated a pivotal role of NR in
inhibiting HSCs activation by activating Sirt1, downregulating the gene
expression of P300, reducing Smads binding to P300, and inhibiting the

A

Scramble siRNA + + + o+ - - - -
Sirt1 siRNA - = = = + o+ + +
TGF-B(4ng/mL) + + + + + + + +
NR (1.0 mmol/L) - - + + = = + +

acetylation of Smads.
5. Conclusions

In conclusion, our study shed light on that NR can not only prevent
but also reverse chronic CCl, induced liver fibrosis. These protective
effects of NR are mediated by activating Sirtl, suppressing P300 ex-
pression, and attenuating the binding of P300 to Smads, which further
decreases the acetylation of Smads, and finally inhibits the activation of
stellate cells. Our data provide the solid evidence that NR could be a
promising supplement for prevention and treatment of liver fibrosis.
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AMP adenosine monophosphate

AMPK  adenosine monophosphate activated protein kinase
a-SMA  smooth muscle actin

ATP adenosine triphosphate

cAMP cyclic adenosine monophosphate

D

Sirtt ‘-- —---——|
= _—
o-SMA ‘--—————“-d|
SAPDH | ey o SR |
B C :
* | |
| s |
.
% —
1.5 |—| 2.0
z2z 2T 15
58 10 - s
£< =)
£5 £0 49
o= T Q<<
2% 2=
£E o5 0 RS
2 - 505
0.0 . . 0.0 =
R S F S
@ o° & & @ N & &
o & & & & &°
® o & P & &
g £

Scramble siRNA + + - -
Sirt1 siRNA - -+ +
TGF-B(4ng/mL) + + & +
NR (1.0 mmol/L) -+ - +

Sirt1 ‘ —-— ‘
Acysmai2 | il b el 9
aoysmacs [ |
GAPDH | e
. F —
|
49— 15, F——
e o
= )
28 3 28 -
25 2510
£8 , £
o 2 o &
>E S E
%P £9 05 -
85 1 = 58
< F <
0 : . 0.0 : :
N N
&S & &H & & & & F
é° ° o & Q@ g & &
® d“b& ® ® 0@& ®
® ®
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Immunoblotting of Sirtl and a-SMA in Sirtl knockdown cells. (B-C) Quantification of protein expressions of Sirtl and a-SMA. (D) Immunoblotting of Sirtl,
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CREB cAMP response element binding protein
ECM extracellular matrix

HSCs hepatic stellate cells

NAD™* nicotinamide adenine dinucleotide
NADP*  nicotinamide adenine dinucleotide phosphate
NAFLD nonalcoholic fatty liver disease

Nam nicotinamide

NMN nicotinamide mononucleotide

NR nicotinamide riboside

Sirtl sirtuin 1

TBA total bile acid

TGF-f  transforming growth factor-f3
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