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ARTICLE INFO ABSTRACT

Background: Nicotinamide riboside (NR) is a nicotinamide adenine dinucleotide (NAD™) precursor which is
present in foods such as milk and beer. It was reported that NR can prevent obesity, increase longevity, and
NAD™ promote liver regeneration. However, whether NR can prevent ethanol-induced liver injuries is not known. This
N_imﬁ“amide Riboside study aimed to explore the effect of NR on ethanol induced liver injuries and the underlying mechanisms.
o tive stress Methods: We fed C57BL/6 J mice with Lieber-DeCarli ethanol liquid diet with or without 400 mg/kgbw NR for
Mitochondrial biosynthesis 16 days. Liver injuries and SirT1-PGC-1a-mitochondrial function were analyzed. In in vitro experiments, HepG2
Y

cells (CYP2E1 over-expressing cells) were incubated with ethanol *+ 0.5mmol/L NR. Lipid accumulation and
mitochondrial function were compared. SirT1 knockdown in HepG2 cells were further applied to confirm the
role of SirT1 in the protection of NR on lipid accumulation.
Results: We found that ethanol significantly decreased the expression and activity of hepatic SirT1 and induced
abnormal expression of enzymes of lipid metabolism in mice. Both in vivo and in vitro experiments showed that
NR activated SirT1 through increasing NAD " levels, decreased oxidative stress, increased deacetylation of PGC-
la and mitochondrial function. In SirT1 knockdown HepG2 cells, NR lost its ability in enhancing mitochondrial
function, and its protection against lipid accumulation induced by ethanol.
Conclusions: NR can protect against ethanol induced liver injuries via replenishing NAD*, reducing oxidative
stress, and activating SirT1-PGC-1a-mitochondrial biosynthesis. Our data indicate that SirT1 plays an important
role in the protection of NR against lipid accumulation and mitochondrial dysfunctions induced by ethanol.

Keywords:
Alcoholic liver disease

The metabolism of alcohol is mainly catalyzed by alcohol dehy-
drogenase (ADH) and aldehyde dehydrogenase (ALDH). During long

1. Introduction

Alcoholic liver disease (ALD) is a common clinical complication of
long-term alcohol abuse. Its morphological features include alcoholic
fatty liver (steatosis), alcoholic hepatitis, and alcoholic cirrhosis. Fatty
liver is a uniform and early response of the liver to ethanol consump-
tion. The prevention of the formation of fatty liver is the key to prevent
the damages to livers induced by alcohol.

term heavy drinking or binge drinking, cytochrome P450 2E1 (CYP2E1)
is activated, playing a critical role in alcohol metabolism [1]. The
metabolism of ethanol increases the conversion of nicotinamide ade-
nine dinucleotide (NAD*) to NADH which decreases the ratio of
NAD*/NADH [2]. NAD" is an essential coenzyme of mitochondrial
oxidative phosphorylation and energy metabolism and also the

Abbreviations: ADH, alcohol dehydrogenase; ALD, Alcoholic liver disease; ALDH, aldehyde dehydrogenase; CPT-1a, carnitine palmitoyl transterase-1a; CR, calorie restriction; CS,
citrate synthase; CYP2E1, cytochrome P450 2E1; FASN, fatty acid synthase; NAD™", nicotinamide adenine dinucleotide; NAM, nicotinamide; NAMPT, nicotinamide phosphoribosyl
transferase; NMN, nicotinamide mononucleotide; NMNAT, nicotinamide mononucleotide adenylyl transferase; NR, nicotinamide riboside; NRF-1, nuclear respiratory factor 1; NRF-2,
nuclear respiratory factor 2; NRK, nicotinamide riboside kinase; PDHC, pyruvate dehydrogenase complex; PGC-1a, peroxisome proliferator-activated receptor y coactivator-1a; PPAR-a,
peroxisome proliferator- activated receptor a; PPAR-y, peroxisome proliferator-activated receptor y; ROS, reactive oxygen species; SDH, succinate dehydrogenase; SirT1, sirtuin 1; SirT3,
sirtuin 3; T2D, type 2 diabetes; TCA cycle, tricarboxylic acid cycle; TFAM, mitochondrial transcriptional factor; UCP2, uncoupling protein-2
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Fig. 1. NR alleviates hepatic steatosis and oxidative stress in mice fed with Chronic-plus-binge ethanol. Mice were treated with chronic-plus-binge ethanol
feeding and NR supplementation for 16 days. (A) Representative images of mouse liver, H&E staining and oil red O staining with 200 X magnification. (B) Serum ALT
and AST levels. (C) Liver TG and MDA levels. (D) Western blot analysis of alcohol metabolic enzymes (CYP2E1, ADH1 and ALDH?2), lipid metabolic regulators
(SREBP-1c and PPAR-v2), 4-HNE and SirT1 in mouse liver. Results were expressed as fold changes of control. Data are expressed as mean + SEM. n = 6-8/group,
P < 0.05 compared with the CTRL group; *P < 0.05 compared with the EtOH group. Abbreviations: NR, nicotinamide riboside; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; TG, triglyceride; MDA, malondialdehyde CYP2E1, cytochrome P450 2E1; ADH1, alcohol dehydrogenase 1; ALDH2, aldehyde
dehydrogenase 2; SREBP-1c, sterol regulatory element binding protein-lc; PPAR-y2, peroxisome proliferator-activated receptor y2; 4-HNE, 4-hydroxynonenal; SirT1,
sirtuin 1; PGC-1a, peroxisome proliferator- activated receptor y coactivator-la.

substrate of NAD" consuming enzymes [3]. Steatosis induced by high- increased SirT1 expression has been found in nuclei of hepatocytes in
fat diet triggers the reduction in nicotinamide phosphoribosyl trans- mice with significant liver tumor burden compared to control mice on a
ferase (NAMPT)-mediated NAD* biosynthesis and contribute to the B6C3 background [11]. SirT1 acts as a metabolic and redox sensor of
pathogenesis of type 2 diabetes (T2D) [4]. Decline in nuclear NAD™* changes in nutrient and energy status, such as calorie restriction and
during aging, perhaps due to defects in nicotinamide mononucleotide fasting [12], during which processes SirT1 is induced and mitochon-
adenylyl transferase (NMNAT) which regulates NAD™* synthesis from drial biogenesis increases in mice [13,14]. One target of SirT1 is per-
nicotinamide mononucleotide (NMN), causes impairment in mi- oxisome proliferator-activated receptor y coactivator-la (PGC-1a),
tochondrial homeostasis [5]. The function of NAD* was further tested which plays a central role in glucose/fatty acid metabolism in fasting
by inactivation of poly (ADP-ribose) polymerase 1, a major cellular [14,15]. Resveratrol increased SirT1 activity and then induced mi-
NAD™ consumer. Increasing tissue NAD™ levels and activates mi- tochondrial activity through modulating PGC-1a functions, renders the
tochondrial metabolism in brown adipose tissue and muscle, culminates animals resistant to diet-induced obesity [16]. Taken together, it's
in a solid protection against metabolic disease [6]. Hence, an under- supposed that regulating SirT1 activity and improving mitochondrial
standing of how alcohol affects NAD homeostasis and NAD* consuming biogenesis might be important mechanisms for the protection against
enzymes may provide an important insight into the mechanisms of ALD. ALD.

Sirtuin 1 (SirT1), is an NAD*-dependent class III protein deacety- Nicotinamide riboside (NR), a form of vitamin B3 and NAD* pre-
lase and/or ADP-ribosyltransferase, whose activation is regulated by cursor, is converted to bioavailable NAD ™, via nicotinamide riboside

the intracellular level of NAD ™, inhibited by the reaction product ni- kinase (NRK) and NMNAT, or by the action of nucleoside phosphorylase
cotinamide (NAM) [7]. So far, the relationship between SirT1 and liver and NAM salvage [17,18]. The level of NAD* in human blood rose 2.7-

damage is not conclusive, even though most studies favor the protective folds with a single oral dose of NR in a pilot study [19]. Numerous
effect of SirT1. Either protein or mRNA expression of SirT1 has been studies have shown that NR supplementation increases NAD* level,
found to be suppressed with alcohol consumption in human livers with enhances mitochondrial biogenesis and oxidative metabolism, protects
alcoholic hepatitis or animal alcoholic models [8,9]. Activation of SirT1 against metabolic disease, neurodegenerative disorders and age-related
by resveratrol prevents alcoholic liver steatosis [10]. In contrast, physiological decline in mammals [20-22]. In this study, we will

90



S. Wang et al.

B

Redox Biology 17 (2018) 89-98

A CTRL EtOH  EtOH+NR
£ 157 O CTRL
% # NAMPT |0 S cmn e e e |54KD 3 & EtOH
a ] 3 B EtOH+NR
o NRK 1 |—- S e vk S _,|23KD S 10 .
5 401 : = * #
£, NMNAT ma—-‘{?;SKD £ *
8| * o %51 *
2 ol B-actin | 42D S
& eg?‘ dgx\q' 0.0-
&
C D
P * _‘QET 15+
B s
E 15 g 10. T
> o
& 10 —1— # =°
Q
£ g s
k] 5 =
: 2
- 0 x < o v
&
&
E F
300 * 0.4 _I_
0.3
& 200 %
E E 0.2
= =
< 100 # < I
0 0.0 -
& & & & & &
[ <~ Q}db [ éd?‘

Fig. 2. NR prevents ethanol induced metabolic disorders and energy imbalance in mice. (A) Liver NAD* level. (B) Western blot analysis of NAMPT, NMNAT
and NRK1 in mouse liver. Results were expressed as fold changes of control. (C) The ratio of lactate/pyruvate. (D) Liver ATP level. (E) The ratios of AMP/ATP and
ATP/ADP. Data are expressed as mean + SEM. n = 6-8/group, P < 0.05 compared with the CTRL group; *P < 0.05 compared with the EtOH group.
Abbreviations: NR, nicotinamide riboside; NAD ¥, nicotinamide adenine dinucleotide; NAMPT, nicotinamide phosphoribosyl transferase; NMNAT, nicotinamide
mononucleotide adenylyl transferase; NRK1, nicotinamide riboside kinase 1; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine mono-

phosphate.

explore whether NR can prevent alcohol induced liver injuries, and
whether the protective mechanism is via regulating SirT1 and mi-
tochondrial function in liver.

2. Materials and methods
2.1. Animal experiments

All animal experiments were approved by the Animal Care and
Utilization Committee of Sun Yat-sen University. Mice were housed in
colony cages with a 12-h light, 12-h dark cycle in a temperature-con-
trolled environment. Eight-week-old male C57BL/6J mice were ran-
domly divided into 3 groups: control group (CTRL), ethanol group
(EtOH, Chronic plus binge ethanol model), and NR supplement group
(EtOH + NR). Mice in ethanol group and NR supplement group were fed
with Lieber- DeCarli ethanol liquid diet (TROPHIC Animal Feed High-
tech Co., Ltd., Nantong, China) for 10 days, while the controls mice
were pair-fed as previously described [23]. NR (ChromaDex Corporate,
Irvine, CA, USA) was added to the diet at a dose of 400 mg/kg ac-
cording to literatures [20,21,24].
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2.2. Statistical analysis

Results were expressed as mean + SEM from three independent
experiments. Comparisons between groups were analyzed by one-way
ANOVA followed by Student-Newman-Keuls test. P < 0.05 was con-
sidered to be significant. SPSS software 20.0 was used for the analyses.

Other materials and methods are described in details in the
Supplementary information.

3. Results

3.1. NR alleviates hepatic steatosis and oxidative stress in mice fed with
Chronic-plus-binge ethanol

Mice were pair-fed and there were no differences in body weight
among the three groups (Fig. S1A, B). Fat accumulated in ethanol
group, but only a small number of tiny lipid droplets were observed in
NR treated mice as shown in H&E staining and Oil red O staining
(Fig. 1A). Ethanol exposure elevated serum ALT and AST and liver
triglycerides while NR significantly decreased their levels (Fig. 1B, C).
The ratio of liver-to-body weight increased by ethanol compared to
controls, while it was slightly reduced by NR (Fig. S1C). The expres-
sions of sterol regulatory element binding protein-lc (SREBP-1c) and
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Fig. 3. NR reverses alcohol induced mitochondrial dysfunctions in mice. (A) Mitochondrial abundance in mouse liver. (B) Representative electron micrographs
from livers (magnification, 5 000 X ); swollen mitochondria with disrupted membranes (black arrows), pale matrix (white arrow) and lipid droplets (+). (C) Western
blot analysis of SDH, CS and SirT3 in mouse liver. Results were expressed as fold changes of control. (D) Relative mRNA levels of SirT3, UCP2, PPAR-a, CPT-1a and
PGC-1a by quantitative real-time PCR. (E) Acetylated lysine and total PGC-1a expression in mouse liver by immunoprecipitation and western blot analysis. Results
were expressed as fold changes of control. (F) Western blot analysis of nuclear PGC- 1a in mouse liver. Results were expressed as fold changes of control. Data are
expressed as mean + SEM. n = 6-8/group, P < 0.05 compared with the CTRL group; “P < 0.05 compared with the EtOH group. Abbreviations: NR, nicotinamide
riboside; SDH, succinate dehydrogenase; CS, citrate synthase; SirT3, sirtuin3; UCP2, uncoupling protein-2; PPAR-a, peroxisome proliferator-activated receptor o
CPT-1a, carnitine palmitoyl transterase-la; PGC-1a, peroxisome proliferator-activated receptor y coactivator-1a; SirT1, sirtuin 1; IP, immunoprecipitation.

peroxisome proliferator-activated receptory2 (PPAR-y2), as well as
PPAR-y mRNA, were markedly elevated by ethanol, which were re-
duced by NR (Fig. 1D, S1D).

Ethanol significantly induced hepatic CYP2E1 expression, which
wasn’t decreased by NR. We didn’t find different expressions of ADH1
and ALDH2 among the three groups. Ethanol increased the levels of
hepatic MDA and 4-hydroxynonenal, two major products of lipid per-
oxidation, and NR markedly decreased them (Fig. 1C, D). SirT1 was
significantly decreased in liver of ethanol fed mice compared to con-
trols, and NR restored SirT1 to normal (Fig. 1D). There was also a de-
crease in the hepatic inflammatory transcripts TNF-a and IL-6 in NR-
treated mice compared to mice of ethanol group (Fig. S1D).

3.2. NR prevents ethanol induced metabolic disorders and energy imbalance
in mice

NAD™ is the central coenzyme for fuel oxidation. In this study, the
level of hepatic NAD" and NADP* were decreased in ethanol group
compared to controls, while NR prominently increased them (Fig. 2A,
S2A). The levels of NMN and NAM, two metabolites of NR, were
comparable in the three groups (Fig. S2B). Expressions of hepatic
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NRK1, NAMPT and NMNAT were down-regulated in ethanol group,
contributing to the reduction of NAD*. NR enhanced the expressions of
NRK1 and NMNAT, but had no significant effect on NAMPT (Fig. 2B).
Increased liver lactate/pyruvate ratio induced by ethanol confirmed the
reduction of cytosolic NAD*/NADH ratio, while NR increased the cy-
tosolic NAD " /NADH ratio (Fig. 2C).

NAD" is a signaling molecule linking cellular energy status. Our
results showed ethanol treatment significantly decreased hepatic ATP
and ADP concentrations, accompanied by increased AMP/ATP and
decreased ATP/ADP ratios (Fig. 2D-F). The AMP was not changed by
ethanol (Fig. S2C). However, NR effectively improved energy home-
ostasis, indicated by increased ATP and ADP concentrations, decreased
AMP/ATP ratio, and increased ATP/ADP ratio (Fig. 2D-F, S2C).

3.3. NR reverses ethanol induced mitochondrial dysfunctions in mice

Next, we found the mitochondrial contents in livers of ethanol
group were about 70% of those in controls (Fig. 3A). The transmission
electronic microcopy study demonstrated the ultrastructural abnorm-
alities of the mitochondria, characterized by apparent disruptions in the
cristae and pale and granular matrix (Fig. 3B). Further, significant
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Fig. 4. NR supplementation alleviates ethanol induced lipid accumulation in HepG2 cells. (A) Western blot analysis of CYP2E1, FASN and CPT-1a in cells.
Results were expressed as fold changes of control. (B) Representative images of HepG2 cells, oil red O staining with 200 X magnification. (C) Cellular triglyceride
levels. (D) Relative mRNA level of SirT1, PGC-1a, SREBP-1c, CPT-1a and PPAR-a by quantitative real-time PCR. (E) Acetylated lysine and total PGC-1a expression in
cells by immunoprecipitation and western blot analysis. Results were expressed as fold changes of control. Data are expressed as mean + SEM from three in-
dependent experiments. P < 0.05 compared with the CTRL group; “P < 0.05 compared with the EtOH group. Abbreviations: NR, nicotinamide riboside; CYP2E1,
cytochrome P450 2E1; FASN, fatty acid synthase; CPT-1a, carnitine palmitoyl transterase-1a; SREBP- 1c, sterol regulatory element binding protein-lc; PPAR-q,
peroxisome proliferator- activated receptor a; SirT1, sirtuin 1; PGC-1a, peroxisome proliferator-activated receptor y coactivator-1a; IP, immunoprecipitation.

reductions of both expression and mRNA of SirT3, a deacetylase dis-
tributed in mitochondria, succinate dehydrogenase (SDH) and citrate
synthase (CS) protein levels, two rate-limiting enzymes in tricarboxylic
acid (TCA) cycle, PPAR-a and carnitine palmitoyl transterase-1a (CPT-
la) mRNAs, were all observed in ethanol treated mice (Fig. 3C, D).
Consistent with the degradation of ATP levels, a significant higher
uncoupling protein-2 (UCP2) mRNA level, an indicator of increased
uncoupling of oxidation from ATP synthesis, was found in livers of
ethanol fed mice (Fig. 3D). Importantly, NR rescued the abnormalities
of mitochondrial function.

PGC-1a is one target of SirT1. There were no changes in mRNA and
total protein levels of PGC-1a after ethanol or NR treatment (Fig. 3D,
E). Interestingly, we found nuclear localization of PGC-1a was down-
regulated by ethanol and up-regulated by NR (Fig. 3F) which provided
another evidence of the replenishment of mitochondrial fitness and
metabolic flexibility by NR. The acetylation of PGC-1a was significantly
increased by alcohol consumption, indicated lowered hepatic SirT1
deacetylase activity, which was up-regulated by NR (Fig. 3E).
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3.4. NR alleviates ethanol induced oxidative stress and lipid accumulation
in HepG2 cells

Ethanol induced severe oxidative stress via inducing CYP2E1 over-
expression in HepG2 cells, shown by the reduction of GSH and increase
of ROS in whole cell lysates and superoxide in mitochondria, while NR
attenuated oxidative stress, without decreasing CYP2E1l (Fig. 4A,
S3A-C). Ethanol induced lipid accumulation in HepG2 cells, as evi-
denced by elevated lipid droplets in Oil-red O staining, BODIPY
staining, cellular TG levels, expression of fatty acid synthase (FASN)
and mRNA of SREBP-1c¢, and reduced mRNAs of CPT-1a and PPAR-a.
NR significantly alleviated lipid accumulation in HepG2 cells
(Fig. 4A-D, S4A). We also found that SirT1 protein expression, mRNA
levels and deacetylase activity were significantly decreased upon
ethanol incubation, while NR revered these changes (Fig. 4D, E).

3.5. NR alleviates ethanol induced mitochondrial dysfunctions in HepG2
cells

Ethanol decreased the levels of NAD* and ATP in HepG2 cells,
which were upregulated by NR (Fig. 5A). The oxygen consumption rate
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Fig. 5. NR alleviates ethanol induced mitochondrial dysfunctions in HepG2 cells. (A) Cellular NAD* and ATP level. (B) Oxygen consumption rates (OCRs).
Results were expressed as fold changes of control. (C) Mitochondrial abundance in cells. (D) Relative mRNA levels of ERRa, NRF1, NRF2 and TFAM by quantitative
real-time PCR. (E) Representative images of JC-1 staining with 1000 x magnification of HepG2 cells. Green fluorescence: JC-1 monomers; Red fluorescence: JC-1
aggregates. (F) Western blot analysis of SDH, PDHC and CS in cells. Results were expressed as fold changes of control. (G) Citrate synthase activity was assayed. Data
are expressed as mean *+ SEM from three independent experiments. *P < 0.05 compared with the Scramble siRNA group. Abbreviations: NR, nicotinamide riboside;
NAD*, nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; ERRa: estrogen- related receptor a; NRF1: nuclear respiratory factor-1; TFAM: mi-
tochondrial transcription factor A; NRF2: nuclear respiratory factor-2; SDH, succinate dehydrogenase; CS, citrate synthase; PDHC, pyruvate dehydrogenase complex.

(OCR) in HepG2 cells was abolished by ethanol. The basal OCR and
reserve oxidative capacity, which is the FCCP-sensitive OCR, and re-
spiratory capacity, which is the rotenone sensitive OCR, were all de-
creased by ethanol. These changes were reversed by NR, indicating that
NR improved mitochondrial aerobic respiration (Fig. 5B, S5A). Next,
we detected a reduction in mtDNA abundance by ethanol and NR in-
creased the mtDNA copies (Fig. 5C). Consistently, the estrogen-related
receptor a (ERRa), which mediates many of the downstream effects of
PGC-1la on mitochondrial biosynthesis and energy metabolism, was
markedly decreased by ethanol, as was the ERRa/PGC-1a target, nu-
clear respiratory factor-1 (NRF1) and its target, mitochondrial tran-
scription factor A (TFAM), and nuclear respiratory factor-2 (NRF2). NR
increased the expressions of ERRa, NRF1, NRF2 and TFAM, promoting
mitochondrial biogenesis (Fig. 5D).

Further, we investigated changes in mitochondrial membrane po-
tential of HepG2 cells. Using the membrane-permeant JC-1 dye, we
observed fluorescence shift from red to green as mitochondria got de-
polarized in ethanol-treated cells compared to controls. NR resulted in
an increase in the red/green fluorescence intensity ratio (Fig. SE).
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Furthermore, ethanol induced a significant increase in the release of
cytochrome c levels into the cytoplasm, confirmed damages occurred in
mitochondria (Fig. S5B). Besides, ethanol caused disruptions in TCA
cycle, as the expressions of SDH and pyruvate dehydrogenase complex
(PDHCQ), and CS activity was reduced, though no obvious difference was
found in CS protein (Fig. 5F, G). NR supplementation decreased the
release of cytochrome c and enhanced the function of TCA cycle.

3.6. Improvement of mitochondrial functions by NR requires SirT1-PGC-1a
axis

To determine the role of SirT1, in the protection of NR on liver
functions, HepG2 cells were transfected with SirT1-siRNA. This strategy
effectively reduced endogenous SirT1 level and its deacetylase activity,
without affecting the expressions of SirT3, PGC-1a and PPAR-a, except
that CPT-1la was blocked (Fig. 6A, S6A). Knocking-down of SirT1
caused the mitochondrial dysfunctions, as indicated by the decreased
OCRs, mtDNA copies, expressions of mitochondrial biosynthesis reg-
ulators and membrane markers voltage-dependent anion-selective



S. Wang et al.

Redox Biology 17 (2018) 89-98

A . . B [ Scramble siRNA
SirTLsiRNA — IP'—PGC :a + = 150 3 Scramble siRNA+NR
irTl si = 0 @B SirT-siRNA
NR = g 8 Bl SirT-siRNA+NR
IB: Ac-Lys |— ——l % 5 100
= [&]
IB: PGC-1q [ s s s | 91KD S 5
S X 50
IB(SN): SirT1 |mwwm wwem —— =] 150kp ‘- &
. X Ac-lys/ o
IB(SN): B-actin | ex> e e | 42KD SirT1 PGC-1a 0
I | ' PGC-la Basal ATP Reserve Resiratory
C 2.0 & 2 3 Scramble SIRNA+EtOH production capacity capacity
<z: c 15 3 Scramble siRNA+EtOH+NR
x o - @D SirT1 siRNA+EtOH
E g @l SirT1 siRNA+EtOH+NR
@ o 1.0 &
ZE E Eo G c-1 ic-1
=& os 2 | | Aggregates Monomer Merged
o 5 60
0.0 ; * Scramble
SirT1 SirT3 S 40 siRNA+
D § EtOH
BODIPY DAPI Merged Q 20
Scramble s Scramble
siRNA+ © 0 SiRNA+
EtOH EOH +  + 4+ * EtOH+NR
NR - + - +
SirT1 siRNA — - + + .
Scramble F o« SirTl
siRNA+ _“Q’ 2.0 & siRNA
EtOH+NR Ew . r —l +EtOH
£ 2"
SirT1 22, SirT1
+EtOH L2 o0s +EtOH+NR
8=
SirT1 [ 0.0
SiRNA+ EtOH + + + +
EtOH+NR NR @ — + —
SirT1 siRNA — - + +

Fig. 6. Improvement of mitochondrial functions by NR requires SirT1-PGC-1a axis. (A) Acetylated lysine and total PGC-la expression in cells by im-
munoprecipitation and western blot analysis. Results were expressed as fold changes of control. (B) Oxygen consumption rates (OCRs). Results were expressed as fold
changes of control. *P < 0.05 compared with the Scramble siRNA group. (C) Relative mRNA levels of SirT1 and SirT3 by quantitative real-time PCR. (D)
Representative images of HepG2 cells stained with BODIPY (red fluorescence) with 1000 X magnification. Nuclear localization was stained with DAPI (blue
fluorescence). (E) Cellular triglyceride levels. (F) Mitochondrial abundance in cells. (G) Representative images of JC-1 staining with 1000 x magnification of HepG2
cells. Green fluorescence: JC-1 monomers; Red fluorescence: JC-1 aggregates. Data are expressed as mean *+ SEM from three independent experiments. *P < 0.05
and *P < 0.05 compared with the Scramble siRNA +EtOH group; P < 0.05 compared with the Scramble siRNA +EtOH +NR group. Abbreviations: NR, nicoti-
namide riboside; SirT1, sirtuin 1; SirT3, sirtuin 3; PGC-1a, peroxisome proliferator-activated receptor y coactivator-1a; IP, immunoprecipitation.

channel (VDAC), prohibitin 1 and depolarization of the mitochondria,
which couldn’t be corrected by NR (Figs. S6B-F,6B). Superoxide dis-
mutase 1 (SOD1) expression was stimulated by the depletion of SirT1
(Fig. S6F).

Next, HepG2 cells transfected with SirT1 siRNA or scramble siRNA
were further treated with ethanol, with or without NR. The levels of
SirT1 mRNA were much lower in ethanol treated SirT1 siRNA-trans-
fected cells. SirT3 couldn’t be activated by NR in the presence of SirT1
siRNA and ethanol (Fig. 6C). The effects of NR on reducing the lipid
accumulation and oxidative stress induced by ethanol were greatly
weakened in the presence of SirT1 siRNA (Fig. 6D, E, S7A-B). Knock-
down of SirT1 completely blocked the ability of NR to rescue mtDNA
copies (Fig. 6F). Further, we found that mitochondria got depolarized in
SirT1 siRNA treated cells and NR lost the ability to return to normal
(Fig. 6G). Together, these data indicate that SirT1 plays an important
role in the effects of NR on regulating lipid accumulation , oxidative
stress and mitochondrial dysfunctions induced by ethanol.

Finally, mice were fed with ethanol diet added with 200 mg/kg
NAM to serve as a SirT1 inhibitor. We found that SirT1 was significantly
decreased in NAM- fed mice (Fig. S8A). NAM indeed exacerbated lipid
accumulation in the hepatocytes and also exaggerated levels of serum
ALT, AST, and hepatic MDA induced by ethanol (Fig. S8B-D). Although
NAM reversed the reduced NAD™ levels by ethanol, the level of ATP
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was much lower in the NAM group (Fig. S8E). This data confirmed in
vivo that inhibition of SirT1 is one key step for the formation of ALD.

3.7. Decreased SirT1/PGC-1a may contribute to the development of human
ALD

We investigated the clinical relevance of SirT1-PGC-la axis regu-
lated mitochondrial biogenesis with ALD in human liver samples.
Firstly, lipid accumulated in alcoholics, while the histology of livers was
normal in non-alcoholics (Fig. 7A). CYP2E1 was induced by chronic
alcohol consumption, while ADH1 and ALDH2 were comparable in two
groups (Fig. 7B). The expression of SREBP-1c, and FASN were elevated,
while CPT-1a, as well as SirT1 protein and its deacetylase activity were
severely decreased in the liver of alcoholics (Fig. 7B, C). As a result,
hepatic NRF1 and TFAM mRNA levels were indeed reduced in alco-
holics compared to non- alcoholics (Fig. 7D). Collectively, these data
confirmed our data in mice model and HepG2 cells that the impair-
ments of the SirT1/PGC-la/mitochondrial biogenesis contributed to
the development of human ALD.

4. Discussion

In this study, we reported that NR can alleviate ethanol induced
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liver injuries. We demonstrated the key role of PGC-1a deacetylation by
SirT1 on the protection of NR against ALD. NR replenishes cellular
NAD™ pool, then boosts the activities of SirT1 and PGC-1a, reduces
oxidative stress, restores mitochondrial biogenesis and aerobic re-
spiration, and finally reverses alcohol induced liver injuries.

Chronic-plus-binge ethanol feeding mimics the drinking pattern of
alcoholic hepatitis patients who have had a history of heavy drinking
for many years and with recent excessive alcohol consumption [23]. In
the literature, nicotinic acid was reported to ameliorate chronic ALD in
mice via the salvage pathway [25], but high-dose nicotinic acid pro-
duces a painful flushing response that limits its application. Nicotina-
mide counteracts alcohol-induced alteration of hepatic protein meta-
bolism by ameliorating the redox state [26], however, nicotinamide is
now considered as a SirT1 inhibitor. NMN also increased NAD " levels,
which could be a useful intervention related to metabolic disorders
[27], but it isn’t found in dietary constituents. Recently, NR has been
identified as an NAD " precursor, existing in foods, without side effects
of flushing [17]. Boosting NAD™* concentrations and NAD* dependent
enzymes can be therapeutic in certain metabolic disorders, such as
obesity, NAFLD and T2D, even hepatocellular carcinoma [28]. In our
study, NR increased the levels of hepatic NAD ™", probably due to re-
versing the decreased expressions of NRK1 and NMNAT by ethanol,
both of which are key enzymes in NAD™ biosynthesis through NR
salvage pathway, then stimulated the activity of SirT1, alleviating al-
coholic liver disease.
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Upon continued exposure to ethanol, CYP2E1 was induced and
oxidative stress occurred. Activated SirT1 has a regulatory effect on
oxidative stress in many tissues. SirT1 overexpression can prevent
oxidative stress-induced apoptosis through p53 deacetylation in me-
sangial cells [29]. Mn-SOD induced by resveratrol via nuclear SirT1
reduced oxidative stress and participated in cardiomyocyte protection
[30]. Resveratrol activates the SirT1/AMPK and NRF2/antioxidant
defense pathway in a rat periodontitis model [31]. Activation of SirT1
with NR could deacetylate and activate PGC-1a transcriptional activity,
then lead to higher expression of target antioxidant genes, subsequently
protect against oxidative stress in skeletal muscle and BAT in obesity
model [20]. Similarly, we found that NR decreased hepatic MDA and 4-
HNE in ethanol fed mice and decreased ROS levels in HepG2 cells. In
addition, NR supplementation weakened ethanol induced oxidative
stress in a SirT1-dependent way in HepG2 cells.

SirT1 plays a critical role in the regulation of hepatic lipogenesis,
fatty acid oxidation via modification of the acetylation status of a wide
range of transcriptional regulators such as p53, PPARa, and PGC-la
[32-35]. Growing evidence from human and rodent studies showed
that ALD, NAFLD and obesity are closely associated with impairment of
hepatic SirT1 signaling [9,20,21], as in our present findings. Over-
expression of SirT1 in vivo and in vitro decreased TG levels and acti-
vation of hepatic SirT1 by resveratrol alleviates alcoholic liver steatosis
[9,10,36]. AMPK activation and reduced SREBP-1c activity were also
involved in the function of SirT1 on lipid regulation [10,37]. In our
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study, we found that NR enhanced hepatic SirT1 expression and its
deacetylase activity, increasing PGC-1a activity and decreasing SREBP-
1c activity. Alleviating alcoholic liver disease by NR is SirT1 dependent.

PGC-1a is a key regulator of mitochondrial biogenesis. In alcoholic
injury models, the function of PGC-1a is not conclusive. In some stu-
dies, alcohol significantly reduces hepatic PGC-la mRNA and expres-
sion in chronic or acute ethanol treated rat models [8,38]. Whereas, in
other models, ethanol induced the upregulation of hepatic PGC-1a and
TFAM mediated mitochondrial biogenesis as an adaptive response to
enhance alcohol metabolism in the liver [39,40]. SirT1 can deacetylate
PGC-1a and promote mitochondrial biogenesis [14,41]. Our results
indicated that NR could retain the deacetylation of PGC-1la and in-
crease activation of PGC-1a, thus modulating mitochondrial biosynth-
esis and oxidative metabolism, preventing ethanol induced liver in-
juries.

In conclusion, NR prevents alcohol induced liver injuries. Activation
of SirT1 plays an important role in the protective effect of NR on livers.
NR serves as an NAD™ precursor, regulates intracellular NAD home-
ostasis, activates SirT1-PGC-1a axle, refurbishes mitochondrial function
and regulates lipid metabolism, reversing liver injuries induced by al-
cohol. NR is a promising food supplement to prevent the adverse effects
induced by alcohol consumption.
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