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1. Introduction

Alcoholic liver disease (ALD) has emerged as a major chronic
liver disease in China, largely due to increased alcohol consump-
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Alcoholic liver disease (ALD) remains a major global health burden with limited effective nutritional strat-
egies. We previously identified brown adipose tissue-derived extracellular nicotinamide phosphoribosyl-
transferase (eNAMPT) as a pathogenic factor in ALD, but the underlying mechanisms remained unclear.
Here, we explored the role of eNAMPT on liver inflammation and evaluate the therapeutic potential of
nicotinamide riboside (NR), a form of vitamin B3, as a potential nutritional intervention. We found that
ethanol exposure significantly increased eNAMPT secretion from brown adipocytes (BACs) and elevated
circulating eNAMPT levels in mice fed a chronic-plus-binge ethanol diet. RNA-seq analysis and rescue
experiments showed that neutralizing eNAMPT reduced hepatic NLRP3 inflammasome activation and
proinflammatory cytokine expression. In the co-culture experiment, BACs-derived eNAMPT induced
NLRP3 inflammasome activation in hepatocytes and macrophages. However, this effect was abolished
when eNAMPT was depleted from the conditioned medium of BACs. Furthermore, recombinant eNAMPT
exerts a dose-dependent effect on the activation of the NLRP3 inflammasome in hepatocytes and macro-
phages. Importantly, oral supplementation with NR effectively suppressed ethanol-induced eNAMPT
secretion and mitigated hepatic NLRP3 activation both in vivo and in vitro. The secretion of eNAMPT was
inhibited when NAMPT was knocked down in BACs, thereby attenuating the anti-inflammatory effect of
NR, indicating its protective effect is dependent on targeting eNAMPT secretion. Our findings reveal
BACs-derived eNAMPT as a key mediator linking adipose-liver inflammation in ALD and support dietary
NR as a promising intervention strategy by targeting eNAMPT.

tion in recent years."” The rising burden of ALD has made it a
significant public health concern, highlighting the urgent need
for novel and effective therapeutic strategies.>* The progression
of ALD involves multiple pathogenic factors, including acet-
aldehyde toxicity, oxidative stress, and hepatic inflammation.’
Recent studies have increasingly focused on the role of inter-
organ communication,® particularly the crosstalk between
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adipose tissue and the liver, in regulating liver inflammation.””®
Extracellular nicotinamide phosphoribosyltransferase
(eNAMPT), also known as pre-B colony-enhancing factor or visfa-
tin, is a multifunctional protein secreted predominantly by adi-
pocytes.’® Although extensively studied, the physiological func-
tions and regulatory mechanisms of eNAMPT secretion remain
controversial."* Our previous work demonstrated that inhibition
of eNAMPT release from brown adipose tissue (BAT) alleviated
ethanol-induced liver injury, implicating eNAMPT as a potential
upstream driver of hepatic pathology in ALD."> However, the
precise mechanisms through which BAT-derived eNAMPT influ-
ences liver inflammation remain unclear.

This journal is © The Royal Society of Chemistry 2025
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eNAMPT acts as a pro-inflammatory cytokine and contrib-
utes to the pathogenesis of several inflammatory diseases."*™**
The activation of the nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome plays a
pivotal role in promoting immune cell infiltration and exacer-
bating liver inflammation.'®'” In endothelial cells, eNAMPT
has been shown to promote NLRP3 inflammasome activation
and subsequent secretion of key pro-inflammatory cytokines
such as IL-1B and TNF-o.'*'® Despite these findings, the
specific cellular source of eNAMPT during alcohol-related
inflammation and its contribution to liver injury remain to be
elucidated. We hypothesize that BAT-derived eNAMPT is a criti-
cal mediator of hepatic inflammation in ALD and that target-
ing its secretion could offer a novel preventive and therapeutic
approach. eNAMPT secretion is modulated by cellular stress,
nutrient availability, and inflammatory stimuli.'* In light of
the increasing emphasis on nutritional interventions in ALD
management, we propose that dietary modulation of eNAMPT
may represent a promising strategy. Nicotinamide riboside
(NR), a natural dietary supplement and a form of vitamin B3
found in milk and beer,'® has shown efficacy in mitigating
ethanol-induced hepatic steatosis, as well as carbon tetra-
chloride-induced liver fibrosis in our previous studies.”®*
However, whether NR can regulate eNAMPT secretion and
influence alcohol-induced hepatic inflammation remains
unknown.

This study investigates the role of BAT-derived eNAMPT in
mediating hepatic NLRP3 inflammasome activation in ALD
and evaluate the therapeutic potential of NR supplementation.
We aim to provide mechanistic insights into the protective
effects of NR and to identify eNAMPT as a promising thera-
peutic target for ALD by uncovering the role of the adipose-
liver inflammatory axis and its modulation through nutritional
intervention.

2. Materials and methods
2.1 Cell culture and treatment

The normal liver epithelial cell line AML12 (alpha mouse liver
12) was maintained in DMEM/F-12 (1:1) supplemented with
insulin-transferrin-selenium-ethanolamine (ITS-X, 51500056;
Thermo Scientific, MA, USA), 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA), and 1% penicillin-streptomycin, in a 5%
CO, atmosphere at 37 °C. The murine macrophage cell line
RAW 264.7, ectopically expressing ASC, was cultured in RPMI
1640 supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) and 1% penicillin-streptomycin, under
identical conditions. Cells were treated with recombinant
eNAMPT protein at concentrations of 5 ng mL™" and 10 ng
mL™"  (8424-VF-050; Bio-Techne, R&D Systems, Inc.,
Minnesota, USA) for 24 hours. Stromal vascular fraction cells
(SVFs) were isolated from the subcutaneous fat of mice and
differentiated into mature brown adipocytes in vitro, as pre-
viously described.”” After treatment with NR (0.5 mmol L™
ChromaDex, Irvine, CA, USA) for 96 hours together with
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ethanol (100 mmol L™"; Aladdin, Shanghai, China) exposure,
the mature brown adipocytes were harvested, and eNAMPT was
removed from the medium through immunoprecipitation. The
conditioned medium (CM) was subsequently cultured with
AML12 cells and RAW 264.7 cells for an additional 24 hours.

2.2 Cell migration assay

Cells were seeded in a 6-well plate and grown to confluence. A
sterile pipette tip was used to create a uniform scratch in the
cell monolayer. After the scratch, the culture medium was
removed, and the cells were washed with PBS to remove
debris. Fresh medium with or without treatment recombinant
eNAMPT protein at concentrations of 5 ng mL™" and 10 ng
mL ™" was added to the wells. The cells were incubated at 37 °C
with 5% CO,, and images of the wound area were captured at
designated time points (0 and 48 hours) using a phase-contrast
microscope. The migration rate was quantified by measuring
the distance of cell movement into the wound area, using
Image J analysis software.

2.3 Immunoprecipitation

After ethanol treatment, brown adipocytes were incubated with
NAMPT antibody (BETHLY, A300-372A, Texas, USA; 1:500) or
normal IgG antibody (1:500) for 1 hour at 37 °C.
Subsequently, 20 pL of protein A/G plus agarose beads (Santa
Cruz, Inc., CA, USA) was added, and the mixture was rotated
overnight at 4 °C. Samples were then centrifuged at 1000g for
2 minutes at 4 °C. The supernatant was collected and utilized
as the conditioned medium.

2.4 Western blot

Total protein was extracted from mouse livers or cultured cells
using RIPA lysis buffer containing PMSF (Beyotime, Shanghai,
China), followed by centrifugation at 14 000g for 20 minutes at
4 °C. Protein concentration in the supernatant was quantified
using a BCA kit from Beyotime (Shanghai, China). Western
blot analysis was conducted as previously described.>" The fol-
lowing primary antibodies were employed: NAMPT (BETHLY,
A300-372A, Texas, USA), IL-1p (CST, MA, USA), GAPDH (CST,
MA, USA), tubulin (Abcam, Cambridge, UK), ACTIN (CST, MA,
USA), ASC (CST, MA, USA), NLRP3 (Abcam, Cambridge, UK),
Pro-caspase-1 (Proteintech, Rosemont, USA), and caspase-1
P20 (Santa Cruz, Inc., CA, USA).

To quantify eNAMPT protein concentration in the medium,
20 pL of medium was combined with 5 puL of 5x SDS loading
buffer and boiled at 95 °C for 10 minutes. For eNAMPT detec-
tion in serum, 2 pL of serum was mixed with 98 pL of RIPA
buffer and then combined with 20 pL of 5x SDS loading
buffer, followed by boiling at 95 °C for 10 minutes. Remaining
procedures were conducted as described above. We provided
the uncropped, full-length western blot images as SI.

2.5 Quantification of NR and NAD" levels

Cell samples were subjected to 400 pL of 80% methanol
(HPLC, Merck, Darmstadt, Germany) containing 20 nmol per L
nevirapine per well, followed by collection by scraping the cells
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into Eppendorf tubes. The samples were homogenized using a
high-throughput tissue grinding instrument (Xinzhi, Co., Ltd,
China). After centrifugation at 14 000g for 10 minutes at 4 °C,
the supernatant was removed, dried in a rotary evaporator, and
resuspended in 80 pL of 20% acetonitrile. Following centrifu-
gation at 14 000g for 35 minutes at 4 °C, the supernatant was
transferred to the liner of an Agilent sample bottle for analysis.
A Hypercarb column (100 x 2.1 mm, 3 pm, Thermo Fisher
Scientific, MA, USA) was employed as previously described.*!
The aqueous phase contained 7.5 mmol L™' ammonium
acetate and 0.5% ammonia, while the acetonitrile organic
phase contained 0.5% ammonia. The injection volume was
3 pL, with a flow rate of 0.15 mL min~'. NR and NAD" levels
were quantified using an ultra-performance liquid chromato-
graphy tandem quadrupole time-of-flight mass spectrometer
(UPLC-QTOF, 1290Infinity/6538, Agilent, Palo Alto, CA, USA)
and normalized using nevirapine as an internal reference.

2.6 Animal models

Eight-week-old male C57BL/6 mice were obtained from the
Guangdong Medical Laboratory Animal Center. All animal
experiments were approved by the Animal Ethics Committee of
Sun Yat-sen University (2021002133, Guangzhou, China). The
mouse model of alcoholic liver injury (NIAAA) was established
as previously described.*® Control mice were acclimatized for 5
days on a Lieber-Decarli control liquid diet (TP4030C;
TROPHIC Animal Feed High-tech Co., Ltd, Nantong, China).
For the ethanol-fed group, the control diet was gradually
replaced with a 5% Lieber-Decarli ethanol liquid diet
(TP4030D; TROPHIC Animal Feed High-tech Co., Ltd,
Nantong, China), with ethanol concentrations ranging from
1% to 4% from days 2 to 5. Mice were maintained on the 5%
Lieber-Decarli ethanol liquid diet for 10 days, while control
mice were pair-fed with the Lieber-Decarli control diet. On the
morning of day 11, the ethanol-fed mice were gavaged with 5 g
per kg body weight of alcohol, while control mice received an
equicaloric maltodextrin solution. Mice were sacrificed
9 hours after gavage.

For eNAMPT neutralization studies, 8-week-old male mice
were randomly assigned to three groups: the control group (7 = 6),
the ethanol (EtOH) group (n = 9), and the EtOH + anti-NAMPT
group (n = 9). Mice in the EtOH + anti-NAMPT group were admi-
nistered an intraperitoneal injection of 0.4 mg kg™ of NAMPT
antibody (BETHLY, A300-372A, Texas, USA) every three days for 10
days. The control and EtOH groups received equivalent volumes
of normal IgG antibody (CST, #2729, Massachusetts, USA).

For NAD supplementation, 8-week-old male mice were simi-
larly divided into three groups: the control group (n = 6), the
EtOH group (n = 9), and the EtOH + NR group (n = 9). Mice in

Table 1 Sequences of the siRNA
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the EtOH + NR group were administered 400 mg per kg body
weight of NR by gavage daily, while control and EtOH groups
received an equal volume of saline via gavage.

2.7 RNA-seq analysis

Total RNA was extracted from mouse livers, and RNA-seq ana-
lysis was performed on the BGI Genomics platform
(BGI-Shenzhen, China). Clean reads were mapped to the refer-
ence genome (species: Mus musculus; source: NCBI; reference
genome version: Gef_000001635.26_grem38.p6) using HISAT2.
Analysis results were uploaded to the Dr Tom multi-omics data
mining system (Shenzhen, BGI) for gene quantification, differ-
ential gene screening, and statistical analysis of differentially
expressed genes (DEGs).

2.8 Knockdown of NAMPT in BACs

Post-confluent mature brown adipocytes in 12-well plates were
divided into si-NAMPT group and si-NC group (siRNA
sequences are listed in Table 1). siRNA was diluted in Opti-
MEM (Gibco, #31985070, Carlsbad, CA, USA), followed by
addition of RNAFit transfection reagent (GeneCopoeia,
#EF013). The mixture was vortexed thoroughly and incubated
at room temperature for 10 to 20 minutes. During transfection
complex formation, 0.8 mL of pre-warmed DMEM was added
to each well. The transfection complex was then introduced
into the wells and gently mixed, achieving a final volume of
1 mL per well with 50 nM siRNA and 2 pL RNAFit reagent.
After 6-hour incubation at 37 °C with 5% CO,, the si-NAMPT
and si-NC groups were further subdivided into four experi-
mental subgroups: CON (control), NR (0.5 mmol L™ nicotina-
mide riboside), EtOH (100 mmol L™, Aladdin), and EtOH +
NR groups. All groups received DMEM supplemented with 1%
penicillin-streptomycin. The humidified atmosphere of EtOH
group and EtOH + NR group was maintained by placing 6 mL
of 95% ethanol in 1 L sterile water in the incubator chamber.
Cells were incubated for 48 hours at 37 °C with 5% CO,. After
the incubation period, the transfection protocol and pharma-
cological interventions were repeated, after which cells and
conditioned medium were harvested for subsequent analyses.

2.9 Quantitative real-time PCR

Total RNA was extracted from mouse livers using TRIzol. cDNA
was synthesized from total RNA employing a DNA removal and
reverse transcription kit (RR047A, TAKARA, Invitrogen,
Carlsbad, CA, USA). Real-time PCR was conducted using TB
Green® premix Ex Taq II (RR820A, TAKARA, Invitrogen,
Carlsbad, CA, USA) on a Vii7 System (ABI, Carlsbad, USA) to
obtain CT values, with 27#2Ct values utilized for analyzing
relative mRNA levels. p-Actin served as a reference gene. RT-

Gene Species Forward Reverse
siNAMPT Mouse UCAGCGAUAGCUAUGACAUUU TT AAAUGUCAUAGCUAUCGCUGATT
si-NC Mouse UUCUCCGAACGUGUCACGU TT UUCUCCGAACGUGUCACGU TT

7798 | Food Funct., 2025, 16, 7796-7811
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Gene Species Forward primer Reverse primer

IL-1B Mouse GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
TNFa Mouse CCGGGAGAAGAGGGATAGCTT TCGGACAGTCACTCACCAAGT
SAA1 Mouse CAGATCTGCCCAGGAGACAC TCATGTCAGTGTAGGCTCGC
Cxcl1 Mouse CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Cxcl2 Mouse CCAACCACCAGGCTACAGG GCGTCACACTCAAGCTCTG
CD206 Mouse CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
CD80 Mouse ACCCCCAACATAACTGAGTCT TTCCAACCAAGAGAAGCGAGG
IL-12 Mouse CTGTGCCTTGGTAGCATCTATG GCAGAGTCTCGCCATTATGATTC
IL-10 Mouse GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
TGFpB Mouse CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
B-Actin Mouse GTGGTGGTGAAGCTGTAGCC AGCCATGTACGTAGCCATCC

gPCR analysis was performed as previously described.>’ The
primer sequences used in this study are presented in Table 2.

2.10 Statistical analysis

All results are expressed as mean (SD). Comparisons among
multiple groups were analyzed using one-way ANOVA followed
by Bonferroni’s post hoc multiple comparison test to determine
statistical significance. Comparisons between two experi-
mental groups were assessed using Student’s t-test. A p-value
of <0.05 was considered statistically significant. All analyses
were conducted using GraphPad Prism 9.0.0 (GraphPad
Software, San Diego, CA, USA).

3. Results

3.1 Ethanol increases eNAMPT secretion from brown
adipocytes

eNAMPT is an adipokine secreted by adipocytes.”* We
observed that ethanol intake significantly increased the levels
of eNAMPT in the serum of mice (Fig. 1A-C). Histological ana-
lysis revealed that ethanol intake induced lipid accumulation
and elevated NAMPT expression in BAT (Fig. 1D-G). To investi-
gate whether the increased circulating eNAMPT is a result of
alcohol-induced secretion from brown adipocytes, we analyzed
eNAMPT secretion during adipocyte differentiation in vitro
from preadipocytes to mature brown adipocytes. A gradual
increase in eNAMPT secretion was observed, indicating that
brown adipocytes serve as a source of eNAMPT (Fig. 1H and I).
Following 96 hours of ethanol treatment, we measured
eNAMPT levels in the culture media by western blot. The
results showed that ethanol significantly increased NAMPT
expression in brown adipocytes and enhanced the secretion of
eNAMPT into the culture supernatant (Fig. 1J). In contrast,
ethanol treatment did not alter NAMPT expression or eNAMPT
secretion in white adipocytes (Fig. S1A-D), are the primary
mediators of ethanol-induced eNAMPT secretion.

3.2 Neutralizing eNAMPT protects against alcohol-induced
liver NLRP3 inflammasome activation in mice

To investigate the role of eNAMPT in alcoholic liver injury, we
neutralized circulating eNAMPT using a polyclonal antibody

This journal is © The Royal Society of Chemistry 2025

against NAMPT (anti-NAMPT) in a NIAAA mouse model of
chronic and binge ethanol feeding. Anti-NAMPT was adminis-
tered via intraperitoneal injection every three days (Fig. 2A).
Compared to control mice, ethanol-fed mice exhibited signifi-
cantly elevated eNAMPT protein levels in serum (Fig. 2B and
C). As anticipated, treatment of ethanol-fed mice with anti-
NAMPT significantly reduced serum eNAMPT levels (Fig. 2B
and C), indicating that neutralizing eNAMPT markedly
decreased circulating eNAMPT levels. Additionally, anti-
NAMPT treatment significantly reduced serum AST and ALT
levels in ethanol-fed mice (Fig. 2D).

To further explore the mechanism of eNAMPT in alcoholic
liver injury, we performed transcriptome analysis via RNA
sequencing on liver tissue from the different groups. Statistical
analyses of differentially expressed genes (DEGs) revealed sig-
nificant upregulation of genes encoding key acute-phase pro-
teins associated with inflammation, including Saai, Saa2, and
Orm2, in the ethanol-fed group compared to the control group
(Fig. 2E). However, anti-NAMPT treatment significantly down-
regulated the expression of these genes (Fig. 2E). A volcano
plot further illustrated that Saai, Saa2, and Cxcl1 genes were
significantly downregulated in the anti-NAMPT treatment
group compared to the ethanol group (Fig. 2F). RNA-seq data
suggested that neutralizing circulating eNAMPT mitigates the
inflammatory response and reduces the expression of proin-
flammatory cytokines in the liver. We validated these findings
using quantitative real-time PCR, revealing that mRNA
expression levels of pro-inflammatory factors (Saai, Cxcli,
Cxcl2, IL-13, and Tnf-a) in ethanol-fed mice (Fig. 2G).
Treatment with anti-NAMPT decreased the mRNA expression
of these hepatic proinflammatory cytokines (Fig. 2G).

The NLRP3 inflammasome, a multiprotein complex com-
posed of NLRP3, ASC, and pro-caspase-1, is activated in
response to various stimuli.>®> Upon activation, the NLRP3
inflammasome cleaves and activates caspase-1, which sub-
sequently cleaves pro-IL-1p into its mature form, IL-1f. We
found that ethanol increased the protein expression of NLRP3,
activated caspase-1, and mature IL-1p in the liver, suggesting
that ethanol consumption induced NLRP3 inflammasome acti-
vation (Fig. 2H and I). However, anti-NAMPT treatment signifi-
cantly reduced the expression of NLRP3, caspase-1, and
mature IL-1f in the liver, thereby inhibiting NLRP3 inflamma-

Food Funct., 2025,16, 7796-781 | 7799
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eNAMPT were measured by western blot, (C) results were expressed as fold changes of control. (D) Serum levels of AST and ALT were assessed. (E
and F) The mRNA-seq sequencing in mice liver, (E) expression heat map and (F) volcano plot of differentially expressed genes (DEGs). (G) Hepatic
mRNA levels of pro-inflammatory or anti-inflammatory cytokine genes were measured via qRT-PCR. (H) Hepatic protein levels of NLRP3 inflamma-
some were measured by western blot, (1) results were expressed as fold changes of control. Data are presented as mean (SD). n = 6—9 per group; **p
< 0.01, ***p < 0.001, ****p < 0.0001, *p < 0.05 compared with the EtOH group; *p < 0.05 compared with the control group.
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some activation (Fig. 2H and I). These results suggest that
blocking eNAMPT signaling significantly alleviates ethanol-
induced NLRP3 inflammasome activation and the associated
inflammatory response in the liver, indicating eNAMPT may
serve as a potential therapeutic target for alcohol-induced
hepatic inflammation.

3.3 BACs-derived eNAMPT induces NLRP3 inflammasome
activation in hepatocytes and macrophages

To determine whether BACs-derived eNAMPT secretion regu-
lates NLRP3 inflammasome activation in liver, we neutralized
eNAMPT in the culture medium (CM) of brown adipocytes
through immunoprecipitation and transferred this CM to
culture AML12 and RAW 264.7 cells (Fig. 3A). Western blot
analysis confirmed that eNAMPT levels in the CM from the
ethanol treatment group were significantly reduced following
neutralization (Fig. 3B and C). After culturing AML12 and RAW
264.7 cells with the CM for 24 hours, we assessed the
expression of NLRP3 inflammasome-related proteins by
western blot. We found that CM from ethanol-treated AML12
cells increased the protein expression of NLRP3, ASC, caspase-
1, and mature IL-1p (Fig. 3D and E). However, neutralization of
eNAMPT in the CM significantly inhibited these protein
expressions (Fig. 3D and E), indicating that the neutralization
of eNAMPT led to the inactivation of the NLRP3 inflamma-
some and a reduction in IL-1p production. Similarly, CM from
ethanol-treated RAW 264.7 cells induced NLRP3 inflamma-
some activation, which was suppressed by neutralizing
eNAMPT in the CM (Fig. 3F and G). These results suggest that
BACs-derived eNAMPT secretion regulates NLRP3 inflamma-
some activation in both hepatocytes and macrophages.

3.4 Recombinant eNAMPT activates NLRP3 inflammasome
in hepatocytes and macrophages

To confirm the proinflammatory effects of eNAMPT, we incu-
bated AML12 and RAW 264.7 cells with two concentrations of
recombinant eNAMPT (5 ng mL™' and 10 ng mL™") for
24 hours. Our results demonstrated that eNAMPT treatment
dose-dependently increased the protein expression of NLRP3
and ASC in AML12 cells (Fig. 4A and B). Additionally, the
expression of the activated form of caspase-1 and mature IL-1p
was significantly elevated in a dose-dependent manner follow-
ing eNAMPT treatment (Fig. 4A and B), indicating that
eNAMPT induces NLRP3 inflammasome activation in AML12
cells. Similarly, recombinant eNAMPT treatment increased
NLRP3 and ASC protein expression and induced the cleavage
of procaspase-1 to caspase-1, as well as the cleavage of pro-
IL-1p to mature IL-1p in RAW 264.7 cells (Fig. 4C and D). To
eliminate the possibility of LPS contamination, we heat-inacti-
vated the recombinant eNAMPT by incubating it at 56 °C for
30 minutes. The results showed that heat inactivation inhib-
ited eNAMPT-induced NLRP3 activation (Fig. S2), suggesting
that the role of eNAMPT in NLRP3 inflammasome activation
was not associated with LPS contamination. Furthermore,
eNAMPT treatment increased the migration of RAW 264.7 cells
in a dose-dependent manner (Fig. 4E and F). Cell morphologi-
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cal analysis showed that RAW 264.7 cells changed from round
to spindle-shaped following eNAMPT treatment, indicating
macrophage polarization (Fig. 4G and H). In addition, our
results showed that eNAMPT is localized on the macrophage
membrane (Fig. S3) and promoted it to M1 polarization
(Fig. S4). These findings confirm that eNAMPT can activate
NLRP3 inflammasome in hepatocytes and macrophages,
further supporting its proinflammatory effects.

3.5 NR supplementation protects against alcohol-induced
liver NLRP3 inflammasome activation and decreases
circulating eNAMPT levels in mice

Given the significant role of eNAMPT in liver inflammation,
we sought a safer, more implementable strategy to target
eNAMPT for potential clinical application. We treated the
NIAAA model mice with NR (400 mg per kg bw) for 16 days
(Fig. 5A). NR supplementation reduced ethanol-induced lipid
accumulation and elevated NAMPT expression in BAT (Fig. 5B
and C). Additionally, NR supplementation significantly inhib-
ited the ethanol-induced increase in serum eNAMPT concen-
tration (Fig. 5D and E), and reduced serum AST and ALT levels
in ethanol-fed mice (Fig. 5F). Moreover, NR supplementation
significantly reduced the protein expression levels of activated
caspase-1, mature IL-1p, and NLRP3 in the liver, indicating
that NR treatment inhibits ethanol-induced NLRP3 inflamma-
some activation (Fig. 5G and H). We also measured the
expression of proinflammatory cytokines in the liver. Ethanol
treatment elevated the hepatic mRNA levels of pro-inflamma-
tory factors, but NR treatment inhibited this ethanol-induced
pro-inflammatory response (Fig. 5I). These results suggest that
NR supplementation may represent a promising therapeutic
approach for ethanol-induced hepatic inflammation by target-
ing eNAMPT.

3.6 NR supplementation inhibits ethanol-induced eNAMPT
secretion from BACs

To determine whether NR directly regulates eNAMPT secretion
to mitigate liver inflammation, we incubated mature brown
adipocytes with ethanol, with or without NR supplementation,
for 96 hours. We then collected the culture medium (CM) and
transferred them to AML12 and RAW 264.7 cell cultures for
24 hours (Fig. 6A). Ethanol exposure increased intracellular
NAMPT expression and decreased NAD levels, whereas NR sup-
plementation reversed these changes by reducing NAMPT
expression and restoring NAD levels (Fig. S5). As expected, NR
supplementation  effectively inhibited ethanol-induced
eNAMPT secretion from brown adipocytes (Fig. 6B and C). We
measured the levels of NR in the CM. NR was completely
metabolized by brown adipocytes after 96 hours, and no trace
of NR was detected in the CM (Fig. S6). This confirmed that
the effects of the CM on hepatocytes and macrophages were
due to the secretions of brown adipocytes, not residual NR.
Subsequently, we assessed the expression of NLRP3 inflamma-
some-related proteins by western blot. As anticipated, treat-
ment with CM from ethanol-treated adipocytes increased the
expression levels of NLRP3 and ASC, as well as the activation

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 BACs-derived eNAMPT induces NLRP3 inflammasome activation in hepatocytes and macrophages. (A) Isolation stromal vascular fraction
cells (SVFs) were differentiated to mature brown adipocytes, brown adipocytes were treated with or without EtOH (100 mmol L™Y) for 96 h, the
eNAMPT in collected media of brown adipocytes after ethanol intervention was removed by immunoprecipitation with NAMPT-antibody, the con-
ditioned medium (CM) was cultured with AML12 cells and RAW 264.7 cells for 24 h; (B) eNAMPT levels in this CM were detected by western blot, (C)
results were expressed as fold changes of control; (D) western blot analysis of NLRP3 inflammasome proteins in AML12 cells, (E) results expressed as
fold changes relative to the control; (F) western blot analysis of NLRP3 inflammasome proteins in RAW 264.7 cells, (G) results expressed as fold
changes relative to the control. Data are presented as mean (SD). *p < 0.05 compared with the EtOH + 1gG group; #p < 0.05 compared with the
CON + IgG group.
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Fig. 4 Recombinant eNAMPT activates NLRP3 inflammasome in hepatocytes and macrophages. (A—D) AML12 cells and RAW 264.7 cells were incu-
bated with recombinant NAMPT protein (5 ng mL™, 10 ng mL™) for 24 hours, (A) western blot analysis of protein related with NLRP3 inflammasome
in AML12 cells, (B) results were expressed as fold changes of control; (C) western blot analysis of protein related with NLRP3 inflammasome in RAW
264.7 cells, (D) results were expressed as fold changes of control. (E) Cell migration of RAW 264.7 cells after incubating with recombinant NAMPT
protein (5 ng mL™%, 10 ng mL™?) for 48 hours; (F) quantitative analysis of cell migration rate. (G) Cell morphological changes of RAW 264.7 cells after
incubating with recombinant NAMPT protein (5 ng mL™%, 10 ng mL™) for 24 hours; (H) quantitative analysis of cell elongation factor. Data are
expressed as mean (SD). *p < 0.05 compared with 5 ng mL™* eNAMPT treatment; *p < 0.05 compared with the control group.
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Fig. 5 NR supplementation decreases circulating eNAMPT levels and protects against alcohol-induced liver NLRP3 inflammasome activation in
mice. (A) Schematic of the experimental design of mice were treated with chronic-plus-binge ethanol feeding and nicotinamide riboside (400 mg
per kg bw) treatment for 16 days. (B) H&E stain and immunohistochemical staining of NAMPT in mouse BAT. (C) Quantitative analysis of immunohis-
tochemistry. (D) Serum levels of eNAMPT were measured by western blot, (E) results were expressed as fold changes of control. (F) Serum levels of
AST and ALT were assessed. (G) Hepatic protein levels of NLRP3 inflammasome were measured by western blot, (H) results were expressed as fold
changes of control. (I) Hepatic mRNA levels of pro-inflammatory or anti-inflammatory cytokine genes were measured via gRT-PCR. Data are
expressed as mean (SD). n = 69 per group, **p < 0.01, ***p < 0.001, ****p < 0.0001, *p < 0.05 compared with the EtOH group; #p < 0.05 compared
with the control group.
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Fig. 6 NR supplementation inhibits ethanol-induced eNAMPT secretion from BACs. (A and B) brown adipocytes were treated with or without EtOH
(100 mmol L™ and NR (0.5 mmol L™) for 96 h, the media of brown adipocytes after ethanol + NR intervention was collected and cultured with
AML12 cells and RAW 264.7 cells for 24 h, (B) western blot analysis of eNAMPT protein expression in cell culture supernatant, (C) results were
expressed as fold changes of control. (D) Western blot analysis of NLRP3 inflammasome proteins in AML12 cells, (E) results expressed as fold
changes relative to the control; (F) western blot analysis of NLRP3 inflammasome proteins in RAW 264.7 cells, (G) results expressed as fold changes
relative to the control. Data are presented as mean (SD). *p < 0.05 compared with the EtOH group; #p < 0.05 compared with the CON group.
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of caspase-1 and mature IL-1f, resulting in NLRP3 inflamma-
some activation in AML12 cells (Fig. 6D and E). In contrast,
treatment with CM from ethanol + NR significantly reversed
these effects (Fig. 6D and E). Similarly, CM from ethanol + NR-
treated RAW 264.7 cells suppressed NLRP3 inflammasome
activation and reduced IL-1p production compared to CM from
ethanol alone (Fig. 6F and G). Additionally, neutralizing
eNAMPT in the CM from ethanol + NR can further inhibit
NLRP3 expression in BACs (Fig. S7A and B). These results indi-
cate that NR supplementation inhibits ethanol-induced
eNAMPT secretion from brown adipocytes, contributing to the
inactivation of the NLRP3 inflammasome in AML12 and RAW
264.7 cells.

3.7 NR supplementation inhibits hepatic NLRP3
inflammasome activation by suppressing ethanol-induced
eNAMPT secretion from BACs

To further verify whether NR supplementation inhibits hepatic
NLRP3 inflammasome activation by suppressing ethanol-
induced eNAMPT secretion from brown adipocytes, we
knocked down NAMPT expression in BACs (Fig. S8A and B).
NAMPT-knockdown brown adipocytes were then incubated
with ethanol, with or without NR, for 96 hours. The con-
ditioned medium was collected and transferred to AML12 and
RAW 264.7 cells for 24 hours (Fig. 7A). As expected, NR sup-
plementation failed to inhibit ethanol-induced eNAMPT
secretion from brown adipocytes following NAMPT knockdown
(Fig. 7B and C). Then, we assessed the expression of NLRP3
inflammasome-related proteins by western blot. Both AML12
and RAW 264.7 cells demonstrated the same outcome: the CM
from ethanol-treated adipocytes with NR intervention inhib-
ited the inflammatory response in hepatocytes and macro-
phages. However, this protective effect was lost when NAMPT
was knocked down in brown adipocytes (Fig. 7D-G). These
results suggest that NR can protect against alcohol-induced
liver inflammation by inhibiting the secretion of eNAMPT
from BACs.

4. Discussion

Our study highlights the critical role of eNAMPT secreted from
brown adipocytes (BACs) in the pathogenesis of alcoholic liver
disease (ALD). We demonstrate that ethanol exposure
enhances eNAMPT secretion from BACs, while neutralization
of circulating eNAMPT significantly reduces NLRP3 inflamma-
some activation and the production of proinflammatory cyto-
kines in both in vivo and in vitro. Moreover, supplementation
with nicotinamide riboside (NR), a dietary vitamin B3, sup-
pressed ethanol-induced eNAMPT release and attenuated
NLRP3 inflaimmasome activation, revealing a novel anti-
inflammatory effect of NR in ALD. These findings suggest
eNAMPT as a promising therapeutic target and highlight NR
as a potential nutritional intervention for ALD.

eNAMPT, an adipokine highly expressed in adipose tissue,
is secreted during the differentiation of brown adipocytes.*®*”

This journal is © The Royal Society of Chemistry 2025
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Consistent with previous studies, we observed a gradual
increase in eNAMPT secretion during BAC maturation,
suggesting that adipose tissue is a key contributor to circulat-
ing eNAMPT levels. Elevated eNAMPT concentrations have
been implicated in metabolic and inflammatory disorders
such as atherosclerosis, obesity, type 2 diabetes, and
cancer.”®?° Importantly, serum eNAMPT levels have been
shown to increase with chronic alcohol intake.* In our study,
ethanol promoted eNAMPT secretion both in vivo and in vitro,
and neutralizing eNAMPT with a polyclonal antibody signifi-
cantly mitigated NLRP3 inflammasome activation. This is in
line with reports that eNAMPT-targeting antibodies ameliorate
radiation-induced lung fibrosis and septic lung injury,'**> and
reduce liver damage in nonalcoholic liver disease models.*®
These results collectively suggest that targeting eNAMPT offers
broad therapeutic potential across inflammation-related
diseases.

Initially identified as a proinflammatory factor in the bone
marrow,”* eNAMPT also functions as a damage-associated
molecular pattern (DAMP) and TLR4 ligand, activating the NF-
kB signaling pathway.*” This activation triggers NLRP3 inflam-
masome assembly and cytokine release.>® Previous studies
have shown that eNAMPT disrupts endothelial integrity and
promotes IL-1p secretion via NLRP3 activation.'®*® Our find-
ings confirm that eNAMPT contributes to hepatic inflam-
mation by activating the NLRP3 inflammasome, providing new
mechanistic insight into the pathogenic role of eNAMPT in
ALD. In addition, we observed that Alexa Fluor 488-labeled
recombinant eNAMPT localized on the membrane of RAW
264.7 cells and promoted it to M1 polarization, suggesting that
eNAMPT may promotes pro-inflammatory macrophage pheno-
type through receptor-dependent pathways, consistent with
previous reports of its interaction with TLR4. Further studies
are needed to directly confirm this molecular interaction. In
our previous study, we demonstrated that eNAMPT aggravates
hepatic injury through promoting hepatocellular ferroptosis,
identifying eNAMPT as a key mediator of cell death in ALD."
Given the close interplay between ferroptosis and inflamma-
tory signaling®”=® particularly through the release of DAMPs,
we hypothesized that eNAMPT might also contribute to ALD
via inflammatory pathways. In the present study, we extended
our investigation to identify the role of eNAMPT in NLRP3
inflammasome activation. Our founding delineates the multi-
faceted role of eNAMPT in ALD progression, bridging cell
death and inflammation, and highlighting its potential as an
upstream regulator and therapeutic target.

Similar studies have demonstrated that eNAMPT exacer-
bates liver injury, steatosis, hepatitis, and cirrhosis in mice,®
suggest that eNAMPT may play a significant role in the pro-
gression of liver diseases. As liver disease advances to decom-
pensated cirrhosis, liver transplantation often becomes the
sole viable treatment option.>*° Thus, there is a pressing need
to explore effective strategies for the prevention and treatment
of ALD before it progresses to cirrhosis. NR is a superior NAD"
precursor and nutritional supplement with benefits in meta-
bolic and aging-related diseases,’”*" effectively reduces
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Fig. 7 NR supplementation inhibits hepatic NLRP3 inflammasome activation by suppressing ethanol-induced eNAMPT secretion from BACs. (A and
B) NAMPT-knockdown brown adipocytes were treated with or without EtOH (100 mmol L™%) and NR (0.5 mmol L™ for 96 h, the media of brown
adipocytes after ethanol + NR intervention was collected and cultured with AML12 cells and RAW 264.7 cells for 24 h, (B) western blot analysis of
eNAMPT protein expression in cell culture supernatant, (C) results were expressed as fold changes of control. (D) Western blot analysis of NLRP3
inflammasome proteins in AML12 cells, (E) results expressed as fold changes relative to the control; (F) western blot analysis of NLRP3 inflammasome
proteins in RAW 264.7 cells, (G) results expressed as fold changes relative to the control. Data are presented as mean (SD). *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.
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ethanol-induced eNAMPT secretion from BACs. Previous
reports have shown that nicotinamide reduces eNAMPT
secretion under stress conditions,>* and that NAD' metab-
olism is closely tied to eNAMPT production.*” Consistent with
these observations, we found that NR supplementation
reduced ethanol-induced intracellular NAMPT expression
while restoring intracellular NAD" levels in brown adipocytes,
further supporting that its protective effects are mediated
through modulation of cellular NAD metabolism. Our earlier
work found that palmitate-induced eNAMPT secretion could
be reversed by cyanidin-3-O-glucoside, which also elevated
hepatic NAD" levels in mice fed high-fat and ethanol-enriched
diets.>>** These results further support the idea that eNAMPT
release is nutritionally regulated and metabolically sensitive.

Mechanistically, NR-mediated inhibition of eNAMPT
secretion led to the suppression of NLRP3 inflammasome acti-
vation in both hepatocytes and macrophages. Our study
mainly demonstrated that NR protects the liver by indirectly
suppressing ethanol-induced eNAMPT secretion from brown
adipocytes. However, NR may also exert direct protective
effects. NR supplementation can increase intracellular NAD"
availability, thereby enhancing mitochondrial function, pro-
moting oxidative metabolism, and attenuating inflammatory
signaling in cardiac hypertrophy,** liver inflammation,**> and
neuroinflammation.’® NR may act through both direct and
indirect mechanisms to protect against alcoholic liver injury,
suggesting its broad therapeutic potential as a nutritional
intervention. Importantly, we show that the protective effect of
NR on hepatic inflammation was lost when NAMPT was
knocked down in BACs, confirming that its anti-inflammatory
efficacy depends on the regulation of BACs-derived eNAMPT.
This is a novel mechanism for the protective effect of NR and
highlights its potential role as a clinically applicable dietary
supplement.

Despite the promising findings, our study has several limit-
ations. The multiple physiological roles of eNAMPT, including
intracellular involvement in NAD' biosynthesis, make it
difficult to selectively block extracellular activity without
affecting beneficial functions. Liver inflammation is also regu-
lated by multiple mediators that may compensate for eNAMPT
inhibition, and the long-term safety of such interventions
remains uncertain. In additions, it is important to acknowl-
edge the differences between mouse models and human alco-
holic liver disease. The relative abundance of brown adipose
tissue is lower in adult humans compared with mice, which
may influence the extent to which BAT-derived eNAMPT con-
tributes to liver inflammation. Even though our study demon-
strated the protective effects of NR in mouse models and cell
lines, the optimization of dosage and consideration of individ-
ual difference are still required in human studies.

5. Conclusions

In conclusion, our study identifies BACs-derived eNAMPT as a
key upstream driver of NLRP3 inflammasome activation in

This journal is © The Royal Society of Chemistry 2025
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alcoholic liver injury. Targeting eNAMPT, either through neu-
tralizing antibodies or NR supplementation, effectively allevi-
ates hepatic inflammation in ALD. These findings support the
translational potential of eNAMPT as a therapeutic target and
highlight NR as a promising nutritional intervention for the
prevention and treatment of ALD.
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NLRP3 Nucleotide-binding domain-like receptor protein 3
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SIRT1 Sirtuin 1
TNF-a Tumor necrosis factor-a

TLR4 Toll-like receptor 4
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