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Nicotinamide mononucleotide combined
with PJ-34 protects microglial cells

from lipopolysaccharide-induced
mitochondrial impairment through NMNAT3-
PARP1 axis

Jia Li'f Xiao-Yu Cheng?", Rui-Xia Ma', Bin Zou', Yue Zhang', Miao-Miao Wu', Yao Yao®  and Juan Li'*"

Abstract

Lipopolysaccharide (LPS) is known to induce cell injury and mitochondrial dysfunction, which are pivotal in
neuroinflammation and related disorders. Recent studies have demonstrated the potential of nicotinamide
mononucleotide (NMN) and poly(ADP-ribose) polymerase-1 (PARP1) inhibitors to enhance mitochondrial function.
However, the underlying mechanisms have not been fully elucidated. This study investigates the impact of NMN
in conjunction with PJ-34, a PARP1 inhibitor, on LPS-induced mitochondrial damage, focusing on nicotinamide
mononucleotide adenylyl transferase 3 (NMNAT3) -PARP1 axis. The results showed that LPS treatment led to down-
regulation of NMNAT3 (decreased 58.72% at 1 uM), up-regulation of PARP1 (enhanced 22.78% at 1 uM), thereby
impairing mitophagy and mitochondrial function. The negative effects can be mitigated through supplementation
with NMN and PJ-34. Specifically, compared to the LPS group, the expression of NMNAT3 increased by 63.29%

and PARP1 decreased by 27.94% at a concentration of 400 uM NMN. Additionally, when 400 pM NMN was
combined with 5 uM PJ-34, PARP1 expression decreased by 21.99%. Mechanistic studies reveal that NMN and PJ-34
counteracted the detrimental effects by promoting the binding of FoxO1 to the PINKT promoter to activate the
PINK1/Parkin mediated mitophagy pathway. Further experimental results demonstrate that the down-regulation

of NMNAT3 can activate PARP1 and inhibit the initiation of autophagic processes. Consequently, targeting the
NMNAT3-PARP1 signaling pathway holds promise for the development of novel therapeutic strategies to alleviate
mitochondrial damage-related disorders.
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Introduction

Neuroinflammation is a cardinal feature in the patho-
genesis of various neurological conditions and plays a
critical role in brain injury surveillance and response [1,
2]. Recent studies show that the pathological process of
neuroinflammation is accompanied by mitochondrial
dysfunction [3]. Neuroinflammation and mitochondrial
dysfunction are involved in the primary pathophysiology
of almost all neurodegenerative diseases [4, 5].

Nicotinamide adenine dinucleotide (NADY) is a criti-
cal intracellular messenger molecule with dual functions
of signal transduction and cell metabolism [6]. A decline
in the concentration of NAD, especially mitochondrial
NAD", is observed during aging, resulting in mitochon-
drial dysfunction and the decrease of ATP production
[7]. Nicotinamide mononucleotide (NMN) is a direct
precursor of NAD* ¥l Recent studies confirm that NMN
can attenuate cell activation, thereby suppressing inflam-
mation responses [9, 10]. NMN adenylyl transferase 3
(NMNATS3), a specific enzyme for mitochondrial NAD*
synthesis, shows great potential as a key target for mito-
chondrial diseases [11, 12]. Emerging evidence suggests
that NMN enhances the expression of NMNATS3 in intes-
tinal stem cells of aged mice, thereby delaying gut aging
[13]. However, further research is still needed to under-
stand the impact of NMN on NMNATS3 in glial cells and
to elucidate the subsequent mechanisms.

Poly(ADP-ribose) polymerase-1 (PARP1) is a crucial
NAD consuming enzyme located in the nucleus [14].
It metabolizes nuclear NAD* to produce nicotinamide
(NAM) and poly (ADP-ribose) (PAR) polymers [15].
PARP1 is regulated by its cofactor NAD"* and inhibited
by the reaction product NAM [16]. The levels of PAR
polymer indicate PARP1 enzymatic activity [17]. The
PAR polymer has been recognized as a novel signal for
cell death, capable of triggering the release of apoptosis-
inducing factors (AIFs) from mitochondria, which subse-
quently leads to cell death. This form of cell death, known
as parthanatos, is primarily induced by the overactiva-
tion of PARP1 [18]. Furthermore, the hyperactivation of
PARP1 depletes NAD", leading to ATP loss and the ini-
tiation of mitochondrion-dependent necroptosis [19].
PARP1 inhibitors can improve mitochondrial health [20,
21]. Additionally, PARP1 plays an essential role in main-
taining genomic integrity, DNA repair, and regulating
activity of transcription factor such as p53, NF-kB, and
FoxOs [22, 23].

NMN exhibits the dual roles of acting as an inhibitor
of PARPI1 and serving as a supplement for NAD", and
thus presents itself as a promising candidate for neuro-
protection [24]. Numerous studies have reported a pro-
tective effect of NMN on mitochondria, with possible
mechanisms involving enhance mitochondrial biogenesis
and mitophagy [25, 26]. However, NMN can elevate the
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levels of PAR polymer [18], which induce depolariza-
tion of mitochondrial membrane potential (MMP) and
mitochondrial dysfunction [27]. Our study revealed that
NMN exacerbated the depolarization damage of MMP in
lipopolysaccharide (LPS)-induced BV2 cells for the first
time. This adverse effect can be mitigated by the concur-
rent administration of a PARP1 inhibitor.

The combined effects of NMN and PARP1 inhibitor
PJ-34 in regulating mitochondrial function has not been
reported, and the mechanism is unclear. Therefore, this
study aimed to investigate the therapeutic effects of NMN
and PJ-34, and further explore the potential mechanisms
involving NMNAT3 and PARP1 in neuroinflammatory
protection. Our results confirmed the downregulation
of NMNATS3, the upregulation and activation of PARPI,
and mitochondrial function damage in LPS induced neu-
roinflammation. These effects can be reversed by sup-
plementing with NMN and PARP1 inhibitor PJ-34. The
study highlights a novel pathological manifestation of
NMNATS3 deficiency in neuroinflammation. It reveals the
critical role of the NMNAT3-PARP1 axis and elucidates
a new therapeutic strategy using NMN combined with
PARP1 inhibitors in neuroinflammation.

Materials and methods

Animals

Male C57BL/6] mice (6—8 weeks, 18-22 g) were pur-
chased from the Experimental Animal Center of Ningxia
Medical University. All animal experiments were con-
ducted strictly in accordance with the Provision and Gen-
eral Recommendation of Chinses Experiments Animals
Administration Legislation and approved by the Ethic
Committee of Ningxia Medical University (Approval No.
IACUC-NYLAC-2022-N180). The mice were raised in
cages with freely available food and water under constant
environmental temperature and humidity (22+1 °C and
45-55%, respectively). Mice were adapted to the environ-
ment for 1 week prior to experimentation.

Animal experiment procedure

Twenty-four mice were randomly divided into two
groups with twelve in each group, namely the control
group and LPS group. After anesthetization with 50 mg/
kg ketamine and 5 mg/kg xylazine, control group mice
were intracerebroventricular (i.c.v.) -injected with nor-
mal saline (4 pL per mouse), and LPS group mice were
subjected to an i.c.v. injection of LPS (L8880, Solarbio,
China) (5 pg/pL, 4 pL per mouse). Dosages of LPS used
to induce neuroinflammation in mice range from 10 ng
to over 20 pg [28—30]. Dose of 20 ug LPS per mouse was
used to induce inflammation, without severe systemic
responses, and no mice died in the experiments. Mice
were sacrificed 7 days after injection. Three mice in each
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group were used for immunofluorescence and three for
western blotting.

Histologic immunofluorescent staining

The brain tissues were fixed in 4% paraformaldehyde,
then transferred to 70% ethanol, and dehydrated through
a serial alcohol gradient. Tissues were embedded in a
paraffin wax block and cut into 4 um thin sections (n=5;
Servicebio, China). All sections were dewaxed in xylene,
rehydrated through decreasing concentrations of ethanol,
and washed in distilled water. After antigen retrieval in
sodium citrate, sections were incubated with 3% hydro-
gen peroxide for 15 min to block endogenous peroxi-
dase activity. The sections were then blocked with 10%
serum for 1 h and incubated with primary antibodies
NMNATS3 (1:100, sc-390443, Santa Cruz, CA, USA) or
PARP1 (1:200, DF7198, Affinity, OH, USA) at 4°C over-
night. Then sections were washed three times with PBST
before being incubated with biotinylates secondary anti-
bodies anti-rabbit (1:50,000, A21020, Abbkine, China) or
anti-mouse IgG (1:50,000, A21010, Abbkine, China) for
1 h at room temperature. DAPI (C0065, Solarbio, China)
was added at last for nuclear staining. The sections were
digitized with Revolve Gen2 high resolution fluorescence
microscope (Echo, USA) and Pannoramic 250 Flash
scanner (3DHISTECH, Hungary). Three images were
obtained from each section. The quantitative statistics
were analyzed by Fiji software (Image J version 1.54 m,
National Institutes of Health, MD, USA).

Western blot analysis

Tissue or cells were washed in an ice-cold PBS and lysed
with Lysis Buffer (P0013, Beyontime, China) containing
protease inhibitors, phosphatase inhibitors and PMSF
(100 mM). The protein concentration was determined by
using a BCA protein quantitative detection kit (G2026-
200T, Servicebio, China). Equal amounts of total protein
lysates were loaded on SDS-PAGE gels and electropho-
resed at 80 V for 30 min and 120 V for 90 min. Protein
was transferred to polyvinylidene fluoride (PVDF) mem-
branes at 300 mA for 60 min. Membranes were blocked
with 5% non-fat dry milk in TBST for 2 h at room tem-
perature. Membranes were incubated at 4°C overnight
with different primary antibodies: NMNAT3 (1:200,
sc-390443, Santa Cruz, CA, USA), PARP1 (1:1,000,
DF7198, Affinity, OH, USA), PAR polymer (1:1,000,
4335-MC-100, Trevigen, MD, USA), Beclinl (1:200,
sc-48341, Santa Cruz, CA, USA), p-ULK1l (1:1,000,
AF4387, Affinity, OH, USA), ULK1 (1:200, sc-390904,
Santa Cruz, CA, USA), LC3 (1:200, sc-398822, Santa
Cruz, CA, USA), p62 (1:200, sc-48402, Santa Cruz, CA,
USA), Tomm20 (1:1,000, AF5206, Affinity, OH, USA),
PINK1 (1:200, sc-518052, Santa Cruz, CA, USA), Parkin
(1:200, sc-32282, Santa Cruz, CA, USA), p-Drpl (Ser616)
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(1:1,000, AF8470, Affinity, OH, USA), Drpl (1:1,000,
Abcam, ab184247, MA, USA), Mfn2 (1:200, sc-515647,
Santa Cruz, CA, USA), Opal (1:200, sc-393296, Santa
Cruz, CA, USA), p-TBK1(Ser172) (1:1,000, AF8190,
Affinity, OH, USA), TBK1 (1:200, sc-52957, Santa Cruz,
CA, USA), OPTN (1:200, sc-166576, Santa Cruz, CA,
USA), B-actin (1:3,000, AF7018, Affinity, OH, USA),
GAPDH (1:1,000, AF7021, Affinity, OH, USA) and
Tubulin-f (1:1,000, AF7011, Affinity, OH, USA). The fol-
lowing day, membranes were incubated with anti-rabbit
(1:50,000, A21020, Abbkine, China) or anti-mouse IgG
(1:50,000, A21010, Abbkine, China) second antibod-
ies for 1 h at room temperature. Blots were incubated
with Enhanced ECL Luminescent Liquid (IN0004, Invi-
gentech, CA, USA). Luminescence was detected by gel
imaging system (Amersham Imager 600, General Elec-
tric Company, NJ, USA). The relative intensity of bands
was quantified using Image J software (version 1.54 m,
National Institutes of Health, MD, USA).

Cell culture and treatment

BV2 cells were obtained from the Shanghai Institute of
Life Science Cell Resource Center. The cells were cultured
in DMEM medium with 10% (v/v) fetal bovine serum and
1% penicillin/streptomycin. Microglial activation model
was induced by 1 pg/mL LPS [31, 32] (M9524, Abmole,
TX, USA) which was followed by different concentra-
tion of NMN (S31451, Shanghai Yuanye Bio-Technology,
China) or PJ-34 (HY-13688 A, MCE, NJ, USA) treatment.

Enzyme-linked immunosorbent assay (ELISA)
Concentrations of cytokines in cells, including TNF-a
and IL-6 were measured by Sandwich ELISA kits (H052-
1-2 and HO007-1-2, Nanjing Jiancheng Bioengineering
Institute, China) following the manufacturer’s instruc-
tions. Absorbance at 450 nm was measured using a
microplate reader (Thermo Scientific, MA, USA).

Cell viability assay

BV2 cells were plated in 96-well plates (5 x 10° cells/well)
and treated with different concentrations of LPS, NMN
or PJ-34. The cells were incubated with 3- (4,5-dimeth-
ylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT)
at a final concentration of 1 mg/mL for 4 h. The MTT
solution was removed, and 100 pL of DMSO was added
to dissolve the MTT formation. After incubating for
10 min at 37 °C, the absorbance was measured at 570 nm
on microplate reader (TECAN, Switzerland). The optical
density of the formazan formed in control cells was con-
sidered to represent 100% viability.

MMP determination
The MMP (MMP, A¥m) of BV2 cells was measured
using a JC-1 (C2005, Beyontime, China) according to
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the manufacturer’s instructions. Cells were seeded in
6-well plates (4x10° cells/well). MMP was measured
16 h after dosing. Cells were harvested and washed with
PBS and incubated with JC-1 at 37°C for 30 min. After
that, fluorescence was detected by BD FACSCelesta™
flow cytometer (BD Biosciences, CA, USA), and the data
were incubated with the FlowJo™ Software v10 (BD Life
Sciences, OR, USA). MMP was estimated by measuring
the fluorescence of free JC-1 monomers (green) and JC-1
aggregates in mitochondria (red) and the results were
expressed as the percentage of control based on the ratio
of JC-1 aggregates to monomers.

Determination of ATP content

ATP generation in the BV2 cells was measured using
an Enhanced ATP Assay Kit (S0027, Beyontime, China)
according to the manufacturer’s instructions. Cells were
seeded in 6-well plates (4x10° cells/well). ATP levels
were measured 24 h after dosing. The concentration of
ATP was calculated according to an ATP strandard curve
and reported as nmol/mg of protein.

Plasmid transfection

The BV2 cells were divided into two groups according to
the transfection conditions: shCtrl and shNMNAT3. All
plasmids were sequenced and confirmed for sequence
accuracy. The shRNA vectors and the corresponding
control shRNA vector were obtained from Fenghuibio
(FengHui Biological Technology, China). The sequences
were as follows: SINMNAT3#1, 5-ATGACCCGGAAA
GGTACATCT-3; shNMNAT3#2, 5-CAGCACTGCC
AGAGTTGAAC-3; shNMANT3#3, 5-ATATGCACC
TGCGCTTGTTTG-3’ The cells were transfected using
LipoFiter 3.0™ Transfection Reagent (HB-TRLF3-1000,
HanBio Technology, China) with serum-free medium in
advance. After 6 h, the medium was changed to complete
medium. After 48 h, the expression of green fluorescent
protein was observed under an inverted fluorescence
microscope, and the transfection efficiency was calcu-
lated by western blots analysis. After that, drug adminis-
tration was performed.

Confocal microscopy

For confocal analysis, the cells were fixed with 4% para-
formaldehyde for 15 min at room temperature. Mem-
brane was ruptured with Triton X100 (T8200, Solarbio,
China) for 10 min. The cells (3 x 10° cells/well) were incu-
bated with 100 nM Mito-Tracker Red CMXRos (C1049B,

Table 1 Primers used for RT-qPCR
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Beyontime, China) in the dark for 20 min at 37°C. Sam-
ples were incubated with primary antibody Parkin (1:150,
sc-32282, Santa Cruz, CA, USA) or LAMP1 (1:150,
sc-20011, Santa Cruz, CA, USA) overnight at 4°C. The
following day, the slides were washed with PBS and incu-
bated with a secondary antibody (1:1000, A21010, Abb-
kine, China) at room temperature for 1 h. The nucleus
was stained using DAPI (C0065, Solarbio, China). The
images were acquired via a laser confocal microscope
(Zeiss, Germany). Colocalization was estimated using the
Colocalization plug-in of Fiji software (Image ] version
1.54 m, National Institutes of Health, MD, USA). Over-
lap between the expression protein was quantified using
Pearson’s colocalization coefficients.

Transmission electron microscopy(TEM)

The cells were harvested and fixed with fixative for TEM
(G1102, Servicebio, China) at 4°C. Next, the cells were
fixed with 1% OsO4 in 0.1 mol/L PBS for 2 h at room
temperature, folled by dehydration with gradient alco-
hol. Subsequently, the samples were embedded, and then
baked in an oven at 60°C for 48 h. The samples were sec-
tioned into ultrathin Sect. (60 nm) using an ultramicro-
tome. The ultrastructure of mitochondria was observed
using a transmission electron microscope (HT7700, HIT-
ACH]I, Japan).

Quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from BV2 cells using RNA
simple Total RNA Kit (DP419, TIANGEN, China) and
was reverse transcribed according to the manufacturer’s
protocol (RevertAid First Strand ¢cDNA Synthesis Kit,
#K1622, Thermo Scientific, MA, USA). Amplification
reactions were performed with a PerfectStart™ Green
qPCR SuperMix (AQ601, TransGen Biotech, China) and
specific primers (Table 1) on a Bio-Rad iQ5 Real-Time
PCR detection system (Bio-Rad, CA, USA). Quantifica-
tion of PINK1, NMNAT3 and PARPI mRNA standard-
ized to GAPDH mRNA levels was performed using the
2- 88 method.

Chromatin Immunoprecipitation(ChIP) assay

ChIP assay was conducted using the ChIP assay Kit
(P2078, Beyotime, China) according to the manufactur-
er’s instructions. Briefly, cells were cross-linked with 1%
formaldehyde for 30 min at room temperature, and the
reaction was quenched by 5 min of incubation in glycine.

Genes Forward

Reverse

Mouse PINK1
Mouse NMNAT3
Mouse PARP1

CGCCTATGAAATCTTTGGGC
GACATCTGACTGGATTCGGGTG
GCGACGCTTATTACTGTACTGGG

GCACTGCCTTGGCCATAGAA
ACCAAGCCGAACTTCTCCACTA
CTTCTTGAGGTAGGATATTTCTCGG
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Cell monolayer was harvested in ice-cold PBS containing
protease inhibitors. Chromatin fragments was achieved
by using Micrococcal Nuclease (MNase, D7201S, Beyo-
time, China). Fragments DNA of 500-1000 bp was pre-
cleared with Protein A + G Agarose/Salmon Sperm DNA
and then immunoprecipitated with anti-FoxO1 antibody
(sc-374427, Santa Cruz, CA, USA) or normal mouse I1gG
(A7028, Beyotime, China) for 16 h at 4°C. Immunopre-
cipitated DNA amplification was performed by using a
PerfectStart™ Green qPCR SuperMix.

Statistical analyses

All statistical analyses were conducted with the Graph-
Pad Prism version 8.3.0 (GraphPad software, CA, USA).
Data were obtained from multiple repeats of different
biological experiments to obtain the mean values and
standard error of the mean (SEM) displayed throughout.
All data were tested for normality applying the Shapiro-
Wilk test. After normality confirmation, comparisons
between multiple groups were made by one-way ANOVA
followed by Tukey or Dunnett post hoc tests. For com-
parisons between two groups, an unpaired two-tailed
Student’s ¢-test was conducted. Every possible compari-
son between the study groups was considered. A value of
p<0.05 was considered statistically significant.

Results

LPS down-regulates NMNAT3, up-regulates and activates
PARP1, leading to mitochondrial impairment

We conducted western blot analyses to detect NMNAT?3
expression in the whole brain and hippocampus of mice
after LPS administration. The results demonstrated a sig-
nificant reduction in NMNAT3 expression in both tissues
compared to the control group (Additional file 1: Fig. Sla,
b). Additionally, we used immunofluorescence experi-
ments to confirm the decrease in NMNAT3 expression
levels in the cortex and hippocampus following LPS
exposure (Additional file 1: Fig. S1d, e). Furthermore, our
results confirmed a significant increase in PARP1 expres-
sion and PARylation modification levels within the same
model (Additional file 1: Fig. Sla, ¢, f, g).

In subsequent cell experiments, it was observed that
LPS could down-regulate NMNAT3 in a dose-depen-
dent manner. 1 pg/mL of LPS could increase the lev-
els of inflammatory factors (TNF-a and IL-1f), while
a lower concentration, i.e., 0.5 pg/mL, could lead to the
down-regulation of NMNAT3 (Fig. 1a-d). These observa-
tions suggest that the abnormal expression of NMNAT?3
may precede neuroinflammation. In agreement with the
results of animal experiments, LPS stimulation consider-
ably down-regulates NMNATS3, as well as up-regulates
and activates PARP1 in BV2 cells (Fig. le-g). The consis-
tent effects of LPS on NMNAT3 and PARP1 were also
observed at the transcriptional level (Fig. 1h, i).
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Next, we employed double fluorescence staining of
mitochondria using JC-1 and measured MMP through
flow cytometry and confocal microscopy. The obtained
results exhibited a decrease in MMP following LPS
induction (Fig. 2a, b). ATP is recognized as the pri-
mary energy source in living organisms [33]. Our study
unequivocally identified a substantial reduction in ATP
levels induced by LPS, thereby confirming its direct nega-
tive impact on mitochondria (Fig. 2c).

To examine the ultrastructure of mitochondria, TEM
analysis was performed. Mitochondria in the control
group exhibited normal morphology. However, cells
treated with LPS showed typical morphological changes
indicative of damage, including mitochondrial swelling,
membrane rupture, and cristae fragmentation or disap-
pearance. Additionally, the images demonstrated that
LPS-induced cells had smaller mitochondrial size com-
pared to the control group (Fig. 2d, e).

Lysosomal-associated membrane protein 1 (LAMP1) is
a marker located on the outer membrane of lysosomes,
which are primarily found in the cytoplasm [34]. The
fusion of lysosomes and mitochondria is the final step
in the process of mitophagy; as such, the colocalization
of LAMP1 and mitochondria can be used to monitor
mitophagy [35]. In immunofluorescence colocalization
experiments, LAMP1 was labeled with green fluores-
cence, mitochondria were labeled with red fluorescence.
The yellow pixels indicate areas of colocalization between
LAMPI1 and mitochondria. Compared with the control
group, we observed a reduction in the intensity of yel-
low pixels after LPS treatment, indicating incomplete
mitophagy (Fig. 2f, g).

The down-regulation of NMNAT3 activates PARP1, inhibits
the initiation of autophagy, and leading to mitochondrial
impairment

In this part, we used sSANMNAT?3 plasmid to investigate
its impact on PARP1 activity (the levels of PARylation
modification) and autophagy initiation process (the lev-
els of p-ULK1 and Beclinl), as well as the mitochondrial
function (MMP and ATP).

When autophagy is initiated, mammalian target of
rapamycin (mTOR) is dephosphorylated, resulting in the
disassociation of mTORC1 from the serine-threonine
protein kinase, Unc-51-like kinase 1 (ULK1). Subse-
quently, the PI3K III complex is recruited to the location
of autophagosome formation by the activated ULK1
complex [36]. Therefore, ULK1 acts as an initiator of
autophagy, and its activity is regulated by different sites.
Phosphorylation at Ser317 and Ser777 activates ULKI,
while phosphorylation at Ser757 inhibits its activation
[37]. Beclinl is a subunit of the PI3K complex, plays a
crucial role in initiating the formation of autophago-
somes by binding to autophagic precursors [38]. Under
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noblots of NMNAT3 in BV2 cells treated with different concentration of LPS, and control group. Tubulin-3 was used as a loading control. (b) Quantification
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normal physiological conditions, a basal level of autoph-
agy is essential for maintaining cellular homeostasis.
Insufficient autophagy can result in the buildup of dam-
aged cellular components [38].

Initially, western blot analysis showed a notably down-
regulation of NMNAT3 in shNMNAT3 group compared
to the shCtrl group (Fig. 3a, b). Subsequently, the find-
ings demonstrated that NMNAT3 down-regulation led
to an increase in PARylation level and p-ULK1 (Ser757)
expression (Fig. 3a, ¢, d), a decrease in Beclinl expres-
sion (Fig. 3a, e). Additionally, the results showed that a
decrease in ATP levels and MMP in shNMNAT3 group
compared to the shCtrl group (Fig. 3f-h). The above
results indicate that NMNAT3 knockdown activates
PARPI], inhibits the initiation of autophagy, and impairs
mitochondrial function.

NMN supplementation up-regulates NMNAT3, down-
regulates PARP1, and restores mitophagy

To determine the optimal concentration of NMN that
does not compromise cell viability, we conducted an
MTT assay. The results demonstrated that NMN at 800
UM significantly decreased cell viability, while 400 pM
NMN improved cell viability that had been inhibited by
LPS. Based on these findings, we selected NMN doses
of 100, 200, and 400 puM for cell administration (Fig. 4a,
b). Adding exogenous NMN to the BV2 cell medium
mitigated the decrease of NMNAT3 expression and the
increase of PARP1 expression induced by LPS (Fig. 4c, d,
e). Nevertheless, PARylation modification levels was also
increased (Fig. 4c, f).

As shown in Fig. 4g, NAM is both a feedback inhibi-
tor of PARP1 and the precursor of NMN [23, 39]. NMN
also contains a nicotinamide pharmacophore that shows
potential to inhibit PARP1, but it also increases nuclear
NAD" formation, leading to higher levels of PARylation
modification.

Previous studies have demonstrated that the reduc-
tion of NAD* [40, 41] and the activation of PARP1 [42,
43] lead to defects in mitophagy. To examine the changes
in mitophagy levels, we assessed the expression lev-
els of mitophagy-related proteins. After LPS stimula-
tion, the expression of Beclinl and the ratio of LC3II/
LC3I was significantly decreased, while p62 expres-
sion was increased, indicating a blockage in the process
of autophagosome degradation (Additional file 1: Fig.
S2a-d). As mitophagy involves the degradation of mito-
chondrial proteins, the elevated Tom20 (a mitochondrial
marker) in the LPS group indicates increased mitochon-
drial content, suggesting a possible barrier to mitophagy
(Additional file 1: Fig. S2a, e) [44]. Conversely, treatment
with NMN demonstrated an increase in the LC3II/LC3I
ratio and Beclinl expression, as well as a decrease in p62
and Tom?20 expression, thereby confirming the ability of
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NMN to restore impaired mitophagy (Additional file 1:
Fig. S2a-e).

Mitophagy is a process that selectively degrades dam-
aged mitochondria, with the PINK1/Parkin-dependent
pathway being of particular importance [45]. Depolariza-
tion of mitochondria is an established driving force for
mitophagy. Depolarized damaged mitochondria lead to
the accumulation of PINK1 on the mitochondrial outer
membrane. PINK1 further facilitates the recruitment
of Parkin to initiate mitophagy [46]. Moreover, PINK1/
Parkin-mediated mitophagy requires ubiquitin-binding
autophagy receptors such as optineurin (OPTN). Tank-
binding kinase 1 (TBK1) is a Ser/Thr kinase that is impor-
tant for the selective autophagic removal of damaged
mitochondria. TBK1 promotes Parkin-mediated mitoph-
agy by phosphorylating NDP52 and OPTN to increase
their affinity for ubiquitin, and that OPTN recruits TBK1
onto damaged mitochondria [47].

In this study, the expression of PINK1 and Parkin was
significantly decreased, while the p-TBK1/TBK1 and
OPTN increased in LPS-induced BV2 cells, which is con-
sistent with previous report [48]. LPS induces inflamma-
tory responses and increases the phosphorylation level
of TBK1, and it has been reported that the transcription
level of OPTN is elevated after LPS treatment [49]. These
results suggest that LPS induced mitophagy damage is
mediated through the expression of PINK1 and Parkin
but not the TBK1 and OPTN pathway, while supple-
mentation with NMN rescued the expression of these
proteins (Fig. S2a, f, g; Fig. S5a-c). To assess the colocal-
ization of Parkin and mitochondrial, we utilized Mito-
tracker to label mitochondria and visualized Dylight
488-labeled Parkin. We quantified the colocalization
between mitochondria and Parkin through Image J soft-
ware. Under normal conditions, green Parkin colocalizes
with red mitochondria, resulting in the formation of yel-
low dots. The results demonstrated that LPS reduced the
number of yellow dots, indicating that the colocalization
of Parkin and mitochondria was decreased, and NMN
promoted this process (Additional file 1: Fig. S3a, b).

Next, we investigated the effects of NMN on colocal-
ization of LAMP1 and mitochondria. Compared with
LPS group, the yellow pixels increased after NMN treat-
ment, indicating mitophagy was enhanced (Additional
file 1: Fig. S4a, b).

NMN supplementation increases ATP levels in a dose-
dependent manner, but exacerbates MMP depolarization
The results demonstrate that NMN supplementation
could effectively elevate ATP content in a dose-depen-
dent manner (Additional file 1: Fig. S4c). Surprisingly,
the addition of NMN resulted in a significant decrease in
MMP (Additional file 1: Fig. S4d, e). This effect may be
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due to a notable increase in PARylation modification lev-
els caused by NMN supplementation.

Evidence suggests that the excessive accumulation of
PAR polymer can negatively impact mitochondrial func-
tion by triggering the release of AIFs from the mitochon-
dria [50, 51]. The accumulation of PAR polymer within
the cytoplasm may directly or indirectly affect mitochon-
dria, thereby disrupting MMP [27, 52]. These provide a
possible explanation for the observed decline in MMP
following NMN treatment.

NMN supplementation combined with a PARP1 inhibitor
jointly restrains PARP1 activity, improves mitochondrial
quality

To counteract the increase in the levels of PARylation
modification induced by NMN, we added the PARP1
inhibitor, PJ-34. The MTT assay showed that PJ-34 con-
centrations above 10 uM resulted in a notable decrease
in BV2 cell viability (Fig. 5a). Therefore, we selected 5
uM PJ-34 for subsequent experiments. Additionally, the
results demonstrated that the simultaneous use of NMN
and PJ-34 further enhanced cell viability (Fig. 5b).

Compared with the LPS group, the presence of NMN
and PJ-34 markedly suppressed PARP1 expression and
activity (Fig. 5c-e). Furthermore, the combined treatment
of PJ-34 and NMN resulted in higher ATP content and
improved MMP levels (Fig. 5f-h).

The expression of mitophagy-related proteins, when
exposed to LPS and NMN, was consistent with the above
findings. Following the combined treatment of NMN
and PJ-34, there was an increase in Beclinl expression,
an elevation in the LC3-II/LC3I ratio, and a decrease in
p62 expression, indicating an enhancement in autophagy
flux after inhibiting PARP1 (Fig. 6a-d). Additionally, the
expression of PINK1 and Parkin increased (Fig. 6a, e, f),
the expression of p-TBK1/TBK1 and OPTN decreased
after NMN and PJ-34 treatment (Fig. S5a-c), suggesting
an augmented mitophagy process. Immunofluorescence
colocalization experiments confirmed that the combina-
tion of NMN and PJ-34 led to a significant increase in the
colocalization of LAMP1 and mitochondria compared to
the LPS group, confirming increased mitophagy (Fig. 6g,
h).

As previously mentioned, the TEM results showed that
the mitochondria ultrastructure was severely disrupted
and the number of smaller mitochondria increased in
response to LPS (Fig. 2d, e). We speculate that this dam-
age is associated with impaired mitochondrial dynamics.
P-Drpl (Ser616) translocates to the outer mitochondrial
membrane and induces mitochondrial fission, which is a
pivotal protein involved in mitochondrial network frag-
mentation [53], whereas Mfn2 and Opal are key proteins
for mitochondrial fusion [54]. Our findings demon-
strated up-regulation of p-Drp1(Ser616) expression and
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down-regulation of Opal and Mfn2 expression in the
LPS-induced BV2 cells, indicating impaired mitochon-
drial dynamics. Following treatment with NMN and
PJ-34, there was a decrease in p-Drp1(Ser616) expression
and an increase in Opal and Mfn2 expression (Fig. 7a-
d). These results, in conjunction with the TEM analy-
sis (Fig. 7e, f), confirmed the recovery of mitochondrial
morphology and dynamics.

Overall, these findings support the notion that supple-
menting NMN along with PJ-34 can effectively restore
mitophagy, improve mitochondrial quality, and enhance
cell viability.

PARP1 Inhibition enhances PINK1/Parkin-mediated
mitophagy by increasing the binding of FoxO1 to the

PINK1 promoter

Forkhead box O1 (FoxOl) is a transcription factor
involved in various biological processes [55]. Previous
studies have established that PARP1 regulates FoxO1, as
inhibition of PARP1 leads to an increase in the mRNA
levels of FoxO1 [56]. Additionally, modifications medi-
ated by PARP1 post-translationally may reduce the affin-
ity of FoxOl for its target genes [56]. Another study
confirmed that FoxO1 is involved in the regulation of
PINK1, which is a key target gene of mitophagy [57].

To investigate whether PARP1 regulates the PINK1/
Parkin pathway via FoxO1, we conducted RT-qPCR and
ChIP assays. The RT-qPCR experiments demonstrated
a significant decrease in PINKI mRNA levels under the
action of LPS. However, the combination of NMN and
PJ-34 showed a noteworthy increase in PINKI mRNA
levels compared to the LPS group, indicating that PARP1
inhibition can affect PINKI expression at the tran-
scriptional level (Fig. 8a). The results of the ChIP assay
revealed that LPS reduces the binding of FoxOl to the
PINK1I promoter, but the combination of NMN and PJ-34
significantly enhances this binding (Fig. 8b). These find-
ings confirm that PARP1 inhibition enhances PINK1-
mediated mitophagy by promoting the binding of FoxO1
to the PINKI promoter.

The regulation of the binding of FoxO1 to the PINKI
promoter by PARP1 is illustrated in Fig. 8c-e. Under nor-
mal conditions, PARP1 promotes the transcription ini-
tiation process of PINK1 by controlling the interaction
between FoxO1 and the PINKI promoter (Fig. 8c). Acti-
vation of PARP1 was observed under the action of LPS,
which resulted in the inhibition of PINKI transcription
by disrupting the binding of FoxO1 to the PINKI pro-
moter (Fig. 8d). Conversely, supplementation of NMN
combined with a PARPI1 inhibitor significantly sup-
pressed the activation of PARP1 and facilitated the bind-
ing of FoxO1 to the PINKI promoter (Fig. 8e).
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Discussion

In the present study, we observed that NMNAT3 was
significantly down-regulated, while PARP1 and its main
product, PAR polymer, were significantly up-regulated
in LPS induced neuroinflammatory models both in vitro
and in vivo. Knockdown of NMANT3 activated PARP1,
down-regulated the autophagy initiation process, and
leading to mitochondrial impairment. Supplementa-
tion of NMN partially rescued the decline in mitochon-
drial dysfunction. However, we also observed that NMN
supplementation led to higher PARylation modification
levels and a decrease in MMP. Therefore, we sought to
reduce PARylation levels and decrease mitochondrial
depolarization injury by using a PARP1 inhibition. Ulti-
mately, we confirmed that supplementation with NMN,
in combination with PJ-34, significantly improved mito-
chondrial quality and cell viability (Fig. 9).

NMNATS3, a mitochondrial NAD" synthase, plays a
crucial role in maintaining mitochondrial NAD" lev-
els [58]. Our data showed significant downregulation
of NMNAT3 in the hippocampus and whole brain of

C57BL/6] mice in the neuroinflammation model. Sub-
sequently, this down-regulation of NMNAT3 was also
found in LPS-induced BV2 cells, potentially occurring
prior to the initiation of neuroinflammation. Another
study found that LPS-induced acute inflammatory stress
damaged NAD" synthesis in the liver of aged mice [59].
The liver, containing the largest collection of phagocytic
cells in the body, relies on the healthy mitochondrial of
these immune cells for proper functioning and normal
liver function [60]. Thus, targeting NMNAT3 to regulate
macrophage metabolism may help to reduce mitochon-
drial-related inflammatory injury.

NMN serves as the main intracellular form that regu-
lates NAD" levels in compartments and plays a crucial
role in interconnecting NAD™ pools in each subcellular
compartment. Recently, Fang et al. confirmed that NMN
supplementation can inhibit DOX-induced hepatotoxic-
ity and oxidative stress injury in mice by improving the
expression of NMNAT3 [61]. This study also confirmed
that supplementation with NMN effectively reversed the
down-regulation of NMNATS3, suppressed the expression
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of PARP1, and improved mitophagy. However, NMN
supplementation also led to higher PARylation modifi-
cation levels and sustained MMP damage. The change
in MMP may be attributed to higher PARylation levels
caused by NMN supplementation, which consistent with
previous studies [27, 62]. Mechanistic studies have dem-
onstrated that upregulated PARylation mediates MMP
collapse via the parthanatos pathway [63], which is a form
of cell death triggered by the hyperactivation of PARPI.
The hyperactivated PARP1 stimulates PARylation and the
translocation of AIFs to the nucleus, thereby accelerating
the depletion of NAD" and ATP. This type of cell death is
characterized by key features such as PARP1-dependence
and energetic collapse [64].

PARP1 acts as a sensor, transducer, and effector of
DNA damage [65], and plays a major role in cell death
relevant to neurologic disorders [66, 67]. The main prod-
uct catalyzed by PARP1 are PAR polymer, which reflect
its activity [68]. Kam et al. have shown that PAR polymer
accelerates the formation of pathological a-syn, leading
to neurotoxicity [66]. In this study, we observed a sig-
nificant increase in PARylation modification levels and

PARP1 expression in neuroinflammatory mice and cell
models. Our findings align with a previous observation
of PARPI activation in a neuroinflammatory cell models
[69], making PARPI a possible target for anti-inflamma-
tory treatment of microglia. Therapeutic effects on vari-
ous neurodegenerative diseases can be achieved through
PARP1 inhibition and PARPI gene knockout [66, 67, 70].
Notably, NMNAT3 knockout exhibited higher PARyla-
tion modification levels, suggesting that the PARylation is
regulated by NMNATS3.

In order to further examine the impact of PAPR1, we
utilized a PAPR1 inhibitor, PJ-34. The results showed that
the combination of NMN and PJ-34 promoted cell viabil-
ity and mitochondrial quality more effectively than NMN
alone. Specifically, our results revealed that NMN and
PJ-34 could reduce mitochondrial fission, increase mito-
chondrial fusion, normalize mitochondrial morphology,
and increase MMP and ATP levels. Moreover, the level of
mitophagy was further increased under NMN and PJ-34
administration.

To assess mitochondrial function, several parameters
were examined, including mitochondrial morphology,
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ATP content, and MMP. As anticipated, LPS administra-
tion resulted in reduced mitochondrial volume, as well
as significant decreases in ATP content and MMP. These
findings suggest excessive mitochondrial division and
impaired mitochondrial function. Normally, damaged
mitochondria are eliminated through mitophagy [71].
However, further investigations demonstrated a decrease
in the co-localization of the lysosomal marker LAMP1
and mitochondria following LPS treatment, indicating
incomplete mitophagy.

FoxOl is a key transcription factor downstream of
PARPI1, which binds to target genes to mediate gene
transcription regulation. Recent studies have reported
that FoxO1 plays a crucial role in maintaining mitochon-
drial homeostasis by binding to the PINKI promoter and
influencing PINK1/Parkin-mediated mitophagy [72, 73].
It is suggested that FoxO1 may be a transcription factor
regulating PINK1, which is sufficient for Parkin recruit-
ment and mitophagy [74]. In this study, we observed that
the binding of FoxO1 to the PINKI promoter and the lev-
els of PINKI mRNA decreased under the action of LPS,
and increased when NMN and PJ-34 were added. This
confirmed that PARP1 activates PINK1/Parkin-mediated
mitophagy by promoting the binding of FoxO1 to the
PINK1I promoter.

Among the intriguing questions raised by these data
is how NMNAT3 affects PARylation. NMNAT3 is a spe-
cific enzyme for mitochondrial NAD* synthesis [75],
while PARP1 is the main NAD* -consuming enzyme in
nucleus [76]. NAD" is spatially inherent in distinct sub-
cellular compartments owing to its segregated NAD*
synthase and consuming enzymes [17]. However, studies
have shown that NAD* has a crosstalk between nucleus
and mitochondria [77, 78]. The reduction of mitochon-
drial NAD* may promote the distribution and availabil-
ity of nuclear NAD", thereby facilitating the process of
ADP-ribosylation in the nucleus. Overall, while our study
confirms the crucial role of NMNATS3 in PARylation, the
detailed mechanisms of the crosstalk between mitochon-
drial and nuclear NAD" remain to be further elucidated.

Conclusion

In summary, our study demonstrates that in LPS-induced
neuroinflammation, the mitochondrial-specific NAD*
synthase NMNAT3 was significantly down-regulated,
leading to the upregulation of nuclear NAD" consum-
ing enzyme PARPI1, revealing a novel pathological
mechanism of neuroinflammation. On one hand, the
downregulation of NMNAT3 may precede the produc-
tion of inflammatory factors, resulting in accumulation
of PAR polymer, downregulation of autophagy initiation
process, and the damage of mitochondria. On the other
hand, the activation of PARP1 further impairs mitophagy,
mitochondrial ultrastructure, mitochondrial dynamics
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and mitochondrial function. Moreover, PARP1 activation
inhibits PINK1/Parkin-mediated mitophagy by disrupt-
ing the binding of FoxO1 to the PINKI promoter. These
effects can be reversed by supplementing with NMN
and PARP1 inhibitor PJ-34. This pathogenic mechanism
underscores the critical role of NMNAT3-PARP1 axis in
neuroinflammation, and provides valuable insights into
the development of therapeutic strategies for neuroin-
flammation and neurodegenerative diseases.
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