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Abstract

Impact Statement

Endotoxemia resulted in excessive oxidative stress
and inflammatory responses of lung tissues,
and reliable prevention measure is still lacking.
Nicotinamide mononucleotide (NMN) has been
implicated with important roles in multiple inflam-
matory diseases. However, the exact effects of
NMN on lipopolysaccharide (LPS)-induced lung
injury and the involved mechanisms remain unclear.
This study demonstrates that NMN pretreatment
can ameliorate lung injury by inducing mitonuclear
protein imbalance and activating the mitochondrial
unfolded protein response (UPR™), which is prob-
ably regulated by deacetylase SIRT1. We therefore
found a new mechanism of the protective effect of
NMN and may contribute to potential use of NMN in
ameliorating sepsis-associated lung injury.

Mitochondria need to interact with the nucleus under homeostasis and stress
to maintain cellular demands and nuclear transcriptional programs. Disrupted
mitonuclear interaction is involved in many disease processes. However, the role
of mitonuclear signaling regulators in endotoxin-induced acute lung injury (ALI)
remains unknown. Nicotinamide adenine dinucleotide (NAD") is closely related
to mitonuclear interaction with its central role in mitochondrial metabolism. In
the current study, C57BL/6J mice were administrated with lipopolysaccharide
15mg/kg to induce endotoxin-induced ALl and investigated whether the NAD*
precursor nicotinamide mononucleotide (NMN) could preserve mitonuclear
interaction and alleviate ALI. After pretreatment with NMN for 7 days, NAD* levels
in the mitochondrial, nucleus, and total intracellular were significantly increased in
endotoxemia mice. Moreover, supplementation of NMN alleviated lung pathologic
injury, reduced ROS levels, increased MnSOD activities, mitigated mitochondrial
dysfunction, ameliorated the defects in the nucleus morphology, and these
cytoprotective effects were accompanied by preserving mitonuclear interaction
(including mitonuclear protein imbalance and the mitochondrial unfolded protein
response, UPR™). Furthermore, NAD*-mediated mitonuclear protein imbalance
and UPR™ are probably regulated by deacetylase Sirtuin1 (SIRT1). Taken together,

our results indicated that NMN pretreatment ameliorated ALI by inducing mitonuclear protein imbalance and activating the UPR™

in an SIRT1-dependent manner.
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Introduction

Multiple-organ failure caused by sepsis remains the lead-
ing cause of morbidity and mortality in intensive care units
(ICUs).12 The lung is the most susceptible organ to endo-
toxemia with unacceptably high mortality (34.9-46.1%).3
Despite many in-depth studies on acute respiratory dis-
tress syndrome (ARDS) have been conducted, the specific
pathogenesis of endotoxin-induced acute lung injury (ALI)
remains unclear, and there are no effective pharmacological
treatments.
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Mitochondria are the only organelle that maintains its
genome and regulates cellular energy metabolism, and
mitochondrial dysfunction has shown to be tightly linked
to endotoxemia lung injury.*#> Mitochondria have a com-
plex communication system to alleviate their dysfunction.
A variety of mitochondrial stress signals are transmitted
retrogradely from mitochondria to the nucleus and initiate
corresponding transcriptional adaptation responses, which
allows mitochondria to keep pace with cellular demands
and nuclear transcriptional programs.®® For instance, the
cytoprotective UPR™ is activated by interference between

Experimental Biology and Medicine 2022; 247: 1264-1276


mailto:30717008@nankai.edu.cn

the mitochondrial electron transport chain subunits encoded
by nuclear DNA (nDNA) and mitochondrial DNA (mtDNA),
which represent mitonuclear protein imbalance.” Thus,
inducing mitonuclear protein imbalance and activating the
UPR™ plays a vital part in preserving mitochondrial func-
tion in response to various cellular stressors. 101

As a central cofactor, nicotinamide adenine dinucleotide
(NAD™) could modulate metabolic homeostasis and be a
rate-limiting substrate for sirtuin deacetylases.!?> Multiple
lines of evidence indicate that NAD* levels perform a crucial
role in nuclear-mitochondrial interaction in aging.® In addi-
tion, the NAD* precursor NMN has been proven to enhance
NAD™ biosynthesis and ameliorate multiple pathologies in
mouse disease models. Recent studies revealed that short-
term administration of NMN could effectively alleviate the
age-related physiological decline in mice because of mito-
chondrial oxidative metabolism and mitonuclear protein
imbalance in skeletal muscle.!3 Furthermore, Gariani et al.1*
found that exogenous supplementation of NAD* activates
the UPR™ in the progression of non-alcoholic fatty liver dis-
ease, which is dependent upon the protein deacetylase SIRT1.
Similarly, NMN could also protect mice from sepsis-induced
lung and heart injury by inhibiting high mobility group box-1
release and oxidative stress via the NAD* /SIRT1 signaling.!>
However, the molecular mechanism by which the NAD*-
related metabolisms ameliorate LPS-induced ALI has not
been completely elucidated and the coordination between
SIRT1 and NAD*-mediated mitochondrial-nuclear interac-
tion remains elusive in septic mice. Our previous researches
have certified that mitochondrial morphology, dynamics,
and function are impaired in endotoxin-induced ALL>1617
which may influence the interaction between mitochondria
and the nucleus.

In this study, an endotoxemia mouse model was estab-
lished via tail vein injection of LPS to simulate endo-
toxin-related lung injury. Our data indicated that NMN
pretreatment can alleviate ALI by inducing mitonuclear
protein imbalance and activating UPR™, which is probably
regulated by deacetylase SIRT1. Rational targeting of these
events may have high translational potential in endotoxin-
induced ALI in which mitonuclear protein balance are
implicated.

Materials and methods
Animals

A total of 98 male C57BL/6] mice (20-25g), 6- to 8-week
old were obtained from the Laboratory Animal Center of
Tianjin Nankai Hospital, China. The mice were kept in cages
at the indoor temperature of 23-25°C, relative humidity of
50-60%, 12-h light/dark cycle, and provided free access to
standard mouse food and water. The animals were admin-
istered with pre-approval of the Animal Ethical and Welfare
Committee of Tianjin Nankai Hospital (Ethic Number:
NKYY-DWLL-2019-012).

Experimental design

To probe the effect of NMIN on NAD* content in lung tissues,
25 mice were classified into five groups (n=>5 per group):
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control group (group C), LPS group (group LPS), 100, 300,
and 500mg/kg/day NMN pretreatment plus LPS group.
NMN was intraperitoneally given at 18:00 daily for 7 days.
LPS (E.coli-L2630, Sigma, USA) 15mg/kg were used to
induce endotoxemia in mice via the caudal vein 1h after the
final administration of NMN. The mice in group C received
the same volume of 0.9% sterile saline. NMN (N3501, Sigma,
USA) was provided by Sigma company, and diluted in PBS
and stored at —20°C until utilize. To explore the effect of
NMN on endotoxemia-induced lung injury, 49 mice were
randomly divided into three groups: control group (group C,
n=15), LPS group (group LPS, n=18), 500mg/kg/day NMN
pretreatment plus LPS group (group LPS +NMN, n=16).
Moreover, to further clarify the role of SIRT1 in the protec-
tive effect of NMN, 24 mice were classified into three groups
(n=8 per group): LPS group (group LPS), NMN pretreatment
plus LPS group (group LPS + NMN), and endotoxemia mice
with SIRT1 inhibitor EX-527(group LPS + NMN + EX-527).
In LPS + NMN + EX-527 group, mice were injected intra-
peritoneally with EX-527 (10mg/kg, dissolved in dimethyl-
sulfoxide [DMSQ]) at 30 min before the last administration of
NMN. And the rest of the procedures were the same as those
performed in the LPS + NMN group. The dose of EX-527
was chosen based on previous studies and our preliminary
experiment.!819

All the mice were sacrificed by cervical dislocation under
deep anesthesia at 12h after LPS injection. A portion of lung
tissues was placed in 4% paraformaldehyde for pathologi-
cal analyses. The remaining lung tissues were collected and
stored at —70 °C for further observation or measurement.
The survival rates in each group were examined before they
were sacrificed.

NAD*+ measurement

NAD™ content was quantified with a commercial available
kit (ab65348, Abcam, USA) according to the manufacturer’s
instructions. The lungs of mice were removed rapidly and
weighed. The isolated mitochondrial and nuclear fraction
from lung tissues was conducted as before.2%2! The final
mitochondrial and nuclear pellet was gently re-suspended,
homogenized, and transferred into Eppendorf (EP) tube
with extraction buffer. NAD* total and NADH content was
quantified by iMark™ Microplate Absorbance Reader (BIO-
RAD) at 450nm. The NAD™ content was equal to the NAD*
total content minus the NADH content.

Histological examination

Twelve hours after LPS or normal saline injection, mice were
sacrificed and quickly separated the right upper and right
middle lung lobes. The surface bloodstains were washed
away at 4°C with phosphate-buffered saline (PBS) and
immersed in 10% paraformaldehyde solution. Subsequently,
the tissues were routine dehydration, paraffin-embedded,
and made into 4 um slices. Lung sections were stained
with hematoxylin and eosin (H&E), then were observed,
and scored by blinded investigators. Fifteen visual fields of
each section were selected from the sections under a light
microscope (X200 magnification). The severity extent of
lung injury was assessed according to the pathologic scoring
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Table 1. Real-time RT-PCR primers.

Gene Forward Reverse

Hsp60 5-GCCTTAATGCTTCAAGGTGTAGA-3’ 5-CCCCATCTTTTGTTACTTTGGGA -3’
GAPDH 5-GTCGTGGAGTCTACTGGTGTC -3 5-GAGCCCTTCCACAATGCCAAA -3
mtDNA 5'-CCCAGCTACTACCATCATTCAAGT-3 5-GATGGTTTGGGAGATTGGTTGATG-3
Actin 5-GTACCACCATGTACCCAGGC-3’ 5-GCAGCTCAGTAACAGTCCGC-3

criteria: inflammation infiltration or aggregation, intra-alve-
olar congestion, hemorrhage, and alveolar wall thickening.
The grading scale is: 0, minimal; 1, mild; 2, moderate; 3,
severe; and 4, maximal.??

Measurement of reactive oxygen species

The left lower lung tissue was digested with trypsin
and then filtered through a 200-mesh sieve to generate
a cell suspension. The levels of reactive oxygen species
(ROS) were evaluated by 2'-7'dichlorofluorescin diacetate
(DCFH-DA) probe for 30 min at 25°C and washed three
times to remove redundant probes. The fluorescence sig-
nal was excited at 485 nm and the fluorescent signals were
detected at 520nm by a microplate reader. The relative
ROS levels were presented as a percentage compared to
the control.

Manganese superoxide dismutase activity

The left upper lung tissue was used to measure the enzymatic
activity of manganese superoxide dismutase (MnSOD) in the
mitochondria by superoxide dismutase (SOD) typed assay
kit (A001-2-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The results are represented in units per
milligram of protein (U/mg protein).

Detection of mitochondrial membrane potential
(A¥m)

The right lung tissues were minced with scissors and digested
with collagenase for 30 min at 37 °C. Detached cells were re-
suspended in 1 ml Hanks’ balanced salt solution (HBSS) and
centrifuged at 400g for 5min. Then, the cells were washed
and incubated with JC-1 (10 pg/mL, BD Biosciences) at 37°C
for 30min. After that, cells were washed and re-suspended
in 500 puL 1X assay buffer. The levels of AYm were analyzed
by flow cytometry (BD Biosciences) using appropriate gate
settings and the changes of A¥Ym calculated as the ratio of
bright red/green fluorescence.

Terminal deoxynucleotidyl transferase (TdT) dUTP
nick-end Labeling assay

The left upper lung tissue was utilized to detect apoptosis
according to the instructions of the terminal deoxynucle-
otidyl transferase (TdT) dUTP nick-end labeling (TUNEL)
kit (Roche Applied Science). Photos were captured with a
fluorescence microscope (Olympus IX71). Ten fields were
randomly selected to count TUNEL-positive cells on each
slide and the average value of them was calculated (original
magnification X400).

Cytochrome c oxidase activity

The left lower lung tissue was used to determine the
enzyme activity by cytochrome c oxidase (COX) assay kit
(CYTOCOX1, Sigma-Aldrich, USA) following the manufac-
turer’s instructions. Samples were read at 550nm and the
cytochrome oxidase activity values were expressed as pmol
of oxidized cytochrome c¢/min/mg of protein. The bicin-
choninic acid assay (BCA) method was used to measure pro-
tein concentrations.

Transmission electron microscopy

Ultrastructural changes in pulmonary mitochondria were
assessed by transmission electron microscopy (TEM). The
right lung tissue sections were fixed in 2.5% glutaraldehyde
at 4°C overnight and washed three times with phosphate
buffer. The specimens were post-fixed with 1% osmium
tetroxide for 2h. After graded dehydration in a series of etha-
nol, the samples were embedded in acetone. The embedded
tissues were sectioned at a thickness of 70nm and stained
with 4% uranyl acetate and lead citrate. Last, the specimens
were observed by TEM (Tecnai G2, FEI).

Mitochondrial DNA content

The DNeasy Blood and Tissue Kit were used to isolate
total DNA from left upper lung tissues (#DN10, Aidlab
Biotechnologies). Real-time PCR (RT-PCR) was performed
with SYBR-green PCR master mix. The relative expression
of the mtDNA content was based on the 2-AA“T method. The
primer sequences of mtDNA and nuclear-encoded actin are
listed in Table 1.

Quantitative real-time reverse transcription
polymerase chain reaction (QRT-PCR)

The RNA Extraction kit (Invitrogen, Carlsbad, CA) was used
to extract total RNA from right lower lung tissues accord-
ing to the manufacturer’s protocol. The extracted RNA was
reverse transcribed into complementary DNA (cDNA) with
a High-Capacity cDNA RT kit (EP0442, Thermos Fisher,
USA). The relative mRNA levels for HSP60 were performed
with SYBR-green PCR master mix (Q511-02, Vazyme Biotech,
CN). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was employed as the internal control for HSP60. The rela-
tive expression was based on the 2-*4¢T method. The primer
sequences are shown in Table 1.

Western blotting assay

Total protein was extracted from left lower lung tissues with
radioimmunoprecipitation assay (RIPA) lysis buffer and



quantified using a protein quantitation Kit (Bio-Rad, CA,
USA). The protein extracts (40 ug) were subjected to 10%
SDS-PAGE, followed by transferring to a polyvinylidene dif-
luoride (PVDF) membrane. Each PVDF membrane was incu-
bated with 5% defatted dry milk for 2h and then probed with
primary antibodies overnight at 4°C. Included anti-SIRT1
(1:1000, bs-0921R, Bioss, CN), anti-MTCO1 (1:2000, ab14705,
Abcam, UK), anti-succinate dehydrogenase A (SDHA)
(1:1000, ab14715, Abcam, UK), and anti-GAPDH (1:2500,
TA-08, ZSGB-BIO, CN). The membranes were washed with
Tris-buffered saline solution with Tween (TBST) three times
before the incubation with horseradish peroxidase-labeled
goat anti-rabbit immunoglobulin G (IgG) secondary antibod-
ies (1:2500, ZB-2301, ZSGB-BIO, CN) and goat anti-mouse
IgG secondary antibodies (1:2500, ZB-2305, ZSGB-BIO, CN)
at 25°C for 1h. Finally, the protein bands were visualized
using the enhanced chemiluminescence-detection system
(Bio-Rad, CA, USA) and analyzed with Image J. Mitonuclear
protein imbalance (mtDNA:nDNA ratio) was determined
by the ratio of mitochondrial-encoded MTCO1 (complex
IV) to nuclear-encoded SDHA (complex II) as described
previously.!323

Statistical analysis

The data were presented as the mean (standard deviation,
SD). The results were analyzed by Statistical Program for
Social Sciences 26.0 software (SPSS, Inc.) and GraphPad
Prism 8.3 software (GraphPad Software, Inc.). One-way anal-
ysis of variance (ANOVA) combined with Bonferroni correc-
tion was used for analyzing differences between multiple
groups. Kaplan-Meier survival analysis was used to analyze
the survival rate by the log-rank test. A p-value <0.05 was
considered as significant.

Results

Supplementation of NMN increased NAD* levels in
endotoxemia ALI mice

As a key precursor of NAD* (Figure 1(a)), NMN has been
demonstrated to be beneficial in several diseases by restoring
NAD* levels.?#?5 According to the effective doses of NMN
in previous studies ranging from 62.5 to 500 mg/kg/day
by intraperitoneal injections.?6 Thus, 100, 300, and 500 mg/
kg/day were, respectively, chosen as the low, medium, and
high dosages in our research to assess the optimal dose of
NMN up-regulated NAD™ level in lung tissues of endotox-
emia mice. Mice were daily supplemented with different
doses of NMN (100, 300, 500 mg/kg/day) intraperitoneally
for 7days and then LPS were intravenously injected 1h after
NMN pretreatment (Figure 1(b)). As shown in Figure 1(c),
a marked increase in the total NAD* levels was detected
in lung tissues from endotoxemia mice relative to controls.
Moreover, we observed a further increase of NAD* in mice
with NMN pretreatment (Figure 1(c)). Next, we detected
the NAD*/NADH ratio to investigate whether the redox
state was influenced, which is universal application in previ-
ous studies.” The ratio of NAD*/NADH was increased in
LPS-challenged mice and was furtherly elevated after NMN
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pretreatment (Figure 1(c)). Furthermore, NAD™ levels were
enhanced more than two-fold and the NAD*/NADH ratio
was also dramatically increased in isolated mitochondria
from NMN-pretreated endotoxemia mice (Figure 1(d)).
Similarly, NMN enhanced NAD* biosynthesis in the iso-
lated nucleus of mice and elevated NAD*/NADH ratio in
total (Figure 1(e)). Hence, the selected dose of NMN in sub-
sequent experiments was 500 mg/kg/day, similar to previ-
ous studies.?® Specifically, the ratio of mitochondrial NAD*
contents/ nuclear NAD™ contents increased in mice after
the pretreatment with NMN compared with the other two
groups, which indicated that the elevation of NAD* contents
was more pronounced in mitochondria than in the nucleus
(Figure 1(f)). Although there was an ascending trend in the
LPS group, the difference was not statistically significant.

NMN prevented oxidative damage and alleviated
lung injury in endotoxemia mice

To determine the effect of NMN on oxidative damage in
mice stimulated with LPS, we first detected the survival rate
in endotoxemia mice. The Kaplan-Meier survival analysis
exhibited NMN pretreatment prolonged survival com-
pared with the group treated with LPS alone (Figure 2(a)).
Histological analysis manifested severe leukocyte infiltration,
alveolar wall thickening, intra-alveolar hemorrhage, and con-
gestion in the lung from mice, which were greatly alleviated
in the NMN-pretreated mice (Figure 2(b)). Quantitatively, the
lung injury scores were also dramatically reduced by NMN
in endotoxemia mice (Figure 2(b)). Next, we examined the
production of ROS and the activity of MnSOD in lung tissues
of mice. Consistent with previous studies, LPS resulted in
increased ROS levels but decreased MnSOD activities in the
lung tissue of mice compared with the control group.® In con-
trast, mice supplemented with NMN showed decreased ROS
production and increased MnSOD activity (Figure 2(c) to (d)).
Furthermore, cell apoptosis mechanism in pulmonary tissues
is involved in the progression of lung injury during sepsis.?’
Similarly, we found that LPS increased TUNEL-positive cells
in mice, whereas the increase of apoptotic cells was markedly
attenuated by NMN pretreatment (Figure 2(e) and (f)).

NMN supplementation restored mitochondrial
function in mice challenged by LPS

Mitochondrial morphological and functional impairment
is involved in LPS-induced lung injury.'”*° To investigate
whether NMN supplementation could improve mito-
chondria functions in endotoxemia mice. Mitochondrial
membrane potential, cytochrome oxidase activity, and mito-
chondrial DNA contents that were identified as symbolic
indicators of mitochondrial function were analyzed in lung
tissues of mice.?! As shown in Figure 3(a) and (b), JC-1 fluo-
rescence was detected in red and green channels in control,
while A¥Ym in mice lung tissues exhibited a significantly
lower level as indicated by the increased green fluorescence
and decreased red fluorescence. However, pretreatment with
NMN markedly ameliorated LPS-induced mitochondrial
membrane potential decline in mice lung tissues (Figure
3(a) and (b)). Because mitochondrial proliferation is an early
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Figure 1. Administration of NMN increased NAD~ levels in mice challenged by LPS. (a) NAD*-biosynthesis salvage pathways and NAD~ catabolism. (b) The animal
experimental flowchart. C57BL/6 mice (20—-25g) were subjected to different doses of NMN (100, 300, and 500 mg/kg/day) or PBS intraperitoneally at 18:00 daily for
7days. LPS (15mg/kg) or 0.9% normal saline were injected via caudal vein, respectively, after 1 h. Then, mice were sacrificed 12 h after LPS injection and lung tissues
were collected. (c) Pulmonary total NAD* contents and ratios of NAD*/NADH in mice. (d) Mitochondrial NAD* contents and ratios of NAD*/NADH in mice in each
group. (e) Nuclear NAD* contents and ratios of NAD*/NADH in mice in each group. (f) The ratios of mitochondrial NAD* contents/ nuclear NAD* contents in mice in
each group. Statistical difference was calculated by one-way ANOVA (n=5/group). (A color version of this figure is available in the online journal.)

cellular stress response, we next quantified mitochondrial
DNA content in lung tissues. A slight but statistically not
significant increase in mtDNA content was observed in
endotoxemia mice, whereas, a significant increase in mice
pretreatment with NMN (Figure 3(c)). COX activity, the ter-
minal oxidase of the mitochondrial electron transport chain,
which was measured as an index of complex IV function in
multiple studies.??0 Furthermore, we measured the enzy-
matic activity of COX in each group. As shown in Figure
3(d), the enzymatic activities of COX were significantly

decreased in mice challenged by LPS compared to con-
trols, and the pretreatment of NMN was able to profoundly
enhance the enzymatic activity (Figure 3(d)). TEMs were
used to investigate the effect of NMN on mitochondria and
nucleus morphology. In control mice, mitochondria mani-
fested as a typical filamentous shape with integrated double
membranes and tight cristae. Whereas, the mitochondrial
morphology of lung tissues in endotoxemia mice exhib-
ited significant changes, including swollen and vacuolated
mitochondria with altered cristae density, while NMN
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pretreatment attenuated the mitochondrial damage in endo-
toxemia mice (Figure 3(e)). Moreover, in mice challenged by
LPS, we not only found unusual nucleus sizes and shapes
but also found irregular nuclear membrane and pyknotic
nuclei. As expected, NMN pretreatment maintains the nor-
mal morphology of the nucleus (Figure 3(e)).
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Figure 2. NMN prevented oxidative damage and alleviated lung injury in endotoxemia mice. (a) The Kaplan—Meier survival curve for NMN pretreated mice and PBS
pretreated mice after LPS administration. n=15 for the control group, n=18 for the LPS group, n=16 for the LPS + NMN group, #p <0.05, *p <0.01. (b) HE staining
and corresponding lung histology scores. Scale bar, 100 um. (c) ROS levels. (d) MnSOD activity. Statistical difference was calculated by one-way ANOVA (n=5/
group). (e) Representative TUNEL staining of formalin-fixed lung sections. Scale bar, 100 um and (f) counted percentages of TUNEL-positive cells (n=3/group, Power
calculation for statistic differences between groups=1). (A color version of this figure is available in the online journal.)

NMN mitigated lung injury accompanied by a
mitonuclear protein imbalance and activation of
the UPR™ in endotoxemia mice

Previous studies have shown that part of the beneficial
effects of NAD *may due to the existence of mitonuclear
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Figure 3. Effects of NMN on mitochondrial function. (a) Mitochondrial membrane potential (A¥m) analyzed by flow cytometry. Q2-2, red fluorescence+/green
fluorescence +, polarized A¥Ym; Q2-4, red fluorescence—/green fluorescence+, depolarized A¥m. (b) Quantitative histogram of A¥m. (c) Relative mtDNA content
using real-time PCR. (d) Cytochrome c oxidase activity in mice. Statistical difference was calculated by one-way ANOVA (n=>5/group). (e) The morphological
alterations of mitochondria and the nucleus were observed by transmission electron microscopy. Scale bars, 2pum. Red arrows denoted abnormal mitochondria, which
were manifested as isolated, swollen, and vacuolization mitochondria without clear cristae. White arrows denoted unusual nucleus size and shape, pyknotic nuclei,
and irregular nuclear membrane. All the results were obtained from three independent experiments. (A color version of this figure is available in the online journal.)

protein imbalance (mtDNA-encoded mitochondrial pro-  subunit encoded by the mtDNA, to SDHA, an OXPHOS
teins and nDNA-encoded mitochondrial proteins).®!®  subunit encoded by the nDNA."3 Indeed, NMN adminis-
Thus, we calculated the ratios of the cytochrome ¢ oxidase tration increased the ratios of MTCO1/SDHA, which sug-
subunit I (MTCO1), oxidative phosphorylation (OXPHOS)  gests the development of a mitonuclear protein imbalance
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Figure 4. NMN mitigated LPS-induced oxidative injury by inducing mitonuclear protein imbalance and activating the UPR™ in mice. (a) The protein levels of mtDNA-
encoded and nuclear DNA-encoded mitochondrial proteins (MTCO1, SDHA) from the lung tissues of mice. (b) The protein ratios of MTCO1 to SDHA (n=3/group,
Power calculation for statistic differences between groups=0.987). (c) qRT-PCR assay was applied to detect the mRNA expression levels of HSP60 (n=5/group).
Statistical difference was calculated by one-way ANOVA. HSP60, heat shock protein 6; MTCO1, cytochrome c oxidase subunit I; SDHA, succinate dehydrogenase A.

(Figure 4(a) and (b)). Besides, the mitonuclear protein
imbalance could activate UPR™, an adaptive response to
maintain mitochondrial proteostasis and ultimately repair
hermetic signaling pathways.3> The mRNA levels of HSP60
in mitochondrial chaperone systems were commonly used
to evaluate the UPR™ in mice. Because of the mitonuclear
protein imbalance, the mRNA expression level of HSP60
up-regulated in endotoxemia mice compared to control.
Furtherly, the relative expression value of HSP60 mRNA
progressively increased with NMN concentrations (Figure
4(c)). Taken together, these findings suggested that NMN
protects against lung injury in endotoxemia mice by induc-
ing mitonuclear protein imbalance and activating the UPR™.

NMN alleviated LPS-induced ALI in an
SIRT1-dependent manner

The NAD*-dependent class III histone deacetylase SIRT1
is preferentially located in the nucleus and likely contrib-
utes to the modulation of chromatin and the DNA damage
response.® Since previous studies have clarified the criti-
cal role of SIRT1 in LPS-induced ALIL3* we wonder if the
protective effects of NMN are linked to SIRT1 activation.
Therefore, we performed immunoblotting assay to exam-
ine NAD*-dependent SIRT1 expression level. As shown
in Figure 5(a), NMN pretreatment up-regulated protein
expression of SIRT1 in the context of LPS induced acute
lung inflammation (Figure 5(a)). To further substantiate that
SIRT1 action mediated the effects of NMN, SIRT1 expression
in endotoxemia mice was inhibited by EX-527, a potent and
specific SIRT1 inhibitor. As expected, H&E staining and the
lung injury score showed that NMN could not attenuate
pathological injury after SIRT1 inhibition by EX-527 (Figure
5(b)). Meanwhile, SIRT1 inhibition also counteracted the
antioxidant effects from NMN in mice with ALI, which was
evidenced by the decreased MnSOD activity (Figure 5(c)).
Furthermore, we detected mitochondrial DNA content and
mitochondrial ultrastructure in mice after SIRT1 inhibition to
elucidate mitochondrial damage. The beneficial morphologi-
cal changes of mitochondria following NMN treatment were
considerably blocked by EX-527 addition (Figure 5(d)). And,

the mtDNA copy number was decreased following EX-527
treatment compared with mice without EX-527 treatment
(Figure 5(e)). Next, we also evaluated mitonuclear protein
imbalance and UPR™ activation in mice after SIRT1 inhi-
bition. We found that administration of NMN displayed
mitonuclear protein imbalance—the increased ratio between
mtDNA- and nDNA-encoded OXPHOS proteins—activated
UPR™ response as judged by Hsp60 expression, while these
effects were reversed when SIRT1 was inhibited (Figure 5(f)
to (h)).

Discussion

Given the high morbidity and mortality of ARDS, there is
an urgent requirement to identify effective treatments for
sepsis-induced lung injury. In the current study, we con-
firmed that pretreatment with NMN, an NAD * precursor,
could significantly increase NAD* contents and attenuated
lung injury in mice challenged by LPS. Our data also indi-
cated that the protective effect of NMN may be achieved by
inducing mitonuclear protein imbalance and activating the
UPR™ in an SIRT1-dependent manner and thus improving
mitochondrial function and endotoxemia-associated inflam-
mation (Figure 6).

NAD" is a key intermediate in several metabolic path-
ways, such as glycolysis, tricarboxylic acid cycle, fatty acid
oxidation, and oxidative phosphorylation, as well as mito-
chondrial biogenesis and so on.?> NAD" is thought to be
impermeable to the plasma membrane and is easily degraded
by serum hydrolases, making it difficult to be replenished
directly.3 Therefore, the NAD* precursor NMN is harnessed
for increased NAD* contents in rodents and humans. NMN
supplementation was regarded as an effective therapy to
protect against cell death, inflammatory disease and obe-
sity.37=% Previous studies revealed a reduction in NAD™ lev-
els in lung tissues of endotoxemia mice.!> However, some
studies provided inconsistent conclusions of those described
above. These studies have shown that the cellular NAD* con-
tents initially decrease after LPS treatment and then gradu-
ally increase for up to 24h.” Similarly, our current study also
indicated that LPS led to enhanced total NAD* contents,
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Figure 5. NMN protected LPS-induced acute lung injury in an SIRT1-dependent manner. (a) Representative immunoblots of SIRT1 in lung tissues (n=3/group, power
calculation for statistic differences between groups=0.999). (b) HE staining and corresponding lung histology scores. Scale bar: 100 um. (c) MnSOD activity (n=5/
group). (d) The morphological alterations of mitochondria and the nucleus were observed by transmission electron microscopy. Scale bars, 2um. Red arrows denoted
abnormal mitochondria, which were manifested as isolated, swollen, and vacuolization mitochondria without clear cristae. White arrows denoted unusual nucleus

size and shape, pyknotic nuclei, and irregular nuclear membrane. All the results were obtained from three independent experiments. (e) Relative mtDNA content
using real-time PCR (n=5/group). (f) The protein levels of MTCO1 and SDHA from lung tissues of mice. (g) The protein ratios of MTCO1 to SDHA (n=3/group, Power
calculation for statistic differences between groups=0.830). (h) qRT-PCR assay was applied to detect the mRNA expression levels of HSP60 (n=>5/group). Statistical
difference was calculated by one-way ANOVA. (A color version of this figure is available in the online journal.)
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morphology and dysfunction, accompanied by inducing mitonuclear protein imbalance and activating the mitochondrial unfolded protein response in endotoxemia mice.
Thus, NMN administration might be an effective strategy for preventing endotoxemia-induced lung injury. (A color version of this figure is available in the online journal.)

mitochondrial NAD* as well as nuclear NAD* contents in
lung tissues of mice. The increase in NAD* may be attrib-
uted to differences in the duration of LPS stimulation in mice
among these studies or the activation of endogenous antioxi-
dant defenses.

To explore the influence of NAD™ on endotoxin-induced
ALI, we not only compared pathological sections and the
lung injury scores among three groups, but also evaluated
the effects of NMN supplementation on the degree of oxi-
dative stress. Our results demonstrated that pretreatment
with NMN significantly decreased lung injury scores, miti-
gated the degree of oxidative damage by reducing ROS pro-
duction and increasing the activity of MnSOD, which was
consistent with other studies.>*’ Next, we analyzed mito-
chondrial function after NMN pretreatment in endotoxemia
mice. In agreement with previous studies,'”#! more swol-
len and vacuolated mitochondria and abnormally shaped
nucleus were observed in endotoxemia mice. The impaired
mitochondrial morphology was related to decreased A¥Ym.
Normal mitochondrial membrane potential is a prerequisite
for oxidative phosphorylation and ATP production process,
as well as a necessary condition for maintaining mitochon-
drial function.#?#3 Our data showed that compromised mito-
chondrial and nuclear morphology and declined A¥m were
ameliorated after NMN administration. COX, also known
as complex 1V, is a terminal enzyme of the mitochondrial
electron transport chain. COX phosphorylation and reduced

mitochondrial potential were found in the sepsis rat model.44
In line with these findings, the present data showed lower
COX activity in septic mice compared to control. And COX
activity increased after replenishing NAD* compared to the
LPS group. In addition, mtDNA damage induced by endo-
toxin was involved in mitochondrial dysfunction and ultra-
structural damages.*> Our study reflected that mtDNA levels
significantly increased after NMN supplementation in endo-
toxemia mice, supporting that the mitochondrial biosyn-
thesis enhanced. Taken together, pretreatment with NMN
effectively alleviated the LPS-induced lung injury through
suppression of oxidative stress-mediated mitochondrial
impairment.

NAD* participates in the homeostasis between mitochon-
dria and nucleus as a small molecule during ALI. Moreover,
NAD" acts as a substrate for poly (ADP-ribose) polymer-
ases (PARPs) and class III NAD-dependent deacetylases
(SIRTs), modulating their activities.* The concentrations of
NAD* and NADH in mitochondria influence the distribu-
tion of NAD™ in the nucleus.®#” Except for some protein-
coding genes in vestigial circular mitochondrial DNA,
most mitochondrial-coding genes are translocated into the
nucleus, indicating that mitochondria and the nucleus inter-
act with each other to ensure optimal cellular function.*8
Compromised mitonuclear interaction is implicated in met-
abolic diseases, neurodegeneration, cancer, and other aging
processes, but little is known about mitonuclear signaling
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regulators in endotoxin-induced lung injury. To confirm the
protective effect of NMN on lung injury from the perspec-
tive of mitonuclear interaction, we investigated mitonuclear
protein imbalance and UPR™. The mismatch between the
nDNA- and mtDNA-encoded subunits of mitochondrial
components is the characteristic of a mitonuclear protein
imbalance that has been proven to activate UPR™. In addi-
tion, the unfolded protein stresses trigger UPR™ in turn
and aim to normalize the mitonuclear protein imbalance by
assisting in protein folding and degradation.* In the cur-
rent study, the ratio between the two proteins (MTCO1/
SDHA) increased in endotoxemia mice pretreatment with
NMN, suggesting that the mitonuclear protein imbalance
was induced. Moreover, the abundance of HSP60, a key pro-
tein chaperone of the UPR™, presented a medium-increase
in endotoxemia mice, and intraperitoneal administration of
NMN induced much higher expression levels.

Previous studies have demonstrated that nicotinamide
riboside could prevent non-alcoholic fatty liver disease,
enhances hepatic-oxidation and mitochondrial complex con-
tent and activity. These events rely on the protein deacetylase
SIRT1 and involve the mitonuclear protein imbalance as well
as activation of stress signaling via the UPR™.14 Remarkably,
multiple lines of evidence support the contribution of SIRT1
in protecting against ALI in endotoxemia mice.?*5! Thus,
we examined the roles of SIRT1 in the activation of UPR™
in endotoxemia mice. For the current study, we observed
that NMN up-regulated the hallmark of the UPR™(HSP60)
through up-regulation of SIRT1, while down-regulation of
SIRT1 counteracted the role of NMN in activating UPR™.
These data imply that SIRT1-UPR™ exerts positive effects
in promoting the restoration and recovery of mitochondrial
ultrastructure and function.

The current study still has some limitations. First, we
only detected the expression levels of the OXPHOS subu-
nit encoded by mitochondria and nuclear, but were unable
to observe the dynamic interaction between mitochondria
and nuclear. Hence, newer technologies (e.g. Imaging mass
cytometry) may make these studies more convincing in the
future. Second, our research lacks the experimental group
of endotoxemia mice with NMN post-conditioning, which
is more approach to the real clinical treatment with drugs.
Future studies should establish NMN post-conditioning
group and compared the effect between NMN pre-con-
ditioning group and post-conditioning group in a mouse
endotoxin-induced ALI model. Third, we just observed the
changes of nuclear morphologies without examining the
indicators that reflect the nuclear function, such as transcrip-
tional regulation in the current study. Finally, the efficacy
and safety of NMN on patients with endotoxemia-associated
lung injury have not yet been validated clinically. Notably,
long-term intake of NMN is well-tolerated without side
effects in laboratory animals.!® Although relatively few clini-
cal trials in septic patients have been reported, the trial from
Japan had been accomplished to assess the tolerability of
NMN in aging humans which aimed to develop NMN as an
anti-aging nutraceutical.>! Therefore, in patients with sepsis,
clinical trials of NMN supplementation are feasible in the
future, which would contribute to the potential use of NMN
in ameliorating endotoxin-associated ALL

In conclusion, the present study showed that NMN ame-
liorated endotoxin-induced ALI in vivo by inducing mitonu-
clear protein imbalance and activating the UPR™, which is
probably regulated by deacetylase SIRT1. Our findings not
only provide important information to highlight NMN sup-
plementation as preventive strategy in endotoxin-associated
ALI but also demonstrate potential mechanism insight into
NMN pretreatment. The underlying mechanism or pivotal
signaling pathways that regulate mitonuclear interaction to
alleviate endotoxin-induced ALI will be elucidated in our
next study. And, future clinical trials are also required to
validate our findings.
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