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Abstract

Background Sepsis-caused multi-organ failure remains the major cause of morbidity and mortality in intensive care
units with limited therapeutics. Nicotinamide mononucleotide (NMN), a precursor of nicotinamide adenine dinu-
cleotide (NAD™), has been recently reported to be protective in sepsis; however, its therapeutic effects remain to be
determined. This study sought to investigate the therapeutic effects of NMN in septic organ failure and its underlying
mechanisms.

Methods Sepsis was induced by feces-injection-in-peritoneum in mice. NMN was given after an hour of sepsis onset.
Cultured neutrophils, macrophages and endothelial cells were incubated with various agents.

Results We demonstrate that administration of NMN elevated NAD* levels and reduced serum lactate levels, oxida-
tive stress, inflammation, and caspase-3 activity in multiple organs of septic mice, which correlated with the attenua-
tion of heart dysfunction, pulmonary microvascular permeability, liver injury, and kidney dysfunction, leading to lower
mortality. The therapeutic effects of NMN were associated with lower bacterial burden in blood, and less ROS produc-
tion in septic mice. NMN improved bacterial phagocytosis and bactericidal activity of macrophages and neutrophils
while reducing the lipopolysaccharides-induced inflammatory response of macrophages. In cultured endothelial cells,
NMN mitigated mitochondrial dysfunction, inflammation, apoptosis, and barrier dysfunction induced by septic condi-
tions, all of which were offset by SIRT3 inhibition.

Conclusion NAD" repletion with NMN prevents mitochondrial dysfunction and restrains bacterial dissemination

while limiting inflammatory damage through SIRT3 signaling in sepsis. Thus, NMN may represent a therapeutic option
for sepsis.
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Background

Sepsis-caused multiple-organ failure is the leading cause
of death in intensive care unit patients. Despite exten-
sive research, treatment for this fatal condition remains
largely supportive without any specifically effective thera-
pies [1].

Nicotinamide adenine dinucleotide (NAD') plays
important roles in energy metabolism, cell signalling,
gene expression and DNA repair [2]. Previous studies
revealed a reduction of NAD" levels in animal models
of sepsis [3-5]. Depletion of NAD" may disrupt mito-
chondrial [6] and lysosomal function [7], and compro-
mise the activities of the NAD™' dependent enzymes (e.g.
mitochondrial sirtuin (SIRT)3 of the SIRT family) [8],
all of which potentially impair host anti-bacterial activ-
ity and promote hyper-inflammation and organ failure
in sepsis. Thus, NAD" repletion may have therapeutic
potential for sepsis. NAD" is generated through three
pathways in mammals: the de novo pathway from the
L-tryptophan amino acid precursor; the salvage path-
way; and the Priess-Handler pathway from precursors
such as nicotinamide, niacin, nicotinamide riboside (NR)
or nicotinamide mononucleotide (NMN) [2]. Nicotina-
mide phosphoribosyltransferase (NAMPT), NR kinase
1/2 (NRK1/2), and niacin/NMN adenylyltransferase
(NMNAT) are major enzymes within the salvage path-
way for NAD" biosynthesis. NAD" precursor supple-
mentation offers a potential mechanism to boost NAD*
levels. Although L-tryptophan exhibited some protective
effects in sepsis [9], it may compromise immune func-
tions due to its immune-active catabolites [10]. Niacin
was reported to attenuate lung inflammation and reduce
mortality in endotoxemic rats [4]. Treatment with nicoti-
namide protected against acute liver injury and increased
survival in mouse models of endotoxemia and cecal liga-
tion and puncture-induced sepsis [11]. However, the use
of niacin is limited by painful flushing, and nicotina-
mide may inhibit the SIRT family which is required for
essential cellular functions [12, 13]. Nevertheless, these
previous studies support the beneficial effects of NAD*
repletion in sepsis.

Notably, NR and NMN have the potential to overcome
the limitations of these precursors and recent clinical tri-
als supported the safety of both agents in patients [14,
15]. NR and NMN are currently used as health supple-
ments. We found that administration of NR before—but
not after—the onset of sepsis prevented organ injury in
mice [5], indicating that the use of NR as a therapeutic
approach is limited. This may be due to the reduction
of NRK1/2 enzymes during sepsis [5] as the salvage of
NAD™" from NR involves NRK1/2 phosphorylating NR
[16]. NMN is one of the intermediates in NAD™ biosyn-
thesis and is converted from nicotinamide by NAMPT.
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It is also found in various types of natural foods, such
as vegetables, fruits and meat. There are two forms of
NMN—a-NMN and B-NMN-—the latter of which is
the active form [17]. In contrast to NR, NMN does not
require NRK1/2 for its conversion to NAD". A recent
study reported that NMN alleviated lipopolysaccharide
(LPS)-induced inflammation in macrophages [18]. Most
recently, three new papers reported that administration
of NMN attenuated LPS-induced lung [19] and kidney
injury [20] and ameliorate the dysregulated inflamma-
tory response and reduced mortality in a mouse model
of the cecal ligation and puncture-induced sepsis model
[21]. These findings strongly suggest that NMN may pro-
vide protective effects in sepsis. However, in these stud-
ies NMN was given either before LPS treatment or right
after CLP surgery. Thus, the therapeutic effects of NMN
remain elusive in sepsis.

NAD™ is a critical co-factor for SIRT3 activity [8],
which prevents the acetylation of key proteins of mPTP
(mitochondrial permeability transition pore) [22]. A
recent study reported that decreased NAD™ impaired
SIRT3 function in sepsis [23], leading to mitochondrial
dysfunction [24-26]. Accordingly, the inactivation of
mPTP provided protective effects in mouse models of
sepsis [24, 26, 27]. Since NAD™ is an important antioxi-
dant mechanism by directly balancing the redox status
and/or indirectly promoting SIRT1/3-mediated antioxi-
dant defences, decreased NAD* may promote mitochon-
drial dysfunction and organ injury in sepsis through
SIRT3 inhibition. However, it remains elusive if NAD™
repletion prevents SIRT3 inhibition in alleviating organ
dysfunction during sepsis.

This study demonstrates for the first time that the
administration of NMN after sepsis onset reduced
multi-organ injury and improved survival in septic mice,
supporting a therapeutic potential of NMN in sepsis.
Mechanistically, the therapeutic effects of NMN may be
mediated at least in part by improving SIRT3 signaling
and subsequently preventing mitochondrial dysfunction
and oxidative stress.

Materials and methods
Animals and experimental procedures
This investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23). All
experimental procedures were approved by the Animal
Use Subcommittee at Soochow University, China, and
Western University, Canada. C57BL/6 were purchased
from the Jackson Laboratory.

Sepsis was induced in mice (male at age 2 months)
by feces-injection-in-peritoneum (FIP, 3 g feces per kg
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body weight) as previously described [28]. Mice received
the same volume of saline as the sham control. A single
dose of NMN (500 mg/kg body weight, Biochempartner,
China) or vehicle was intraperitoneally injected into mice
after one hour of FIP. Four groups were included: (1)
Saline + Vehicle (15 mice); (2) Saline+NMN (15 mice);
(3) FIP + Vehicle (15 mice); and (4) FIP + NMN (15 mice).
Septic and their relevant sham mice were killed after 6 h
of FIP as we previously described [28], and serum, heart,
lung, liver, and kidney tissues were harvested for further
analyses.

For the 24-h study, a total of 50 mice (male at age
2 months) received an injection of feces (1.8 g/kg, i.p.),
and one hour later, they were allocated into two groups:
treatment with a single dose of NMN (25 mice, 500 mg/
kg body weight, i.p.), or vehicle (25 mice).

For the long-term survival analysis (30 days), a total of
44 mice (male at age 2 months) received an intraperito-
neal injection of feces (0.8 g/kg). After one hour of FIP,
septic mice were allocated into two groups: treatment
with vehicle (22 mice), or NMN (100 mg/kg, 22 mice)
every other day for 30 days.

All animals were given sterile saline (1 mL) contain-
ing the buprenorphine (4 ug/mL) subcutaneously 30 min
prior to feces injection, and then at 8-12 h intervals as
appropriate.

Echocardiography

Animals were lightly anaesthetized with inhaled iso-
flurane (1%) and imaged on a warm handling platform
using a 40 MHz linear array transducer attached to a
preclinical ultrasound system (Vevo 2100 and Vevo770,
FUJIFILM Visual Sonics, Canada) with a nominal in-
plane spatial resolution of 40 um (axial) X 80 um (lateral)
as we described [29]. Left ventricular (LV) end-systolic
inner diameter (LVIDs), LV end-diastolic inner diameter
(LVIDd), fractional shortening (FS)%, and ejection frac-
tion (EF)% were analyzed.

Measurement of pulmonary microvascular permeability

Pulmonary microvascular permeability in mice was
assessed using Evans blue dye (EBD, Sigma) as previously
described [30]. Briefly, mice were injected with 0.4%
Evans blue solution (50 mg/kg) via the caudal vein 30 min
before euthanasia. After flashing with 10 mL Phosphate-
buffered saline (PBS), the lungs were removed, weighted,
and homogenized with PBS. The tissue lysates were
mixed with 2 mL of formamide and then incubated at
60 °C for 16 h. The samples were centrifuged at 20,000 g
at 4 °C for 5 min, and the supernatant was used to deter-
mine the concentration of EBD by spectrophotom-
etry (620/740 nm). The microvascular permeability was
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assessed by the leak of EBD in lung tissues [EBD (ug)/
lung weight (g) X 10/30] (ug EBD/g lung tissue/minute).

Histological examination

Lung tissues were fixed in 4% paraformaldehyde (Sigma,
Canada) at 4 °C for 48 h, and then embedded in paraffin
wax, sectioned (5 um), and processed. A routine hema-
toxylin and eosin staining was conducted.

Measurement of AST, ALT, BUN and creatinine
The levels of aspartate transaminase (AST), alanine
transaminase (ALT), blood urea nitrogen (BUN), and
creatinine in sera were measured using commercial
assays following the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, China).

L-Lactate assay

The L-Lactate level in sera was determined using L-Lac-
tate assay kit (Cayman Chemicals, USA) following the
manufacturer’s instructions.

Measurement of TNF-q, IL-1(, IL-2 and IL-10 proteins

The levels of TNF-a, IL-1p, IL-2 and IL-10 proteins in
sera were determined using ELISA kits (Elabscience,
China) following the manufacturer’s instructions.

Measurement of myeloperoxidase (MPO) activity
MPO activity in tissue lysates was determined as previ-
ously described [31].

Cell cultures

Mouse cardiac microvascular endothelial cells (MCECs)
were purchased from CELLutions Biosystems (Cedar-
lane Laboratories, Hornby, ON, Canada) and cultured in
DMEM with 10% fetal bovine serum (FBS).

For the isolation of primary peritoneal macrophages,
male C57BL/6 mice received an intraperitoneal injection
of 2 mL of 3.8% thioglycollate medium. Three days later,
5 mL of Dulbecco’s phosphate-buffered saline (DPBS)
was injected into the mouse peritoneum and then the
peritoneal lavage fluid was harvested. After a brief cen-
trifugation, the peritoneal macrophage pellet was re-
suspended and cultured in DMEM with 10% FBS for the
study.

Bone marrow-derived neutrophils were isolated from
male C57BL/6 mice and cultured according to a previous
study [32].

Preparation of LPS-conditioned medium
Mouse macrophage cell line (RAW264.7) was obtained
from ATCC (USA) and cultured in DMEM containing
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10% FBS (Thermo Fisher Scientific Inc.). After incuba-
tion with LPS (100 ng/mL in culture medium) for 24 h,
the culture media (LPS-conditioned medium, LCM)
were collected and used to simulate septic conditions for
the following in vitro studies. PBS-conditioned culture
medium (PCM) from RAW264.7 cells served as a control.

Cell counting kit-8 (CCK-8)

Cell viability was assessed using the CCK-8 assay kit
(Nanjing Jiancheng Bioengineering Institute, China) fol-
lowing the manufacturer’s instructions.

Endothelial cell barrier function

Endothelial cell barrier function was determined in
MCEC:s as described previously [33]. In brief, monolayer
MCECs in 24-well plate transwell inserts (pore diam-
eter size 0.4 um, Corning Costar, USA) were incubated
with a culture medium containing NMN or a vehicle
for 12 h, and then exposed to LCM medium or PCM for
24 h. Culture medium in the transwell inserts (the upper
chambers) was replaced with 50 uL of 0.66% Evans blue
solution (dissolved in 4% bovine serum albumin, BSA)
while the bottom chambers were balanced with 500 uL of
4% BSA. One hour later, the solution collected from the
bottom chambers was examined by spectrophotometric
analysis (absorbance at 650 nm).

Assessment of the mitochondrial permeability transition
pore (mPTP) opening

The mPTP opening was determined using Calcein AM
(Thermo Fisher Scientific, USA) following the manu-
facturer’s instructions as previously described [34]. The
nuclei were stained using Hoechst 33,342.

Determination of caspase-3 activity

Caspase-3 activity in endothelial cells and tissue lysates
was determined using a caspase-3 fluorescent assay kit
(BIOMOL Research Laboratories) following the manu-
facturer’s instructions.

Reactive oxygen species (ROS) production

The production of hydrogen peroxide in organ tissues
was measured using the Amplex Red Hydrogen Peroxide/
Peroxidase assay kit (Thermo Fisher Scientific, USA) fol-
lowing the manufacturer’s instructions.

Mitochondrial superoxide production in live endothe-
lial cells was determined using Mito-SOX"~ Mitochon-
drial Superoxide Indicator (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions.
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Assessment of malondialdehyde (MDA) production

and carbonyl protein content

The levels of MDA and carbonyl protein content in tis-
sue lysates were determined using a TBARS assay kit
and Protein Carbonyl Colorimetric Assay Kit (Cayman
Chemical Company, USA), respectively, following the
manufacturer’s instructions.

Determination of NAD" levels
NADT levels in cell and tissue lysates were measured
using NAD/NADH Microplate Assay Kits (Cohesion
Biosciences, UK, and Beyotime, China) following the
manufacturer’s instructions.

Determination of ATP production

The levels of ATP production in cell and tissue lysates
were measured using the ATP Bioluminescence Assay
Kit (Beyotime, China), according to the manufacturer’s
instructions.

Real-time RT-PCR

Total RNA from cell and tissue lysates were extracted
using TRIzol reagent (Sigma Aldrich, USA) following
the manufacturer’s instructions. Real-time reverse tran-
scription PCR (RT-PCR) was performed to analyze the
mRNA levels of NRK1, NRK2, Slc12a8, TNF-a, IL-1f,
iNOS, VCAM1 and GAPDH. Primers used for RT-PCR
are listed in Additional file 1: Table S1. GAPDH served as
a loading control. The mRNA levels of individual genes
were expressed as the ratio relative to GAPDH.

Bacterial burden assay

Whole blood and peritoneal lavage fluid were harvested
from septic mice. A bacterial burden assay was per-
formed as described previously [35].

In vivo phagocytosis assay

The bacterial uptake by neutrophils in vivo was deter-
mined as previously described [36]. Briefly, 0.2 mg of
pHrodo ™ Green E. coli BioParticles (dissolved in 200 pL
PBS, Invitrogen/Thermo Fisher, MA, USA) was injected
into the mouse peritoneal cavity at 4 and 22 h after FIP,
respectively. After 2 h of E. coli BioParticle injection,
the animals were euthanized and their peritoneal lav-
ages were collected. To block Fc-receptors, the cells from
peritoneal lavage fluids were incubated with an anti-
FcyR-blocking antibody (clone 2.4G2) on ice for 20 min.
Then the cells were stained with APC/Cy7 anti-mouse
CD45 antibody (clone 30-F11, leukocyte marker), PE
anti-mouse CD11b antibody (clone M1/70, myeloid cell
marker) and PE/Cy7 anti-mouse Ly-6G antibody (clone
1A8, neutrophil marker) on ice for 30 min. All antibodies
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were purchased from BioLegend (USA). The phagocyto-
sis of pHrodo Green E. coli Bioparticles by neutrophils
(CD45TCD11b*Ly6G™) was determined by Flow cytom-
etry analysis (FACSCanto " II, BD biosciences, USA). A
total of 20,000 events were measured per mouse and ana-

lyzed with Flow]Jo 7 software (Tree Star).

In vitro phagocytosis assay with fluorescence-labelled
bacteria
To analyze the phagocytic capacity of macrophages, pri-
mary peritoneal macrophages from mice were seeded
in 96 well plates (5x 1074 cells/well). Four hours later,
macrophages were incubated with NMN or vehicle for
an hour, followed by the addition of pHrodoTM Green E.
coli BioParticles (Invitrogen/Thermo Fisher, MA, USA).
The fluorescence intensity was measured using a Hybrid
Multi-mode microplate reader (BioTek; excitation/emis-
sion: 485/535 nm) at different time points (0.5, 1 and 2 h)
after addition of pHrodo " Green E. coli BioParticles.
Neutrophils isolated form bone marrow were treated
with NMN or vehicle for an hour at 37 ‘C with end-over-
end-rotation (10 rpm) and then incubated with pHrodo™
Green E. coli BioParticles under the same conditions for
different times (0.5, 1 and 2 h). Thereafter, the cells were
collected and fixed with 2% paraformaldehyde for 15 min
on ice. The uptake of pHrodo " Green E. coli Bioparticles
by neutrophils was determined by Flow cytometry analy-
sis (FACSCantoTM II, BD biosciences, USA). A total of
20,000 events was measured per mouse and analyzed
with FlowJo 7 software (Tree Star).

In vitro bacterial phagocytosis and killing assay

A classical colony-forming unit (CFU) assay was con-
ducted as described previously with minor modifications
[37]. Briefly, E. coli ATCC 25922 strain was grown in
Luria—Bertani broth at 37 °C. After being quantified, pel-
leted, and washed with PBS, the bacteria were ready for
the following studies.

Primary peritoneal macrophages (4x 1075 cells) were
seeded in 12-well plates. Four hours later, macrophages
were treated with NMN or a vehicle and then challenged
with E. coli ATCC 25922 strain (multiplicity of infec-
tion: 20) at 37 °C for one hour. Culture medium was
then replaced by fresh one containing 100 pg/mL of gen-
tamicin and the cells were incubated for 30 min to kill
extracellular bacteria. After washing, macrophages were
either lysed with 0.05% saponin to determine the uptake
of bacteria by macrophages or incubated with normal
culture medium for 5 more hours to assess their bacte-
ricidal activities. For the phagocytosis, the macrophage
lysates were diluted and plated on Luria—Bertani plates to
determine the colony forming units (CFUs). To assess the
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bactericidal activity, the number of living bacteria that
remained after the intracellular killing was determined
by lysing cells and then plating the cell lysates on Luria—
Bertani plates as previously described [35]. The killing
percentage was calculated using the formula {[(CFU
counts at one hour)—(CUF count at 6 h)]/(CFU count at
1 h)} x 100%.

For neutrophil bacterial phagocytosis and killing
assay, a total of 1x1075 freshly isolated neutrophils
were incubated with NMN or vehicle at 37 “C with end-
over-end-rotation (10 rpm) for an hour. After adding
freshly opsonized E. coli ATCC 25922 strain (multiplic-
ity of infection: 20), the neutrophils were continually
cultured at the same conditions. Five minutes later, the
cells were placed on ice and then centrifuged (100 g) at
4 °C for 5 min. After washing the pellets twice with 1 ml
of ice-cold PBS for each, half of them were used for the
bacterial phagocytosis assay and the remaining half of
neutrophils for the bacterial killing assay. To determine
the uptake of bacteria, the pellets were re-suspended in
0.9 ml of 0.05% saponin and passed through a 26-gauge
syringe needle for five times. Subsequently, 2 ul DNase
mix (50 U/ul, Beyotime) containing 100 pl reaction buffer
(100 mM Tris—HCI pH 7.4, 1 mM CaCl,, 25 mM MgCl,)
was added to the cell lysates. After incubation at 37 C for
10 min, the cell lysates were plated on the LB plates with
appropriate dilutions to determine the CFUs. To assess
the bactericidal activity, neutrophils were incubated at
37 C for 2 h. The remaining viable bacteria after intra-
cellular killing were determined as described in above.
The killing percentage was calculated using the formula
{[(CFU count at 5 min)—(CUF count at 2 h)]/(CFU count
at 5 min)} X 100%.

Statistical analysis

All data are presented as mean values+tSD. One-way
analysis of variance followed by a Newman—Keuls test
was performed for multi-group comparisons, as appro-
priate. Student t-test was used for 2-group comparison.
Survival curves were created by the method of Kaplan
and Meier and compared by the log-rank test. A value of
P<0.05 was considered statistically significant.

Results

NMN boosts NAD levels in sepsis

We and others have reported that sepsis resulted in a
reduction of NAD™ levels in the liver and lung tissues of
animal models of sepsis [3-5]. Consistently, we showed
that the levels of NAD" were much lower in heart and
lung tissues in a mouse model of FIP-induced sepsis
compared with sham animals (Fig. 1A and 1B). Fur-
thermore, LPS treatment resulted in lower NAD™ levels
in macrophages, and endothelial cells incubated with
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Fig. 1 NAD™ content, NRK1/2 and Slc12a8 expression. A and B Mice received saline, FIP or NMN (500 mg/kg, i.p.). Six hours later, NAD™ levels

in heart (A) and lung tissues (B) were determined. C Macrophages were treated with NMN (500 uM), LPS (100 ng/mL) or saline. NAD* levels were
analyzed. D Endothelial cells were treated with LPS-conditioned medium (LCM), PBS-conditioned medium (PCM) or NMN. Twenty-four hours

later, NAD* levels in endothelial cells were measured. E-M Mice were challenged with FIP or saline. Six hours later, heart, lung and liver tissues

were collected. The mRNA levels of NRK1/2 and Slc12a8 were quantified by real-time PCR in heart (E-G), lung (H-J) and liver tissues (K-M). (N)
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LCM (1:1 dilution in normal culture medium) had lower
NAD™ levels compared with PCM (1:1 dilution in normal
culture medium) (Fig. 1C and 1D). These results provide
both in vivo and in vitro evidence confirming that septic
conditions reduce NAD" levels.

Both NR and NMN have been widely used to boost
NAD™ levels [38]. NR requires NRK1/2 for its conver-
sion to NAD™ within cells, while NMN can enter the
cells through its receptor Slc12a8 [39]. As shown in
Fig. 1E-1M, sepsis resulted in significantly lower lev-
els of NRK1/2 mRNA, but not Slcl2a8, in the heart,
lung, and liver within 6 h after FIP. These results pro-
vided a rationale for the use of NMN, but not NR, as

a therapy for sepsis. Administration of NMN (500 mg/
kg) increased NAD™" levels in heart and lung tissues
(Fig. 1A and 1B). This dosage of NMN has been used
in animal models by others [40]. Incubation with NMN
(500 uM) also elevated NAD™ levels in macrophages,
endothelial cells, and neutrophils under normal and/
or septic conditions (Fig. 1C, 1D and 1N). These results
demonstrate that NMN effectively boosts NAD™ levels
in sepsis.
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Therapeutic administration of NMN mitigates multi-organ
injury and improves survival in mouse models of sepsis

Six hours after FIP, the levels of L-Lactate were signifi-
cantly elevated in sera, which was attenuated by NMN
(Additional file 1: Figure S1A). NMN treatment signifi-
cantly reduced the protein levels of proinflammatory
cytokines TNF-a and IL-1p (Additional file 1: Figure S1B
and C) but not anti-inflammatory cytokines IL-2 and
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IL-10 in plasma of septic mice at 6 h after FIP (Additional
file 1: Figure S1D and E).

Echocardiographic analysis revealed that administra-
tion of NMN relatively preserved fractional shortening
(FS)% and ejection fraction (EF)% in septic mice (Fig. 2A
and 2B). NMN also reduced apoptosis, indicated by cas-
pase-3 activity (Fig. 2C), infiltration of inflammatory cells
(i.e. neutrophils) as assessed by myeloperoxidase (MPO)
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dose of NMN (500 mg/kg, i.p.) or vehicle. Six hours after FIP, myocardial function (A and B), caspase-3 activity (C), MPO activity (D), ROS production
(E) and MDA level (F) were determined in the heart. G Pulmonary vascular permeability was assessed by Evans blue assay. ROS production (H),
MDA level (I), caspase-3 activity (J) and MPO activity (K) were determined in lung tissues. L Lung tissues were fixed, embedded and sectioned. H&E
staining was performed. A representative microphotograph for H&E staining from 6 lung samples is presented. Data are mean+SD, n=8 mice

in each group. *P<0.05 vs saline +vehicle and #P < 0.05 vs feces + vehicle (One-way ANOVA followed by Newman-Keuls test)
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activity (Fig. 2D), and oxidative stress as determined by
reactive oxygen species (ROS) and malondialdehyde
(MDA) production in septic mouse hearts (Fig. 2E and
2F).

Sepsis increased the pulmonary vascular permeability,
as determined by the Evans blue assay (Fig. 2G), resulted
in more ROS and MDA production (Fig. 2H, I), pro-
moted caspase-3 activity (Fig. 2]), and increased MPO
activity in lung tissues (Fig. 2K). These effects of sepsis
were attenuated by NMN in septic mice. Histological
analysis revealed lung injury in septic mice manifested by
highly inflammatory cell infiltration, alveolar wall edema
and thickness in the lung (Fig. 2L). These pathological
changes were attenuated by NMN in septic mice.

Administration of NMN prevented oxidative stress,
as assessed by MDA and protein carbonyl production,
and reduced MPO activity in the liver (Fig. 3A-3C) and
kidney of septic mice (Fig. 3D-3F). NMN treatment also
decreased serum levels of ALT, AST, creatinine, and BUN
in septic mice (Fig. 3G-3J), indicating the attenuation of
liver and kidney damage, respectively.

To examine the therapeutic effects of NMN at 24 h
after FIP, we induced sepsis in mice using a lower dose
of feces (1.8 g/kg, i.p.) because our preliminary study
found that injection of 3 g feces/kg body weight into mice
resulted in 100% mortality within 24 h. A single dose of
NMN (500 mg/kg, i.p.) was given after one hour of FIP.
Twenty-four hours after FIP, NMN treatment reduced
the levels of L-Lactate levels in serum (Additional file 1:
Figure S1F) and provided a similar protection against
heart (Fig. 4A, B), lung (Fig. 4C, D, E), liver (Fig. 4F, G)
and kidney injury in a mouse model of FIP-induced sep-
sis (Fig. 4H, I). Consequently, NMN treatment reduced
mortality in septic mice from 44 to 16% (Fig. 4], n=25
mice in each group, P<0.05). The body surface tem-
perature decreased after FIP; however, NMN treatment
slightly increased the body temperature in septic mice
(Additional file 1: Figure S2).

To determine the effect of NMN on long-term mortal-
ity, septic mice received the first dose of NMN (100 mg/
kg) after one hour of FIP (0.8 g feces /kg body weight, i.p.)
and then NMN injection was followed every other day
for a total of 30 days. To provide evidence of successful
modeling as a low dosage of feces was used, we analyzed
organ dysfunction/injury and systemic inflammation in

(See figure on next page.)
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mice 24 h after FIP. All septic mice displayed similar pat-
terns of organ injury/dysfunction (myocardial dysfunc-
tion, lung injury, and liver and kidney injury/dysfunction)
with different degrees and an increase in inflammatory
cytokines in serum (Additional file 1: Table S2 and Addi-
tional file 1: Figure S3). As shown in Fig. 4K, the 30-day
mortality was reduced from 36 to 9% by NMN treatment
(n=22 mice in each group, P<0.05). The doses of NMN
from 100 to 500 mg/kg were based on previous reports
[40]. Importantly, the dose of NMN (100 mg/kg) in mice
is equivalent to about 500 mg for human (60-70 kg body
weight) [41], which was found to be safe in a recent clini-
cal trial [15]. Thus, our results indicate that treatment
with NMN improves survival in sepsis.

NMN reduces bacterial burden and enhances phagocytic

and bactericidal activities of neutrophils and macrophages
After 24 h of FIP, administration of NMN signifi-
cantly reduced the bacterial loads in peritoneal lavage
and blood of septic mice (Fig. 5A). The reduction of
bacterial burden was associated with an increase in
bacterial phagocytosis of peritoneal neutrophils at 6
and 24 h after FIP, respectively, as determined by an
in vivo bacterial uptake assay using pHrodo = Green
E. coli BioParticles (Fig. 5B and 5C, Additional file 1:
Figure S4). To further address the inhibitory effects of
NMN on bacterial dissemination, we conducted bacte-
rial phagocytosis and intracellular killing assays using
primary macrophages and neutrophils isolated from
mouse peritoneum and bone marrow, respectively, as
both cells play critical roles in antibacterial defences in
sepsis. First, we examined the effect of NMN on cell
viability. NMN (500 uM) did not affect the cell viability
in neutrophils and macrophages under normal condi-
tions or in the presence of E. coli bacteria (Additional
file 1: Figure S5A and S5B). We then used the pHrodo ™
Green E. coli BioParticles to assess bacterial phago-
cytosis of neutrophils and macrophages. As shown
in Fig. 5D1, D2, treatments with NMN resulted in a
higher uptake of E. coli BioParticles in neutrophils and
macrophages, suggesting that NMN increases bacte-
rial phagocytosis. To further address this, we analyzed
the phagocytic and bactericidal activities of neutro-
phils and macrophages using living E. coli bacteria. We
showed that the NMN treatment increased bacterial

Fig. 3 Therapeutic effects of NMN on liver and kidney injury in septic mice. After an hour of FIP (3 g feces/kg body weight), mice were
intraperitoneally administrated with NMN. Six hours after FIP, blood and liver and kidney tissues were harvested. A-C MDA level, protein carbonyl
and MPO activity were determined in liver tissues. D-F MDA level, protein carbonyl and MPO activity were determined in kidney tissues. ALT (G),
AST (H), creatinine (1) and BUN (J) in sera were measured. Data are mean +SD, n=8 mice in each group. *P<0.05 vs saline + vehicle and #P < 0.05 vs

feces+vehicle (One-way ANOVA followed by Newman-Keuls test)
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Fig. 4 Therapeutic effects of NMN in septic mice. After an hour of FIP (1.8 g feces/kg body weight), mice received a single dose of NMN (500 mg/
kg, i.p.) or vehicle. Twenty-four hours after FIP, myocardial function was assessed by echocardiography (A and B). (C) Lung tissues were fixed,
embedded and sectioned. H&E staining were performed. A representative microphotograph for H&E staining from 8 lung samples is presented.

D MPO activity in lung tissues. E The ratio of wet lung/dry lung. F and G AST and ALT in serum. (H and 1) Creatinine and BUN in serum. Data are
mean £ SD, n=8 mice in each group. *P < 0.05 vs saline +vehicle and #P < 0.05 vs feces + vehicle (One-way ANOVA followed by Newman-Keuls
test). J A total of 50 mice (male at age 2 months, 25 mice in each group) were monitored for survival for 24 h after FIP (1.8 g feces /kg body weight).
*P<0.05 (the log-rank test). K A total of 44 mice (male at age 2 months) received an intraperitoneal injection of feces (0.8 g/kg). After one hour

of FIP, septic mice were allocated into two groups: treatment with vehicle (22 mice) or NMN (100 mg/kg, 22 mice) every other day for 30 days. The
survival was monitored. *P <0.05 (the log-rank test)
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Fig. 5 Effects of NMN on phagocytic and bactericidal activity and ATP production. A, B, C A single dose of NMN (500 mg/kg, i.p.) was administrated
into mice after an hour of FIP. Twenty-four hours later, the peritoneal lavage fluids and blood were assayed for bacterial loads. A Upper panels:
representative pictures of bacterial colonies from peritoneal lavage (A1) and blood on plates (A2); Lower panel: colony forming units (CFUs) in each
group. Data are mean +SD, n=8 mice in each group. *P<0.05 vs vehicle. B and C In vivo neutrophil phagocytosis in peritoneum was analyzed

at 6 h (B) and 24 h after FIP, respectively. Left panels: representative flow cytometry analysis of neutrophil uptake of pHrodo Green E. coli Bioparticles
from 5-6 mice in each group; Right panels: quantification of fluorescence intensity. Data are mean + SD, n=5-6 mice in each group. *P<0.05

vs vehicle. D, E, F, G, H In vitro phagocytosis and bacterial killing.(D Phagocytosis was determined in neutrophils (D1) and macrophages (D2)

at different time points (0.5, 1 and 2 h) by analyzing the uptake of pHrodo Green E. coli Bioparticles. E and F Neutrophils and macrophages were
pretreated with NMN (500 uM) and then incubated with living E. coli bacteria for 5 min and one hour, respectively. Upper panels: representative
pictures of engulfed E. coli on the tryptic agar plates; Lower panel: CFUs of E. coli in each group (E for neutrophils and F for macrophages). G

and H E. coli killing assay. Neutrophils and macrophages were pretreated with NMN (500 uM) and then incubated with living £. coli bacteria

for 5 min or one hour, respectively. After washing neutrophils or incubating macrophages with gentamicin for 30 min to remove extracellular E.

coli bacteria, the intracellular living bacteria were determined as described above. After that, the neutrophils and macrophages were maintained

in normal cultured medium at 37°C for additional 2 and 5 h, respectively. The intracellular living bacteria were then analyzed (G for neutrophils

and H for macrophages). MFI, median fluorescence intensity. I, J ATP production in neutrophils and macrophages. Cells were pretreated with NMN
and then challenged with E. coli. ATP production was determined in neutrophils (I) and macrophages (J). Data are mean +SD from 5 to 8
independent experiments. *P < 0.05 vs vehicle or saline+vehicle and # P <0.05 vs E. coli+ vehicle (One-way ANOVA followed by Newman—Keuls test)
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uptake in neutrophils and macrophages by about 65%
and 28.8%, respectively, when compared to vehicle-
treated cells (Fig. 5E and 5F, Additional file 1: Table S3
and S4). Notably, NMN treatment resulted in higher
bacterial killing activity in both neutrophils (from
72.14% to 81.13%) and macrophages (from 61.40%
to 72.46%) compared to that of vehicle-treated cells
(Fig. 5G and H, Additional file 1: Table S3 and S4). The
increases in bacterial phagocytosis and killing activity
were associated with more ATP production in NMN-
treated neutrophils and macrophages (Fig. 5 and 5]).
Thus, treatment of neutrophils and macrophages with
NMN could improve their phagocytosis and bacteri-
cidal activities.

Since macrophages also significantly contribute
to systemic inflammatory response during sepsis,
we examined the effects of NMN on LPS-induced
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inflammatory cytokine expression in macrophages.
Primary peritoneal macrophages were incubated
with LPS (100 ng/mL) or saline in the presence of
NMN (500 uM) or a vehicle for 24 h. LPS treatment
resulted in significantly higher levels of TNF-a and
IL-1p mRNA in macrophages, which was attenuated
by NMN (Additional file 1: Figure S6A and 6B). This
result suggests that NMN may limit the inflammatory
response in macrophages under septic conditions.

NMN reduces LPS-conditioned medium-induced
endothelial cell dysfunction and death

Since endothelial dysfunction has been critical in sep-
tic organ dysfunction [42], we determined the protec-
tive effects of NMN in cardiac microvascular endothelial
cells. MCECs were incubated with LCM or PCM (1:1
dilution in normal culture medium) in the presence of
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Fig. 6 Effects of NMN on endothelial cell dysfunction and death. Conditioned medium collected from RAW264.7 cells stimulated with LPS (LCM)
for 24 h was used to simulate septic conditions. Medium from PBS-stimulated RAW264.7 cells served as a control medium (PCM). Mouse cardiac
microvascular endothelial cells (MCECs) were exposed to LCM or PCM in the presence of NMN, 3-TYP or a vehicle for 24 h. A Mitochondrial ROS
generation was measured in living MCECs by Mito-SOX staining. A representative microphotograph for Mito-SOX staining (red colour) and nuclear
staining with Hoechst 33,342 (blue colour) from 3 independent experiments is presented. B Mitochondrial permeability transition pore (mPTP)
opening was assessed using Calcein fluorescence dye. Caspase-3 activity (C) and ATP production (D) were determined in cell lysates. The mRNA
levels of iINOS (E) and VCAM1 (F) relative to GAPDH were analyzed by real-time PCR. G Monolayer cell permeability was assayed by the leakage

of Evans blue dye. Data are mean +SD from 3-6 different cell cultures. *P < 0.05 vs PCM, TP <0.05 vs LCM, and #P <0.05 vs LCM +NMN (One-way
ANOVA followed by Newman-Keuls test). H Schematic mechanisms for the protective effects of NMN on septic organ injury
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NMN (500 uM) or vehicle for 24 h. This dosage of NMN
was chosen based on the dose-dependent cytotoxic
effect of NMN in MCECs (Additional file 1: Figure S7).
LCM-induced MCECs had higher levels of mitochon-
drial ROS production (Fig. 6A), mPTP opening (Fig. 6B),
and caspase-3 activity (Fig. 6C), and lower levels of ATP
production (Fig. 6D) compared with PCM, all of which
were prevented by NMN. LCM resulted in inflamma-
tory responses indicated as iNOS and VCAM1 mRNA
expression. NMN attenuated higher levels of iNOS and
VCAMI1 mRNA in LCM-induced MCECs (Fig. 6E and
6F). NMN prevented endothelial cell barrier dysfunction
induced by LCM as demonstrated by increased mon-
olayer cell permeability (Fig. 6G). These results indicate
that NMN protects endothelial cell function and prevents
cell death under septic conditions. As NAD™ is required
for SIRT3 activation in mitochondria, we found that with
a selective inhibitor of SIRT3, 3-TYP (100 uM), NMN
was unable to prevent LCM-induced mitochondrial ROS
production, deletion of ATP production, mPTP open-
ing, apoptosis, inflammation and barrier dysfunction
in MCECs (Fig. 6A-6G), supporting the involvement of
SIRTS3 signalling.

Discussion

Although NMN has been recently reported to be pro-
tective in preclinical animal models of endotoxemia and
CLP-induced sepsis [19-21], the present study dem-
onstrates for the first time that therapeutic administra-
tion of NMN through NAD™ repletion reduces major
organ dysfunction and improves survival in septic mice.
The therapeutic effects of NMN are associated with an
enhancement of the bactericidal activity of macrophages
and neutrophils, suppression of hyperinflammatory
response, and prevention of inflammatory damage to
organs during sepsis. Thus, this study provides the first
experimental evidence to support that NMN may be an
effective therapy to protect organs in sepsis and minimize
mortality.

NAD" repletion with NMN enhances bactericidal

activity of neutrophils and macrophages while limiting
hyperinflammation in sepsis

The phagocytosis and internal killing of pathogens by
phagocytic cells—particularly neutrophils and mac-
rophages—are critical in limiting the dissemination
of pathogens during sepsis. It has been reported that
patients with defects in phagocytic function typically
experience early dissemination of pathogens, which is
closely associated with severe sepsis and higher mor-
tality [43]. Reduced phagocytic activity during the first
24 h after admission positively correlated with mortal-
ity in septic patients [44]. As professional phagocytic
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cells, neutrophils and macrophages play important roles
in host defence against pathogens because of their abil-
ity to internalize and kill bacteria. Accordingly, the dys-
function of macrophages and neutrophils contribute
to insufficient antibacterial defences and hyperinflam-
mation in sepsis [45-48]. We recently discovered that
Sectmla enhances bacterial phagocytosis and bacteri-
cidal activity of macrophages, and reduces inflamma-
tion, thereby improving survival in sepsis [35, 49, 50].
Thus, maintaining or enhancing the bactericidal activ-
ity of neutrophils and macrophages may be an alterna-
tive treatment strategy for sepsis. In line with this, the
present study showed that administration of NMN sig-
nificantly reduced the bacterial loads in peritoneal lav-
age and blood of FIP mice, suggesting an inhibitory effect
of NMN on bacterial dissemination in sepsis. This may
result from an enhancement of phagocytic and bacteri-
cidal activities of neutrophils and macrophages by NMN,
as NMN repletion of NAD" is important in maintaining
lysosomal acidification by providing the vacuolar ATPase
with ATP around lysosomal vesicles [51]. Subsequently,
NMN increases ATP production in neutrophils and mac-
rophages. However, the therapeutic effects of NMN are
not associated with changes in Sectmla expression (data
not shown). Nevertheless, future research is needed to
investigate how NMN enhances phagocytic and bacte-
ricidal activities of neutrophils and macrophages. Addi-
tionally, the present study revealed that NMN reduced
pro-inflammatory cytokines and attenuated the infiltra-
tions of neutrophils in major organs (heart, lung, liver
and kidney) in sepsis. A recent study also reported that
NMN alleviated inflammation through reprogramming
macrophages in favor of their shift from the proinflam-
matory M1 phenotype toward anti-inflammatory M2
phenotype [21]. Thus, the suppression of bacterial dis-
semination and hyperinflammation may be important
mechanisms by which NMN attenuates organ injury and
improves survival in sepsis.

NAD" is important for energy metabolism which has
been implicated in the regulation of T cell function [52].
However, it is currently unknown if NAD™" repletion with
NMN modulates T cell function in sepsis, where T cell
function is suppressed in the late phase of sepsis [53],
which significantly contributes to death in sepsis.

NAD" repletion with NMN protects against inflammatory
damage to endothelial cells

Studies have demonstrated that microvascular dys-
function is a critical mechanism contributing to septic
organ failure [54]. Endothelial cell injury including cell
death, inflammation, and loss of barrier function ensures
microvascular dysfunction during sepsis [55]. Studying
the effects of NMN in this context, we simulated septic
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conditions in cardiac microvascular endothelial cells as
myocardial dysfunction is very common and significantly
contributes to mortality in sepsis. We found that septic
conditions resulted in a reduction of intracellular NAD*'
levels in endothelial cells, consistent with the decline of
NAD™ levels observed in organ tissues of septic mice.
The intracellular NAD" levels were elevated by incuba-
tion with NMN in endothelial cells under normal and
septic conditions. Septic conditions elevated mitochon-
drial ROS production, increased mPTP opening and
caspase-3 activation, and induced barrier dysfunction in
endothelial cells—all of which were prevented by NMN.
Therefore, NAD" repletion with NMN also protects
against inflammatroy damage to endothelial cells in sep-
sis, in addition to limiting hyperinflammation.

NAD" repletion with NMN reduces organ failure through
protection of SIRT3 signaling and mitochondrial function

in sepsis

Mitochondria are sub-cellular organelles that provide
energy in the form of ATP via oxidative phosphoryla-
tion (OXPHOS). Mitochondria are also associated with
calcium homeostasis, intracellular ROS generation, and
cell signalling functions [56]. Mitochondrial dysfunc-
tion is observed in septic patients and animal models [57,
58] and contributes to an energy crisis, oxidative stress,
inflammation, and cell death, all of which contribute to
organ failure in sepsis [59]. Importantly, sepsis induces a
reduction of NAD*, which negatively affects OXPHOS
as NAD" is required for OXPHOS. Our previous study
found that sepsis disrupted ATP synthase by calpain-
mediated cleavage of its subunit ATP5A1 [60], an event
facilitated by impaired SIRT3 activity due to NAD?*
depletion [23]. Mitochondrial respiration dysfunction
results in ATP depletion, which compromises the capac-
ity of the innate immune cells (e.g. neutrophils and mac-
rophages) to kill pathogens that cause sepsis [59]. On
the other hand, a deficiency of ATP production directly
induces myocardial dysfunction. Notably, the adminis-
tration of NMN preserves mitochondrial NAD" levels
and ATP production in sepsis. Thus, the protection of
mitochondrial respiration may be an important mecha-
nism contributing to organ protection in sepsis by NAD*
repletion with NMN.

Mitochondrial dysfunction ensures ROS generation,
which further damages the function of respiratory com-
plexes. Mitochondrial oxidative stress observed in sep-
tic patients [61] and animal models [60] is the result of
excessive ROS production due to defects in mitochon-
drial respiration and the impairment of antioxidant
defences. In addition to the prevention of mitochondrial
dysfunction, NAD™ repletion may also balance the redox
status and promote mitochondrial antioxidant defences
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through SIRT1 and SIRT3 signalling. Mitochondrial oxi-
dative stress promotes mitochondrial mPTP opening,
which facilitates the release of pro-apoptotic factors and
inflammatory mediators in sepsis [62], while mitochon-
drial ROS signals inflammatory cytokine expression.
In line with this, the present study showed that NAD*
repletion with NMN prevented mitochondrial ROS pro-
duction, mPTP opening, and pro-inflammatory response
in macrophages, endothelial cells, and in vivo organs
under septic conditions. In support of this finding, we
previously demonstrated that scavenging mitochondrial
ROS inhibits inflammatory response and apoptosis in
LPS-stimulated cardiomyocytes and mouse hearts [60,
63]. Studies from others also showed that inhibition of
mitochondrial ROS reduces organ dysfunction in sepsis
[64—67].

An important finding of this study is that NAD™ reple-
tion with NMN prevented the inhibition of SIRT3.
Impaired SIRT3 activity promoted the mPTP open-
ing, thereby contributing to mitochondrial dysfunc-
tion [24, 26]. In line with this, our in vitro study showed
that NMN increased NAD" levels and prevented septic
conditions induced mPTP opening in endothelial cells
through the SIRT3 dependent mechanism. Thus, NAD™
repletion with NMN may protect septic organs through
SIRT3 signaling.

Although the present study was focused on mitochon-
dria, we do not exclude the roles of non-mitochondrial
NAD™" dependent pathways. For example, we recently
reported the involvement of NAD"/SIRT1 in the modu-
lation of HMGB1 during sepsis [5]. Cytosolic NAD? is
required for the glycolytic enzymes GAPDH and PGK1
to produce ATP around lysosomal vesicles [51], which is
required for lysosomal function while normal lysosomal
function is critical for cellular homeostasis and bacte-
ricidal activities of phagocytic cells. Indeed, we showed
that NAD' repletion with NMN improved the bacteri-
cidal activities of macrophages and neutrophils.

It is worthwhile to mention that NAD(P)* and NAD(P)
H systems regulate cellular metabolism and redox bal-
ance [68], both of which are compromised in sepsis.
NADPT is synthesized by transferring a phosphate group
from ATP to NAD* [68]. It has been reported that reple-
tion of NAD™ is beneficial in sepsis [21, 69, 70] and that
administration of thiamine elevates cellular NADP™ lev-
els and provides protective effects in sepsis71, suggest-
ing that thiamine and NMN may have synergetic effects.
Thus, it would be plausible to examine the therapeutic
effects of combining thiamine and NMN in sepsis in the
future.
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Conclusion

This study demonstrates for the first time that thera-
peutic administration of NMN provides an anti-
hyperinflammatory effect, enhances the bactericidal
activity of phagocytes, and protects against inflam-
matory damage to endothelial cells thereby alleviating
multiple organ failure and improving survival in sep-
sis. This study has also delineated molecular mecha-
nisms underlying NMN’s therapeutic effects in sepsis:
NMN prevents mitochondrial dysfunction and oxida-
tive stress through SIRT3 signaling by boosting NAD™.
Given that NMN has been used as a health supple-
ment, and a recent clinical trial has shown support for
its safety in patients, this study provides an important
rationale to inform future clinical trials using NMN to
treat septic organ failure.
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