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BACKGROUND: Chronic lung injury and dysregulated cellular homeostasis in response to particulate matter (PM) exposure are closely associated with
adverse health effects. However, an effective intervention for preventing the adverse health effects has not been developed.

OBJECTIVES: This study aimed to evaluate the protective effects of nicotinamide mononucleotide (NMN) supplementation on lung injury and eluci-
date the mechanism by which NMN improved immune function following subchronic PM exposure.

METHODS: Six-week-old male C57BL/6J mice were placed in a real-ambient PM exposure system or filtered air-equipped chambers (control) for 16
wk with or without NMN supplementation in drinking water (regarded as Con-H2O, Exp-H2O, Con-NMN and Exp-NMN groups, respectively) in
Shijiazhuang City, China (n=20/group). The effects of NMN supplementation (500 mg=kg) on PM-induced chronic pulmonary inflammation were
assessed, and its mechanism was characterized using single-cell transcriptomic sequencing (scRNA-seq) analysis of whole lung cells.
RESULTS: The NMN-treated mice exhibited higher NAD+ levels in multiple tissues. Following 16-wk PM exposure, slightly less pulmonary inflam-
mation and less collagen deposition were noted in mice with NMN supplementation in response to real-ambient PM exposure (Exp-NMN group)
compared with the Exp-H2O group (all p<0:05). Mouse lung tissue isolated from the Exp-NMN group was characterized by fewer neutrophils,
monocyte-derived cells, fibroblasts, and myeloid-derived suppressor cells induced by subchronic PM exposure as detected by scRNA-seq transcrip-
tomic analysis. The improved immune functions were further characterized by interleukin-17 signaling pathway inhibition and lower secretion of pro-
fibrotic cytokines in the Exp-NMN group compared with the Exp-H2O group. In addition, reduced proportions of differentiated myofibroblasts and
profibrotic interstitial macrophages were identified in the NMN-supplemented mice in response to PM exposure. Furthermore, less immune function
suppression and altered differentiation of pathological cell phenotypes NMN was related to intracellular lipid metabolism activation.

DISCUSSION:Our novel findings suggest that NMN supplementation mitigated PM-induced lung injury by regulating immune functions and improving
lipid metabolism in male mice, providing a putative intervention method for prevention of human health effects associated with PM exposure. https://
doi.org/10.1289/EHP12259

Introduction
Long-term exposure to fine particulate matter (PM) with an aero-
dynamic diameter of ≤2:5 lm (PM2:5) has been associated with
increased mortality and morbidity with diverse human diseases,
particularly respiratory diseases.1,2 Great effort has been made in
seeking an effective means for interventions to prevent PM2:5-related
respiratory diseases. Supplementation with nutrients, such as probiot-
ics and vitamins E and C, intake of antioxidants,3 and caloric restric-
tion (CR),4 have been reported to reduce PM-induced acute lung
injury (ALI) in mice. However, the effects of continuous vitamin
intake on human health remain controversial,5 and the side effects,
such as constant hunger and low body temperature, have limited CR
diets from promotion in large populations.6 Thus, efficient therapeu-
tics to reverse PM-induced initiation and the progression of chronic
lung injury are still needed.

Several years ago, we installed a real-ambient PM expo-
sure system in Shijiazhuang City, China,7 located in the area
with the highest ambient PM2:5 concentrations. The mean

daily concentration of PM2:5 reached 123:52± 90:25 lg=m3

(range: 9.00–300:33lg=m3) in the winter season in 2019–2020.8
With the advantages of round-the-clock PM exposure and simulat-
ing the natural state without further processing of PM, this system
enables us to observe the health effects of subchronic PM exposure
with sustained high PM exposure levels. Recently, we demon-
strated that the PM-induced immunosuppressive microenviron-
ment contributes to the initiation of chronic lung inflammation in
male C57/BL6J mice (6-wk-old).8 In the course of PM-induced
lung injury, we found that PM exposure led to a depletion of nico-
tinamide adenine dinucleotide (NAD+). NAD+ is the oxidized
form of the NAD(H) coenzyme, which plays a critical role in
maintaining cellular homeostasis,9 improving stress resistance
by regulating energy metabolism10 and immune functions, includ-
ing M1/M2 polarization,11 natural killer (NK) cell activation,12

and T-cell antitumor activity.13
A significant decrease in NAD+ level was observed in periph-

eral blood from elderly men (>60 y of age), compared with
younger counterparts (<29 y of age) in a cross-sectional study con-
ducted on a population in Tangshan, China.14 Increased NAD+

consumption and decreased NAD+ content (concentration normal-
ized to weights or protein content of tissue) were reported in
several mouse models that included aging-related diseases,15

endotoxin-induced ALI, and bleomycin-induced pulmonary fibro-
sis.11 Previous studies have also shown that the restoration of
NAD+ could lead to a protective effect against xenobiotic-induced
lung injury in the mouse pulmonary fibrosis model induced by
treatment with bleomycin.16 In addition, a reduction in NAD+

consumption improved immune functions in aged mice.17 Taken
together, we speculated that the maintenance of NAD+ homeo-
stasis might play an important role in maintaining immune bal-
ance and attenuating chronic lung injury upon PM exposure.
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Nicotinamide mononucleotide (NMN), naturally found in
several kinds of foods, such as broccoli and avocado, is one of
the most studied NAD+ precursors.18 NMN is involved in the
NAD+ salvage biosynthesis pathway, which is responsible for
NAD+ restoration in most tissues, including the lung, brain, and
spleen.19 Apart from boosting NAD+ levels, long-term NMN
intervention has been shown to improve cellular glucose and lipid
metabolism, enhance mitochondrial functions, and afford resist-
ance against stress.18,20 Owing to the heterogeneity of pulmonary
cells and the ubiquitously expressed NMN/nicotinic acid mono-
nucleotide (NaMN) adenylyltransferase (NMNAT) family, which
mediates the cellular uptake of NMN,21 research on the protec-
tive effects of NMN intervention has been limited to altered cyto-
kine secretion or rejuvenated pulmonary epithelial cells.22 Thus,
the critical cell types responsive to continuous NMN supplemen-
tation and the underlying potential mechanism that modifies the
immune microenvironment have yet to be characterized in the con-
text of subchronic PM exposure (multiple or continuous exposures
occurring for ∼ 10% of a species’ lifetime, which, in rodents, is
usually over a 3-month period).

Chronic lung injury induced in a PM2:5-exposed mouse model
was reported to be regulated by the interplay between immune
dysfunction and metabolic homeostasis impairment.23 Both
immune and metabolic functions could be affected by intracellu-
lar NAD+ content, which could be effectively boosted by NMN
supplementation in multiple tissue. We hypothesized that oral
NMN supplementation might exert potentially protective effects
on PM-induced lung injury by improving immune function and
metabolic homeostasis. To seek an effective intervention and

delineate the potential molecular mechanism, we carried out an
experiment of 16-wk PM exposure in mice with NMN supple-
mentation in a real-ambient PM exposure system using single-
cell transcriptomic sequencing (scRNA-seq) analysis.

Methods

NMN Administration in Male C57BL/6J Mice
All animal procedures were conducted in accordance with the
guidelines of the Animal Care and Protection Committee of Sun
Yat-sen University and Hebei Medical University. Six-week-old
male C57BL/6J mice were purchased from Beijing Vital River
Laboratories. The mice were randomly divided into control [water
(H2O)] and NMN-treated (NMN) groups (n=50 for each group,
5 mice/cage, 100 mice in total). The mice were maintained at 20–
25°C and 40%–60% humidity under 12/12-h light/dark cycles with
ad libitum food and water. The experimental design of both NMN
treatment and PM exposure is illustrated in Figure 1. Of the 100
mice used in this experiment, 10 H2O-treated mice and 10 NMN-
treatedmicewere assigned to investigate the baseline (BS) biologi-
cal and metabolic profile following 18-wk NMN supplementation
(regarded as H2O-BS and NMN-BS groups, respectively). They
were housed in the barrier system of the animal facility of the
School of Public Health, Sun Yat-sen University in Guangzhou,
China, without exposure to PM. The remaining 80 mice were used
to investigate the effects of NMN supplementation on PM-induced
injury in mice housed in Shijiazhuang, Hebei Province, China
(detailed information for animal grouping is provided in the section

Figure 1. A schematic diagram illustrates the experimental design in this study. The experiment was conducted in two parts: Part I, Characterization of meta-
bolic alterations in mice receiving 18-wk NMN supplementation; and Part II, Effects of NMN supplementation on PM exposure-induced chronic lung injury
(NMN supplementation started 2 wk prior to 16-wk PM exposure). Note: ATP, adenosine triphosphate; BALF, bronchoalveolar lavage fluid; IPGTT, intraperi-
toneal glucose tolerance testing; ITT, insulin tolerance testing; NAD+, nicotinamide adenine dinucleotide; NMN, nicotinamide mononucleotide; PM, particu-
late matter; scRNA-seq, single-cell RNA transcriptomic sequencing; TG, triglyceride.
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“Real-Ambient PM Exposure”). The b-NMN powder with purity
of 99.9% was purchased from Hygieia Biotechnology Co., Ltd.
(XJY01220618). Based on the range of NMN concentration in
healthy human subjects24 and the levels of NAD+ measured in
mice with NMN administration, we chose a dose of NMN of
500 mg=kg. The NMN was administered orally in drinking water
ad libitum and was freshly prepared every 3 d. Average water con-
sumption and food intake were monitored every 3 d, and body
weights weremeasured weekly.

Real-Ambient PM Exposure
Real-ambient PM exposure was conducted in a system equipped
with individual ventilated cage (IVC) chambers in Shijiazhuang7
from 27 November 2019 to 26 March 2020. In brief, the real-
ambient PM exposure system was remodeled from a conventional
IVC system and consists of a stainless-steel metal pipe, an auto
temperature control system, and IVC chambers. Three layers of
high-efficiency particulate air (HEPA) filters were installed in the
chambers for the air-filtered control group, whereas no HEPA fil-
ters were introduced in the PM exposure chambers. PM2:5 concen-
tration in the air-filtered control and the PM exposure chambers
was monitored using a TSI Aerosol Detector DUSTTRAKTM II
(Shoreview). The detailed methods of PM2:5 collection, extraction,
and component analysis have been reported previously.7 In brief,
High-Volume Air Samples (Thermo Fischer Scientific) equipped
with Teflon or quartz filters were used to collect PM2:5 for 24 h/d
for 4 consecutivemonths at a flow rate of 1:05 L=min.

Fourmajor categories of extracted organic components, includ-
ing polycyclic aromatic hydrocarbons (PAHs), nitro-derivatives of
PAHs, polychlorinated biphenyls (PCBs), and polychlorinated
dibenzo-dioxins (PCDDs) were measured. PAHs, nitrated-PAHs,
PCBs, and PCDDs were analyzed using a gas chromatograph
(GC) (Agilent 5890) coupledwith an Agilent 5973mass spectrom-
eter (MS) [Agilent 7890B GC equipped with Xevo TQ-Striple-
quadrupole MS (Waters Corporation), high-resolution GC/MS
(MAT95XL; Thermo Finnigan), respectively]. The water-soluble
fraction was determined by inductively coupled plasma MS (ICP-
MS) (ELEMENT2; Thermo Finnigan).Meteorological conditions,
including temperature, airflow rate, pressure, ventilation rate, hu-
midity, noise, and potential harmful microorganisms were moni-
tored to ensure the system was maintained at a relatively constant
condition. Eighty mice in total were randomly divided into four
groups (n=20 for each group, 5 mice/cage) in the PM exposure
experiment as mentioned above. NMN administration was started
2 wk prior to PM exposure and maintained throughout the 16-wk
PM exposure experiment. Mice exposed to filtered air and PM
without NMN treatment are referred to as the Con-H2O and the
Exp-H2O groups, respectively, whereas the mice exposed to fil-
tered air or PM with NMN supplementation are referred to as the
Con-NMNor the Exp-NMNgroup, respectively.

At the end of the 16-wk PM exposure, the mice were anesthe-
tized with 1% sodium pentobarbital, and blood samples were drawn
from the inferior vena cava and collected in tubes spray-coated with
dipotassium ethylenediaminetetraacetic acid (K2EDTA). Mouse
lung, liver, spleen, bonemarrow tissue, bronchoalveolar lavagefluid
(BALF), and plasma were harvested for subsequent experiment and
analysis. Three mice per group in the Con-H2O, Exp-H2O, and
Exp-NMN groups were selected for scRNA-seq analysis. The
plasma was carefully isolated from K2EDTA-anticoagulated blood
by 3,000 rpm centrifugation for 10 min at room temperature (RT).
The plasma and BALF derived from each group were collected for
further analysis. The plasma samples were collected for examination
of the content of NAD+, triglycerides (TGs), and cytokines
[interleukin-1 beta (IL-1b), tumor necrosis factor-alpha (TNF-a),
and IL-17A]. BALF samples were collected for analysis of total

protein (TP), lactate dehydrogenase (LDH) release, albumin content,
and total cell numbers. The tissues isolated from the lung, liver,
spleen, and bone marrow were frozen in liquid nitrogen or prepared
as suspensions for further experiments. A summary of the number of
mice, the sample collection, and the corresponding examination is
listed inExcel Table S1.

NAD+ and Adenosine Triphosphate Detection
Plasma or fresh tissue, including lung, liver, spleen, and bone mar-
row, were isolated frommice in the H2O-BS, NMN-BS, Con-H2O,
and Exp-H2O groups (n=3/group). In brief, ∼ 20 mg of freshly
isolated lung, liver, and spleen tissue were lysed in 400 lL NAD+

extraction buffer. Bone marrow tissue was flushed out from both
sides of a femur with ice-cold phosphate-buffered saline (PBS) and
collected by centrifugation at 350× g for 7 min at 4°C and lysed in
400 lL NAD+ extraction buffer for further NAD+ examination.
The NAD+ extraction buffer was included in the NAD+=NADH
Assay Kit with WST-8 (S0175; Beyotime Biotechnology). NAD+

levels in lung, liver, spleen, and bone marrow tissue and plasma
were determined using the NAD+=NADH Assay Kit with WST-8
according to the manufacturer’s instructions. For adenosine triphos-
phate (ATP) detection, 20 mg of freshly isolated lung, liver, and
spleen tissue and the collected bone marrow tissue (n=3/group)
was lysed in 200 lL of ATP extraction buffer. ATP levels
in multiple tissue were examined using the luciferase-based
Enhanced ATP Assay Kit (ATP extraction buffer included;
S0027; Beyotime Biotechnology). The protein concentrations
in tissue lysates in NAD+ or ATP extraction buffer were meas-
ured using the Bicinchoninic Acid (BCA) Protein Assay Kit
(P0012S; Beyotime Biotechnology). Both the content of NAD+

and ATP levels were normalized to the protein concentration
and expressed as picograms per milligram protein.

Fasted Glucose Level Detection, Intraperitoneal Glucose
Tolerance Testing, and Insulin Tolerance Testing
Analyses of fasted glucose, intraperitoneal glucose tolerance test-
ing (IPGTT), and insulin tolerance testing (ITT) levels were con-
ducted only in H2O-BS and NMN-BS groups at the end of 18-wk
NMN supplementation. Fasted glucose levels were detected in tail-
vein blood collected from mice in the control (H2O) and NMN-
treated groups (n=5/group) using a JPS-7 glucometer (Yicheng).
For IPGTT, the mice were injected intraperitoneally (IP) with 20%
glucose solution (wt/vol; dissolved in PBS) at a dose of 1 g=kg
(n=5/group) after being fasted for 15 h. Peripheral blood samples
were collected for glucose detections at 15, 30, 60, 90, and 120
min, respectively, post injection. ITTmeasurement was performed
in the two groups of mice following 4 h fasting and IP injection of
0:5 U=kg insulin (P3376; Beyotime Biotechnology). The blood
glucose levels were measured subsequently at 15, 30, 60, and 90
min, respectively, post injection (n=3/group). The test values of
IPGTT and ITT at each time point were normalized to that at the
initial time point (percentage blood glucose relative to initial) and
areas under the curvewere calculated.

Examination of Hepatic and Plasma TG Levels
Liver tissue isolated from mice in the H2O-BS, NMN-BS,
Con-H2O, Exp-H2O, Con-NMN, and Exp-NMN groups were pre-
cisely weighed (∼ 20–40 mg) and subjected to TG content deter-
mination (n=4/group). TG levels in the liver tissue and plasma
from each group were examined using the Triglyceride Assay kit
(A110-1-1; Nanjing Jiancheng Bioengineering Institute). In brief,
frozen liver tissue was homogenized in ice-cold 0.9% sodium chlo-
ride (NaCl) buffer at a ratio of 1:9 (wt/vol; liver tissue/0.9% NaCl
buffer) and centrifuged at 2,500 rpm at 4°C for 10 min to harvest
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the supernatant for further analysis. The concentration of the TG
standard was 2:26mmol=L, and double-distilled, deionized water
was used as a blank control. An aliquot of 2:5 lL from supernatants,
plasma samples, the TG standard, and the blank control were added
into a 96-well plate. Next, 250 lL ofworking solutionwas added into
the plate and incubated at 37°C for 10min. The absorbancewas exam-
ined at 510 nm using a microplate reader (800TS; Bio-tek). The TG
concentrations (in millimoles per liter) were calculated as below:
TGconcentrations ðmmol=LÞ= ðAbsorbancesample−AbsorbanceblankÞ=
ðAbsorbancestandard−AbsorbanceblankÞ×Concentrationstandard. Hepatic
TG levels were normalized to the wet weight of liver tissue and
expressed as TG (inmicromoles permilligram protein).

Liver Transcriptomic Sequencing
Three mice from the H2O-BS and NMN-BS groups (n=3/group)
were randomly selected and subjected to transcriptomic RNA
sequencing in the mouse liver tissue. Briefly, 100 mg of frozen liver
tissue was subjected to RNA isolation and complementary DNA
(cDNA) library construction. One milliliter of TRIzol was added
into the frozen liver tissue and homogenized with an electric ho-
mogenizer (IKA). After mixing with 200 lL of chloroform, the
lysates were shaken vigorously for 30 s, rested at RT for 5 min, and
centrifuged at 12,000 rpm at 4°C for 15 min. Six hundred microli-
ters of supernatant was collected and mixed with 660 lL of isopro-
panol. After incubation at RT for 10 min, the mixtures were
centrifuged at 12,000 rpm at 4°C for 10 min, and the supernatant
was discarded. The pellet was washed with 1 mL of 75% ethanol
and centrifuged at 12,000 rpm at 4°C for 5 min. The supernatant
was discarded, and the pellet was dried at RT and dissolved in
50 lL of diethyl pyrocarbonate (DEPC) water. RNA purity and
concentration was determined using a NanoPhotometer spectropho-
tometer (IMPLEN) and Qubit 2.0 Flurometer (Life Technologies),
respectively. The integrity of the RNA samples was assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies).

After harvesting the qualified RNA samples, a 1-lg RNA
sample was used as the input to generate cDNA sequencing libra-
ries using the NEBNext Ultra RNA Library Prep Kit for Illumina
(E7530; NEB) following the manufacturer’s recommendations.
Polymerase chain reaction (PCR) was performed as follows: 98°
C for 1 min, 13 cycles of 98°C for 10 s, 60°C for 30 s, 72°C for
30 s, and 72°C for 5 min. The libraries were purified (AMPure
XP system; Beckman Coulter) and quality was assessed on the
Agilent Bioanalyzer 2100 system. The RNA sequencing was per-
formed using an Illumina NovaSeq6000, and 150 bp paired-end
reads were generated. After obtaining high-quality clean data, an
index of the reference genome was built using Bowtie (version
2.2.3), and paired-end clean reads were aligned to the reference
genome using TopHat (version 2.0.12). The expected number of
fragments per kilobase of transcript sequence per million base
pairs sequenced (FPKM) was used to quantify the expression lev-
els of genes. Differential expression analysis was performed
using the DESeq R package (version 1.18.0) and the p-values
were adjusted using the Benjamini and Hochberg method.25

Differentially expressed genes (DEGs) were identified and re-
stricted with the log to the base 2 absolute value of fold change
(log2jFCj>1), p<0:05. The enriched pathways were annotated
based on these DEGs using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment programs.

BALF Analysis
At the end of the PMexposure experiment, themice in the four groups
(Con-H2O, Exp-H2O, Con-NMN, and Exp-NMN)were anesthetized
with an IP injection of 100 mg=kg sodium pentobarbital, and the

BALF was collected by injecting 1 mL of ice-cold PBS through the
cannulated trachea for three times (n=5/group). The cell pellets and
supernatant were separated by centrifugation at 400× g at 4°C for
10 min. The TP, LDH release, and albumin content in the BALF su-
pernatant were examined. Twenty-microliter aliquots of supernatant
of BALF were used for measuring TP using the BCA Protein Assay
Kit (P0012S; Beyotime Biotechnology). Analysis of LDH activity
was performed using the LDH Cytotoxicity Assay Kit (C0016;
Beyotime Biotechnology) according to the manufacturer’s instruc-
tions. In brief, 60 lL of the LDH working solution was mixed with
120 lL of the BALF supernatant in a 96-well plate. The mixture was
incubated in the dark at RT for 30 min. LDH activity was calculated
based on the absorbance at 490 nm and the plotted LDH standard
curve. Albumin content was determined in 2:5-lL aliquots of
the supernatant using the Albumin Assay Kit (A028-2-1;
Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer’s instructions. Supernatants were mixed with re-
agent 1 and incubated for 10 min at RT, and the absorbance was
measured at 628 nm.Albumin content was calculated as follows: al-
bumin content ðg=LÞ= ðAbsorbancesample −AbsorbancebackgroundÞ=
ðAbsorbancestandard −AbsorbancebackgroundÞ ×Concentrationstandard.
Total cell number in pellets of BALF were resuspended in 500 lL
of ice-cold PBS, and the total cell number in pellets of BAL was
determined in a blood cell counting chamber. The remainder of the
BALF supernatant was stored at −80�C for subsequent cytokine
analysis.

Histopathological Analysis
Themouse tissues were isolated and fixed in 4% paraformaldehyde
(PFA) overnight at RT. For histopathological analysis of lung tis-
sues, 5-lm-thick sections of paraffin-embedded tissues were
obtained and stained with hematoxylin and eosin (H&E) and
Masson‘s trichrome (n=5/group, 3 sections/mouse were stained
and analyzed). Ten-micrometer-thick sections of liver tissues were
cryosectioned on the slides after the fixed liver tissue was embed-
ded in Tissue-Tek O.C.T. Compound (4583; Sakura Finetek) and
stainedwithOil RedO staining to visualize hepatic lipid accumula-
tion. TissueFAXS (Tissuegnostics) was used to scan the entire area
of the sections. The extent of ALI was scored according to the pub-
lished American Thoracic Society report.26 In particular, five his-
tological observations that included neutrophils in the alveolar
space, neutrophils in the interstitial space, hyalinemembranes, pro-
teinaceous debris filling in the airspaces, and alveolar septal thick-
ening in at least 20 random fields for each section were adopted to
evaluate the extent of ALI. Using these quantitative data, we calcu-
lated the ALI scores. Pulmonary collagen content was indicated by
the ratio of the blue-labeled area to the total area of the lung section
(percentage per micrometer squared total area) automatically cal-
culated upon Masson’s trichrome staining using HistoQuest soft-
ware (Tissuegnostics). The modified Ashcroft score system,27

which evaluates the severity of lesions appearing in alveolar septa
and lung structure, was simultaneously leveraged in assessing the
fibrotic changes in the lung sections. A combination of collagen
content (percentage) and the modified Ashcroft score system was
applied to indicate the extent of pulmonary fibrosis. Red-labeled
areas in Oil Red O–stained sections were identified as positive
regions, and the hepatic lipid content (percentage) was quantified
by automatically calculating the ratio of positive regions to total
area of liver section (percentage per micrometer squared total area)
usingHistoQuest software (Tissuegnostics).

Hydroxyproline Content Determination
Twenty to 40 mg of lung tissue derived from the Con-H2O,
Exp-H2O, Con-NMN, and Exp-NMN groups (n=3/group) was
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used to examine the hydroxyproline (Hyp) content by
a Hydroxyproline Assay Kit (A030-2-1; Nanjing Jiancheng
Bioengineering Institute), which indicated the deposited collagen
content. The frozen tissue was soaked in 1 mL of alkaline hy-
drolysis buffer and heated at 95°C for 20 min. The pH of the
reaction mixtures was adjusted to 6.0–6.8 (indicated by yellow
color) and the total volume was adjusted to 10 mL. After
removing the color by active carbon, the mixtures were centri-
fuged at 3,500 rpm at RT for 10 min, and the supernatant was
collected for further analysis. Reagents 1, 2, and 3 were added
to the mixtures sequentially, and the mixtures were incubated
at 60°C for 15 min. After centrifugation at 3,500 rpm at RT for
10 min, the absorbance of the supernatant was examined at 550 nm,
and the Hyp content were calculated by the following formula.
Hyp content ðlg=mLÞ= ðAbsorbancesample −AbsorbancebackgroundÞ=
ðAbsorbancestandard −AbsorbancebackgroundÞ×Concentrationstandard. The
protein concentrations of the lung tissue lysates were measured using
the BCA Protein Assay Kit (P0012S; Beyotime Biotechnology). Hyp
content in mouse lung tissues were normalized to the protein concen-
tration and expressed as Hyp (in micrograms per milligram).

Cytokine Analysis
Cytokines, including IL-1b and TNF-a, in plasma (n=3/group)
were examined using the Pro-inflammatory Panel 1 Kit (mouse
V-PLEX) purchased from MSD (K15049D-1) according to the
manufacturer’s instructions. Mouse lung tissue (n=3/group) was
homogenized, and the total cellular protein of the lung tissue was
extracted by adding 500 lL of radio immunoprecipitation assay
(RIPA) lysis buffer (P0013B; Beyotime Biotechnology). The
lysates were centrifuged at 12,000 rpm at 4°C for 30min to remove
the debris. Then the supernatant was collected for tissue cytokine
analysis and quantification of protein concentrations as described
above. The plasma level of IL-17A, as well as IL-17A, IL-1b, and
TGF-b levels in mouse lung tissue (n=3/group) were examined
using the QuantiCyto enzyme-linked immunosorbent assay
(ELISA) kits (EMC008.96, EMC001b.96, and EMC107b.96;
Neobioscience Technology Co., Ltd.). For TGF-b measurement,
10 lL of reagent A (activation reagent) was added into 100 lL of
diluted samples (homogenized lung tissue was diluted 1:20) and
incubated at 4°C for 60 min, and the reaction was stopped by add-
ing 10 lL of reagent B. The steps for TGF-b examination followed
the same protocols as for IL-17A or IL-1b examination.

Briefly, 100 lL of diluted samples (for IL-17A or IL-1b
measurements, homogenized lung tissue was diluted at 1:25 and
plasma was diluted at 1:2 by sample dilution buffer) or the acti-
vated diluted samples for TGF-b measurement, were added
into a 96-well plate that was precoated with mouse primary anti-
bodies against IL-17A, IL-1b, or TGF-b. IL-17A standards
(0–1,000 pg=mL), IL-1b standards (0–1,000 pg=mL), and TGF-b
standards (0–500 pg=mL) were prepared according to the manu-
facturer’s instructions. After incubation at 37°C for 90 min in the
dark, the 96-well plate was washed five times with washing
buffer. Next, 100 lL of biotinylated antibodies was added into
the plate and incubated at 37°C for 60 min in the dark. After
repeating the washing step, 100 lL of enzyme-conjugated anti-
bodies was added and the plate was incubated at 37°C for 30 min
in the dark. After the last washing step, 100 lL of chromogenic
substrate, 3,30,5,50-tetramethylbenzidine (TMB), was added and
the plate was incubated at 37°C for 15 min in the dark. At the
end of the incubation, 100 lL of stop reaction buffer was added
into the plate, and the absorbance was detected at 450 nm using a
microplate reader (800TS; Bio-tek). The absolute concentrations
were calculated based on the respective standard curves. The protein
concentrations of lung tissue lysates were measured using the BCA
Protein Assay Kit (P0012S; Beyotime Biotechnology). Cytokines

secreted in mouse lung tissues were normalized to the protein
concentration based on the equation below: Cytokines in
tissue ðpg=mgproteinÞ=Cytokine concentrationðpg=mLÞ=Protein
concentrationðmg=mLÞ.

Malondialdehyde Content Determination
Mouse lung tissue and plasma samples from Con-H2O, Exp-H2O,
Con-NMN, and Exp-NMN groups (n=3/group) were subjected to
malondialdehyde (MDA) detection using the Lipid Peroxidation
MDA Assay Kit (S0131S; Beyotime Biotechnology). Mouse lung
tissue was lysed and total cellular protein of lung tissue was
extracted as we described in the section “Cytokine Analysis.” Then
the supernatant was harvested for tissue MDA analysis. The MDA
standards (0–50 lM) were diluted with distilled water. In brief,
100 lL ofMDA standards, diluted samples (homogenized lung tis-
sue was diluted at 1:5 by RIPA lysis buffer) or plasma samples,
weremixed and incubated with 200 lL ofMDAdetection working
solution at 100°C for 15 min. After centrifugation at 1,000× g at
RT for 10 min, 200 lL of supernatant was added into a 96-well
plate and the absorbancewas detected at 532 nm using amicroplate
reader (800TS; Bio-tek). The quantification of the protein concen-
trations was performed as described above using the BCA Protein
Assay Kit (P0012S; Beyotime Biotechnology). MDA content in
mouse lung tissues were normalized to the protein concentration
and expressed asMDA (inmicromoles per gram protein).

Comet Assay
Mouse whole blood samples derived from Con-H2O, Exp-H2O,
Con-NMN, and Exp-NMN groups (n=4/group) were subjected to
a comet assay to evaluate DNA damage in the whole blood cells.
The comet assay was performed according to the detailed method
described previously.28 Briefly, low-melting-point agarose (LMA)
was dissolved in distilled water to generate 1% LMA at 65°C.
LMA-precoated slides were prepared by dipping the 1%LMAonto
the slides and allowing the slides to air dry. Five microliters of
mouse whole blood was added to 200 lL of 1% LMA at 37.5°C
and mixed well. Thirty microliters of the mixtures were pipetted
onto the LMA-precoated slides, followed by placing the slides at
4°C for 20 min. Then, the slides were submerged overnight in the
alkaline lysis solution (2:5mol=L NaCl, 100mmol=L disodium
ethylenediaminetetraacetic acid (Na2EDTA), and 10mmol=L Tris,
pH=10) at 4°C.

After overnight lysis, the slides were rinsed in the electropho-
resis solution (300mmol=L sodium hydroxide and 1mmol=L
Na2EDTA, pH=13) in the dark at RT for 20 min before starting
the electrophoresis. The slides were placed in an electrophoresis
chamber filled with fresh electrophoresis solution (1–2 mm above
the top of the slides) and the process of electrophoresis was
conducted at 4°C for 25 min at a voltage of 0:8 V=cm (25 V,
300 mA). After rinsing the slides with distilled water, the slides
were submerged in the neutralizing solution (0:4mol=mL Tris-
HCl, pH=7:5) for 10 min twice, dehydrated in ice-cold absolute
ethanol for 10 min and allowed to air dry. The slides were stained
with 5 lg=mL propidium iodide in the dark for 25 min. After
being rinsed with distilled water, 15 images/slide were captured
by a fluorescence microscope (TE2000U; Nikon) with a 20×
objective and filter set for green-light excitation (546 nm excita-
tion and 590 nm emission). Tail moment was analyzed and calcu-
lated by CASP software66 based on the images.

Lung Dissociation and Cell Isolation
At the end of the 16-wk PM exposure, nine mice in total were
subjected to scRNA-seq analysis. Fresh whole lung tissue from
Con-H2O, Exp-H2O, and Exp-NMN groups (n=3/group) was
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immediately perfused with ice-cold PBS. The detailed protocol
of the lung dissociation has been described previously.8 Briefly,
the lungs were finely minced into 1-mm3 pieces and incubated in
cold digestion medium [Dulbecco’s Modified Eagle Medium
(DMEM; 11965092; Gibco) supplemented with 1 mg=mL collage-
nase/dispase (COLLDISP-RO; Roche) and 0:1 mg=mL DNase I
(10104159001; Sigma Aldrich)] at 37°C for 40 min. After red blood
cell lysis at 4°C for 7 min and filtration through 70- and 40-lm cell
strainers (352350 and 352340; BD Falcon), we resuspended the
single-cell suspensions in PBS supplemented with 0.5% bovine se-
rum albumin at a density of 1 × 106 cells=mL for further examina-
tion. Viable cell numbers were counted using 0.4% trypan blue
staining using a Cellometer AUTO T4 Bright Field Cell Counter
(Dakewe). Cell viabilities should be between 80% and 90%.

10x Genomics scRNA-Seq
Each qualified sample (>80% viable cells) that consisted of
∼ 10,000 cells was used to build cDNA libraries for the
scRNA-seq data based on the manufacturer’s protocol with
Chromium Single Cell 3 0 v3 Reagent Kit (PN-1000075; 10x
Genomics). The workflow of building cDNA libraries was as
follows. After preparing the Master Mix on ice, qualified cell
suspensions were added to the Master Mix and 75 lL of the
mixtures were loaded into each of the wells in row 1 of the 10x
Chip Wells. Forty microliters of Single Cell 3 0 v3 Gel Beads
were dispensed into each of the wells in row 2. Partitioning Oil
was added in row 3 in two 140-lL aliquots, followed by run-
ning the Chromium Single Cell B program in the Chromium
Controller. Next, reverse transcription incubation was per-
formed according to the following protocol: 53°C for 45 min,
85°C for 5 min, and 4°C hold. Nine libraries were sequenced
on NovaSeq6000 (Illumina) separately at the sequencing depth
of 500 million reads per cell. Detailed information about
scRNA-seq cDNA libraries is provided in Table S1.

Data Processing
The protocol for scRNA-seq data processing has been described in a
previous study.8 Briefly, Cellranger count pipelines (version 3.0; 10x
Genomics) were applied for analysis of alignment, filtering, barcode
counting, unique molecular identifier counting. Cellranger aggr pipe-
lines were applied to combine three samples from the same group af-
ter elimination of batch effects. Further analysis of obtained count
matrixes was performed by Seurat R package (version 3.1). After
quality control (exclusion of cells with <500 or >6,500 detected
genes and >10% mitochondrial genes, and elimination of genes
detected in only <3 cells), data normalization and standardization,
identification of highly variable genes with default parameters, we
integrated three aggregated expression matrixes using canoni-
cal correlation analysis affiliated to the Seurat R package to com-
pare the difference between Con-H2O, Exp-H2O, and Exp-NMN
groups.

Visualization was performed using Uniform Manifold
Approximation and Projection (UMAP) following dimensionality
reduction that was accomplished by principal components analy-
sis (PCA) [number of principal components ðnPCsÞ=50 with a
resolution value= 0:05]. Cell types were manually assigned to
each cluster based on the conserved markers identified by
FindConservedMarkers function of the Seurat R package. The
specificity and discriminative power of the conserved markers
were visualized in the form of a dot plot using the DotPlot
function. Feature plots for markers indicating chronic pulmo-
nary inflammation and excessive collagen deposition were
accomplished using the FeaturePlot function.

DEGs Identification and Ingenuity Pathway Analysis
DEGs (log2jFCj>0:25, p<0:05) of each cell type between differ-
ent group were identified using the FindMarkers function.
Precisely, “PM Exposure DEGs” were defined as DEGs between
the Con-H2O and the Exp-H2O groups, whereas “NMN Treatment
DEGs” were defined as DEGs between Exp-H2O and Exp-NMN
groups. To investigate the rescue effects of NMN treatment on
PM-induced lung injury, we applied the concept of “rescue DEGs”
by identifying the overlapped DEGs with opposite changes in “PM
Exposure DEGs” and “NMN Treatment DEGs.”29 Identification of
overlapped DEGs and Venn plots were performed using Venny
(version 2.1; BioinfoBP). Then, canonical pathway analysis and
disease and function analysis were conducted based on “PM
Exposure DEGs,” “NMN Treatment DEGs,” and “rescue DEGs”
using Ingenuity Pathway Analysis (IPA) software (Qiagen).

Cell–Cell Communication Analysis
Cell–cell communication indicated by alterations in ligand–
receptor pairs was analyzed using the iTALK R package. “PM
Exposure DEGs” and “NMN Treatment DEGs” identified
using the default Wilcoxon rank sum test in iTALK R package
were assigned to calculate the significant shifted ligand–recep-
tor pairs. The top 30 significant ligand–receptor pairs in “cyto-
kines” were visualized by using the LRPlot function of iTALK
(detailed information of cell–cell communication analysis is
shown in Excel Table S2).

Cell Reclustering and Pseudotime Trajectory Analysis
To illustrate the protective effects of NMN on specific cell types,
fibroblasts and monocyte-derived cells were explored and reclus-
tered using the Seurat R package (nPCs= 10) with resolution val-
ues of 0.2 and 0.15, respectively. Reclustering visualization, cell
subclusters annotation, and feature plots were conducted as
described above. Pseudotime trajectory analysis was carried out
using the monocle R package (version 2.9) and displayed in plots
colored by cell states, Seurat clusters, and pseudotime scores that
were calculated using the plot cell trajectory function of monocle
R package.

Flow Cytometry Analysis
The freshly isolated blood, bone marrow, lung, and spleen cells
were prepared and stained as previously reported.8 In brief, whole
blood cells (n=5/group) were harvested after two times of red
blood cell lysis for 7 min at 4°C and passing the lysate through a
70-lm cell strainer (352350; BD Falcon). The spleen tissue
(n=5/group) was thoroughly ground using the end of a syringe
in ice-cold PBS supplemented with 2% fetal bovine serum (FBS)
and passed through a 70-lm cell strainer (352350; BD Falcon).
The lung cells (n=5/group) were isolated in cold digestion buffer
(DMEM supplemented with 1 mg=mL collagenase/dispase and
0:1 mg=mL DNase I) at 37°C for 40 min and collected after
being passed through a 70-lm cell strainer. Bone marrow content
(n=5/group) was flushed out from both sides of a femur with
ice-cold PBS supplemented with 2% FBS. The isolated cells were
passed through a 70-lm cell strainer. The isolated cells from the
lung, spleen, and bone marrow tissue were treated with red blood
cell lysis buffer and collected by centrifugation at 350× g for
7 min at 4°C after removing the supernatant. Cells derived from
blood, bone marrow, lungs, and spleens were resuspended in
PBS supplemented with 2% FBS and incubated with the antibody
cocktail for 30 min in the dark to quantify the number and the
proportion of myeloid-derived suppressor cells (MDSCs).
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Cells for MDSC identification were stained with the following
antibodies: Fixable Viability Dye (FVD) eFluor 780 (1:1,000;
65-0865-14; FVD eFluor 780; eBioscience), anti-CD45 [1:200;
103110; clone 30-F11; phycoerythrin (PE)/cyanine5; Biolegend],
anti-CD11c [1:100; 117306; clone N418; fluorescein isothiocya-
nate (FITC); Biolegend], anti-CD11b [1:200; 101212; cloneM1/70;
allophycocyanin (APC); Biolegend], anti-Gr-1 (1:200; 108408;
clone RB6-8C5; PE; Biolegend), anti-Ly6C (1:200; 128008; clone
HK1.4; PE; Biolegend), and anti-Ly6G (1:200; 127618; clone 1A8;
PE/cyanine7; Biolegend). Flow cytometry analysis was performed
using a Cytoflex (Beckman Coulter), and the data were analyzed
using CytExpert software (version 2.3.1; BeckmanCoulter).

Functional Assays for MDSCs
Bone marrow-derived MDSCs (n=3/group) were isolated and
sorted based on the staining strategy as described above. Antibodies
used for T cells sorting was used as follows: FVD eFluor 780
(1:1,000), anti-CD3 (1:100; 100236; clone 17A2; APC; Biolegend),
and anti-CD25 (1:200; 101904; clone 3C7; PE; Biolegend). Sorted
T cells were stained using 5 lMCellTrace carboxyfluorescein suc-
cinimidyl ester (CFSE; C34554; Invitrogen) at 37°C for 20min and
washed with PBS supplemented with 2% FBS. Next, T cells were
seeded in a round-bottomed 96-well plate coated with 5 lg=mL
anti-CD3e monoclonal antibody (16-0031-82; clone 145-2C11,
functional grade; eBioscience) and cultivated in complete culture
medium [DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin, 1 × antibiotic–antimycotic (15240062; Gibco),
1 × 2-mercaptoethanol (21985023; Gibco), and 2 lg=mL anti-
CD28 soluble antibody (16-0281-82; clone 37.51, functional
grade; eBioscience)]. The sorting of MDSCs and T cells was per-
formed using a BD FACS Aria IIII cell sorter. To determine the
effects of NMN on regulating the immunosuppressive activity of
MDSCs, T cells were cocultured with MDSCs at the ratio of 1:1
(MDSCs: T cells) for 72 h at 37°C, 5% carbon dioxide. At the end
of the coculture, T cells proliferation was indicated by the dis-
crete peaks of CFSE in the gate of CD3+ cells shown in the histo-
grams created using CytExpert (version 2.3.1) (Beckman), which
represented the immunosuppressive function of MDSCs. The
in vitro experiment was carried out in three replicates.

Quantitative Real-Time PCR
Total RNA was extracted from the homogenized lung tissue from
each group (n=3/group) or liver tissue from H2O-BS and NMN-
BS groups using TRIzol (15596026; Thermo Fisher) as described
in the section “Liver Transcriptomic Sequencing.” The purity and
concentration of extracted RNA were assessed by NanoDrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific). The
cDNA products were obtained by reverse transcription by using
the PrimeScript RT-for-PCR Kit (RR014A; Takara). Reagent
mixture 1 consisting of 10mM deoxynucleoside triphosphate
(dNTP) mixture and 2:5 lM Oligo dT primer was added to the
RNA samples, and the volume of the reaction mixture was
adjusted to 10 lL by DEPC water. The processes of denaturation
and annealing were performed at 65°C for 5 min. Reagent mix-
ture 2 consisting of 5 × PrimeScript buffer, RNase inhibitor, and
PrimeScript RTase was added to the reaction mixture. The
reverse transcription was performed at 42°C for 30 min and inacti-
vation at 70°C for 15 min. The cDNA products were quantified by
NanoDrop ND-1000 Spectrophotometer and used for the quanti-
tative real-time PCR (qPCR) using SYBR Green PCR Master
Mix (QPK-201; Toyobo). The PCR program was set up as fol-
lows: 95°C 10 min, followed by 40 cycles of 95°C for 5 s, 60°C
for 20 s, and 70°C for 10 s. The value from each sample was
normalized to the internal control b-actin, and the results were

calculated using the 2–DDCt method. The primers (Generay
Biotechnology) used for qPCR are listed in Table S2.

Statistical Analysis
ScRNA-seq data and RNA-seq of liver tissues were analyzed by R
(version 3.6.3;RDevelopmentCoreTeam).Rose diagrams showing
the numbers of “PM Exposure DEGs,” “NMN Treatment DEGs,”
and “rescue DEGs” were generated with Excel (Microsoft), and the
bubble matrix diagram comparing the three groups of DEGswas pro-
duced usingOrigin 2022 (OriginLab). The other types of figures were
generated with GraphPad Prism (version 7). Post hoc two-sided
power analysis for sample sizes was performed using G*Power
program (release 3.1.9.7).30,31 All statistical analyses were per-
formed with GraphPad Prism (version 7) and confirmed by
SPSS 22.0 statistical software (SPSS Inc.). The results were
expressed in the form of mean± standard deviation (SD).
Normality tests were performed using the Shapiro-Wilk W test
for the data in all analyses.

The data in Part I (NAD+ content, ATP content, quantification
of Oil Red O–stained sections, and validation of DEGs in liver tis-
sue by qPCR) was analyzed using Student’s t-test or the Wilcoxon
rank sum test where appropriate. The differences of the data pre-
sented in Part II, including histopathological scoring, BALF analy-
sis, Hyp content, cytokine analysis, cell phenotyping, functional
assay, plasma and hepatic TG content, plasma and pulmonary
MDA content, and comet assay, and so on, were compared using
one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test or the Kruskal–Wallis test, followed by Dunn’s multiple
comparison where appropriate. Significant differences were con-
sidered at p<0:05 using two-tailed tests.

Results

Overview of the Experimental Design
As shown in Figure 1, the experimental design consisted of two
parts. The first part was conducted in 20 male mice (strain C57BL/
6J, 10mice/group) to characterize themetabolic alterations inmice
treated with NMN in drinking water for 18 wk (H2O-BS and
NMN-BS groups). The second part aimed to investigate the effects
of NMN supplementation on PM exposure-induced lung injury.
Eighty male C57BL/6J mice were subjected to PM exposure in a
real-ambient exposure system installed in Shijiazhuang. NMN
supplemented in drinking water was given 2-wk prior to exposure
and throughout the experiment. The 80 mice were randomly di-
vided into four groups (Con-H2O, Exp-H2O, Con-NMN, and
Exp-NMN, respectively) and placed in air-filtered control and
PM exposure chambers. The exposure duration was from 27
November 2019 to 26 March 2020 with a mean concentration of
123:52±90:25lg=m3 in the ambient air and 73:94± 49:38lg=m3

in the PM exposure chamber, respectively (detailed information of
chemical components has been described previously8 and the repre-
sentative components are displayed in Table S3).

NAD+ and ATP Content in Multiple Tissues following PM
Exposure
Previously, we observed a significantly lower NAD+ content in
PM-exposed mice, accompanied by chronic inflammatory injury
in multiple organs in response to PM exposure. The NAD+ content
was significantly lower by 39.86% (lung), 37.28% (liver), and
41.20% (spleen) following the 16-wk PM exposure (Figure 2A).
Consistent with the lower NAD+ levels, significantly lower ATP
content (suggestive of higher ATP consumption) was evident in
mouse lung, liver, and bone marrow upon PM exposure (Figure
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2B). In addition, hepatic TG deposition in the PM exposure group
was 4.50-fold higher than in the control group (Figure S1A,B).

Characterization of Metabolic Alterations in Mice following
18-Wk Oral NMN Supplementation
To test whether replenishment of NAD+ could effectively protect
mice against PM-induced lung injury, we administrated NMN to
60-wk-old C57BL/6J mice at a dose of 500 mg=kg in drinking
water for 18 wk to improve NAD+ levels without PM exposure.
No significant differences in body weight, daily food intake, or
water consumptionwere observed between the NMN administered
(NMN-BS) and control (H2O-BS) groups (Figure S2A–C). At the
end of the 18-wk experiment, 2.43-, 1.83-, 2.26-, and 1.58-fold
higher NAD+ content were detected in mouse lung, liver, bone
marrow, and plasma (Figure 2C,D), respectively, compared with
mice without NMN supplementation. Correspondingly, mark-
edly higher ATP content appeared in mouse lung, liver, and bone
marrow (Figure 2E). Notably, transcriptomic analysis revealed
differences in functional regulation annotated to systemic metab-
olism, particularly lipid metabolism, and cellular response to
stimulus in mice with NMN supplementation for 18 wk (Figures
S3 and S4A, detailed information is available in Excel Table S3).
Although no significant difference was found in the fasted glu-
cose level between NMN-treated and control mice, NMN treat-
ment led to a greater insulin sensitivity and lower content of
hepatic TG (Figure S4B–G).

NMN Supplementation and Outcomes Related to Pulmonary
Injury in PM-Exposed Mice
Lung characteristics following the 16-wk PM exposure included
excessive collagen deposition, interstitial neutrophil infiltration,
and thickened alveolar septa, suggestive of lung injury. An ALI
scoring system was applied to quantify the extent of lung injury.
Although lung injury was evident in both Exp-H2O and Exp-
NMN groups, we found a slighter extent of lung injury in PM-
exposed mice supplemented with NMN (Exp-NMN group) than
in those mice without NMN treatment (Exp-H2O group) (Figure
3A). In particular, the ALI scores in the Con-H2O and Exp-H2O
groups were 0:227± 0:0461 and 0:354±0:423, respectively. In
contrast, even when the ALI score in the Exp-NMN group was
higher compared with its corresponding control (Con-NMN)
group, no statistical significance was observed (Figure 3B).
Corroborating the pathological changes, levels of inflammation-
associated indicators in BALF—including TP, release of LDH,
and total cell numbers—were higher following PM exposure
without NMN supplementation compared with the Con-H2O
group. However, these inflammatory indicators in BALF derived
from PM-exposed mice with NMN treatment were lower com-
pared with those of the Exp-H2O group (Figure 3C–E; Figure
S5A). Moreover, we observed that the secretion of IL-1b was sig-
nificantly lower (Figure S5B) and the mRNA expression of pro-
inflammatory cytokines, such as Il1b, S100a9, and p65, was
lower in the lung tissue of mice with NMN supplementation fol-
lowing PM exposure, although only the difference in S100a9
reached statistical significance (Figure S5C–E). Along with the
milder inflammatory responses compared with the Exp-H2O
group, pulmonary MDA content and plasma MDA concentration
(indicative of lung and systemic oxidative stress) were lower in
the NMN-treated mice upon PM exposure. In contrast, higher
levels of MDA were observed in the mice exposed to PM absent
NMN administration (Figure S5F,G). In addition, the tail moment
of the comet assay (a DNA damage index) conducted on periph-
eral blood was lower in the Exp-NMN group compared with that
of the Exp-H2O group (Figure S5H).

Moreover, the pathological changes associated with excessive
collagen deposition, such as gentle fibrotic changes, isolated
knot-like formations, moderate peribronchiolar fibrosis, and pleural
plaques, were milder in the mice administered NMN supple-
mentation and PM exposure compared with the PM-exposed
mice, whereas no significant difference was found between the
Con-H2O and Con-NMN groups (Figure 3F). In line with these
observations, Ashcroft scores were markedly lower in the Exp-
NMN group (0:400± 0:071) compared with the Exp-H2O group
(0:960±0:167). In addition, the content of both collagen and
Hyp were significantly lower in the lung tissue of the mice in
the Exp-NMN group compared with that of the mice in the
Exp-H2O group (Figure 3G–I). In particular, the mean collagen
deposition quantified by the ratio of the blue-labeled area to the
total area of the lung section (percentage per micrometer
squared total area) was 10:728± 0:70% in the Exp-NMN group
and 14:679±1:15% in the Exp-H2O group. Moreover, the mean
Hyp content in lung tissue was 0:618± 0:020 pg/mg protein in
the Exp-NMN group and 0:814±0:040 pg/mg protein in the
Exp-H2O group. In agreement with these findings, we found
significantly lower mRNA expression of profibrotic factors,
including Acta2, Tgfb1, and Il17a (Figure S5I–K), and less
secretion of IL-17A in the Exp-NMN group compared with the
Exp-H2O group (Figure S5L).

scRNA Analysis of Whole Lung Cells with NMN
Supplementation upon PM Exposure
To delineate alterations in cell type composition in response
to PM exposure and NMN supplementation, we generated
scRNA-seq profiles conducted on whole lung samples from
the Con-H2O, Exp-H2O, and Exp-NMN groups (n=3/group)
following 16-wk PM exposure for comprehensive analysis.
We obtained the integrated data set containing 26,745, 26,532, and
21,495 cells in the Con-H2O, Exp-H2O, and Exp-NMN groups,
respectively, after going through steps of quality control, prepro-
cessing, and aggregation. Based on the annotations of diverse cell
types in the mouse lung, we were able to depict a comprehensive
transcriptomic landscape of whole lung cells in response to PM
exposure and NMN supplementation. The whole lung cell atlas of
the aggregated data set was depicted by unsupervised clustering
and UMAP embedding visualization (Figure 4A).

Fourteen cell clusters were identified as 12 major cell types in
whole lung cells by cell type annotations based on the online data-
bases PanglaodB and the single-cell Mouse Cell Atlas (scMCA)
(Table S4). The cell types comprised alveolar macrophages (AMs;
cluster 0), neutrophils (cluster 1), B cells (clusters 2 and 8), T cells
(clusters 3 and 11), monocyte-derived cells (monocytes; cluster 4),
dividing dendritic cells (divDCs; cluster 5), NK cells (cluster 6),
fibroblasts (cluster 7), Club cells (cluster 9), dendritic cells (DCs;
cluster 10), type 2 alveolar epithelial cells (AT2; cluster 12), and
type 1 alveolar epithelial cells (AT1; cluster 13) (Figure 4B), which
were confirmed by two specific cell marker genes (Figure 4C).

The states of chronic inflammatory and profibrotic pheno-
types following subchronic PM exposure were characterized by
significantly smaller numbers or proportions of the majority of
immune cells—AMs, B cells, T cells, divDCs, NK cells, and
DCs—and epithelial cells. However, PM-exposed mice supple-
mented with NMN displayed higher cell numbers or larger pro-
portions of the immune cells noted above compared with the
Exp-H2O group (Figure 4D). Notably, the numbers of neutro-
phils, monocyte-derived cells, and fibroblasts were 1.93-, 1.17-,
and 2.33-fold higher in the Exp-H2O group compared with the
Con-H2O group, whereas the numbers of neutrophils and fibro-
blasts were markedly lower in the Exp-NMN group compared
with the Exp-H2O group. In accordance with the pathological
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alterations, lower expression levels of chronic inflammatory
markers—Il1b, S100a8, and S100a9— in all cell clusters from
PM-exposed mouse lungs were observed in the Exp-NMN group
compared with the Exp-H2O group (Figure 5A). The expression
of profibrotic genes—including Fn1, Col1a1, Col3a1 and
Mmp8—which was up-regulated in PM-exposed mice was
down-regulated in the whole lung cells in the Exp-NMN group
(Figure 5B).

To further assess the effects of PM exposure and NMN supple-
mentation on different types of pulmonary cells, we defined DEGs
between the Con-H2O and Exp-H2O groups as “PM Exposure
DEGs,” andDEGs between the Exp-H2O and Exp-NMNgroups as
“NMN Treatment DEGs” by FindMarkers function analysis
(Figure 5C,D). Among these cell clusters, neutrophils, fibroblasts,
andmonocyte-derived cells possessed themost substantial number
of identified DEGs detected under both conditions of PM exposure
and NMN treatment (detailed information of the DEGs is listed in
Excel Tables S4 and S5). Next, we performed DEG analysis using
IPA software. Notably, an up-regulated IL-17 signaling pathway
was identified in these three cell clusters following subchronic PM
exposure and which was accompanied by the activation of pul-
monary fibrosis idiopathic signaling pathway in monocyte-
derived cells and fibroblasts. Notably, these alterations were
altered by NMN supplementation as indicated in the results of
pathway enrichment analysis conducted on “NMN Treatment
DEGs” (Figures S6 and S7).

NMN Supplementation and Pulmonary Immune Functions
in PM-Exposed Mice
Based on the alterations in cell numbers and pathway enrichment,
we identified that neutrophils, fibroblasts, and monocyte-derived
cells were the most affected cell types. The pathways related to

immune functions were suppressed, whereas chronic inflamma-
tion, fibrosis, and tumor-related pathways were predicted to be
activated in these three cell clusters in response to PM exposure
(Figure S6). In addition, we showed that the up-regulated liver X
receptor/retinoid X receptor (LXR/RXR) activation pathway was
concurrent with an inhibition of acute phase response signaling, as
well as the IL-17 pathway, Pulmonary Fibrosis Idiopathic Signaling
Pathway, and Regulation of the Epithelial Mesenchymal Transition
by Growth Factors Pathway in monocyte-derived cells and fibro-
blasts (Figure S7B,C), suggesting the relevance tomilder inflamma-
tion and fewer immune function alterations.

To assess the effects of NMN supplementation on potential
interactions between these cells, we carried out cell–cell interac-
tion analysis on the three critical cells described above using the
iTALK R package. The results showed the enhanced interactions
of ligand–receptor pairs, particularly Ccl2–Ccr2 and Il1b–Il1r2
between fibroblasts and monocyte-derived cells, Ppbp–Cxcr2,
Il10–Il10rb, and Il6–F3 between monocyte-derived cells and neu-
trophils, as well as Il1b–Il1rap and Il6–F3 between fibroblasts
and neutrophils in the Exp-H2O group, indicated by the ligand–
receptor prediction based on higher expression levels of “PM
Exposure DEGs” (Figure 6A). Importantly, these interactions,
directly or indirectly, were associated with the induction,
accumulation, and activation of MDSCs, contributing to the
immune dysfunction in the lung. Notably, these interactions
were all predicted to be weakened based on relatively lower
expression of both the ligands and the receptors using “NMN
Treatment DEGs” (Figure 6B).

Consistent with these results, MDSC proportions in blood,
bone marrow, spleen, and lung, were all significantly lower in PM-
exposedmice supplemented byNMNcomparedwith the Exp-H2O
mice. The mean MDSC proportions in blood, bone marrow,
spleen, and lung in the Exp-NMN group were 38:07± 6:11%,

Figure 2. NMN supplementation and NAD+ and ATP content in mice exposed to PM. (A) NAD+ levels measured in lung, liver, spleen, and bone marrow tis-
sue in mice with (PM-exposed group, Exp) or without (air-filtered control group, Con) 16-wk PM exposure (n=3/group). (B) ATP content was analyzed in
lung, liver, spleen, and bone marrow tissue of Con and Exp groups at the end of PM exposure (n=3/group). NAD+ levels were analyzed in (C) lung, liver,
spleen, and bone marrow tissue (n=3/group) and (D) plasma (n=3/group) of H2O-BS and NMN-BS groups. (E) ATP levels were examined in lung, liver,
spleen, and bone marrow tissue (n=3/group) of H2O-BS and NMN-BS groups. Data were analyzed using Student’s t-test or the Wilcoxon rank sum test. The
data are expressed as mean±SD. The mean, SD, and SEM values for data are shown in Table S5. *p<0:05, **p<0:01, and ***p<0:001 compared with the
corresponding control mice. p-Values for all tests are reported in Table S6. Note: ATP, adenosine triphosphate; BS, baseline; Con, air-filtered control group;
Exp, PM exposure group; H2O, water; NAD+, nicotinamide adenine dinucleotide; NMN, nicotinamide mononucleotide; PM, particulate matter; SD, standard
deviation; SEM, standard error of mean.
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57:36±2:45%, 1:69± 0:52%, and 12:18±2:96%, respectively.
Comparatively, the mean MDSC proportions were 50:63±6:71%,
81:37± 5:37%, 3:08±0:98%, and 20:14± 5:93% in the blood,
bone marrow, lung, and spleen of mice in the Exp-H2O group
(Figure 6C–F). The functional assays showed that the immunosup-
pressive activity of MDSCs in bone marrow was markedly lower
in mice with NMN supplementation upon PM exposure than in
those mice exposed to PMwithout NMN supplementation (Figure

S8A). Moreover, the secretion levels of MDSCs recruitment and
activation-related cytokines TNF-a, IL-1b, and IL-17A in mouse
plasma upon PM exposure were 2.86-, 1.29-, and 8.88-fold higher
than the levels in plasma isolated from mice exposed to filtered air
compared with plasma from mice in the Con-H2O group, whereas
the secretion levels of these three cytokines in plasma isolated
from the Exp-NMN group were significantly lower compared with
levels from the Exp-H2O group (Figure 6G–I).

Figure 3. NMN supplementation and markers of lung injury in mice exposed to PM. (A) Representative images of H&E-stained lung sections in Con-H2O,
Exp-H2O, Con-NMN, and Exp-NMN groups, respectively, following 16-wk PM or filtered air exposure. Yellow bold arrows indicate an interstitial neutrophilic
infiltration (n=5/group, n=3 slides/mouse). Magnifications: 200× . Scale bar: 50 lm. (B) The acute lung injury (ALI) scores were calculated in different
groups (n=5/group). Five histological findings, including neutrophils in the alveolar space, neutrophils in the interstitial space, hyaline membranes, proteina-
ceous debris filling in the airspaces, and alveolar septal thickening were evaluated in this scoring system. The (C) total protein (TP) content, (D), levels of lac-
tate dehydrogenase (LDH) activity, and (E) and total cell number in the bronchoalveolar lavage fluid (BALF) (n=5/group). (F) Representative images of
Masson’s trichrome-stained lung sections indicate collagen deposition in four groups of mice, as described above. Black bold arrows indicate interstitial fibro-
sis with knot-like formation, and a circle with a dashed line represents pleural plaque (n=5/group, n=3 slides/mouse). Magnifications: 200× . Scale bar:
50 lm. (G) Ashcroft scores were calculated in four groups of mice (n=5/group) by assessing the histopathological changes mainly in alveolar septa and lung
structure. (H) Pulmonary collagen content (percentage) was calculated and expressed as the ratio of the blue-labeled areas to the total area of the lung section
(percentage per micrometer squared) based on Masson’s trichrome staining (n=5/group). (I) Hydroxyproline content measured in lung tissue from mice in
four groups following 16-wk PM exposure with or without NMN supplementation (n=3/group). The significance of differences among data in this figure were
analyzed using one-way ANOVA followed by Tukey’s multiple comparison post hoc test. The results in the bar graphs are presented as mean±SD. The sum-
mary data (mean, SD, and SEM values) of bar graphs in this figure are shown in Table S5. *p<0:05, **p<0:01, and ***p<0:001 compared with the corre-
sponding control mice. #p<0:05, ##p<0:01, and ###p<0:001 compared with the Exp-H2O mice (Exp-NMN vs. Exp-H2O). p-Values for all tests are reported
in Table S6. Note: ALI, acute lung injury; ANOVA, analysis of variance; Con, air-filtered control group; Exp, PM exposure group; H2O, water; H&E, hema-
toxylin and eosin; NMN, nicotinamide mononucleotide; PM, particulate matter; SD, standard deviation; SEM, standard error of mean.
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Phenotypes of PM-Induced Fibroblast and Monocyte-
Derived Cell in Mice with NMN Supplementation

As described above, we have identified specific signaling path-
ways that were involved in suppressing pulmonary fibrosis in
monocyte-derived cells and fibroblasts. To further address the
effects of NMN intervention on the interplay among critical cell
types, we reclustered them to respectively clarify the altered cel-
lular functions and potential intercellular interactions in response

to PM exposure with or without NMN supplementation (Figure
7A,B). As shown in Figure 7A, annotated by the specific
markers, cluster 0 in fibroblasts subset (fibroblasts 0) expressed
the markers of universal fibroblasts in steady-state including der-
matopontin (Dpt) and peptidase inhibitor 16 (Pi16), whereas clus-
ter 2 (fibroblasts 2) expressed higher levels of proliferating
fibrocytes, such as Ccl2, Top2a, and Mki67. Ccl2+ fibroblasts
(fibroblasts 2) that were uniquely induced and recruited in the
Exp-H2O group upon 16-wk PM exposure were rarely observed

Figure 4. NMN supplementation and cellular composition in lungs of mice exposed to PM. (A) scRNA-seq analysis was conducted in whole lung cells of
mice in Con-H2O, Exp-H2O, and Exp-NMN groups (n=3/group). UMAP plots of whole lung cells in Con-H2O, Exp-H2O, and Exp-NMN groups. Cells from
whole lungs of Con-H2O, Exp-H2O, and Exp-NMN groups are indicated by red, green, and turquoise color, respectively. The corresponding data are summar-
ized in Table S1. (B) Fourteen clusters with 12 major cell types identified in the integrated data set are displayed on the UMAP plot. (C) The dot plot repre-
sents the expression level of the specific marker genes (dot color shades) and the percentage of cells expressing marker genes (dot size). The expression levels
of marker genes in the Con-H2O, Exp-H2O, and Exp-NMN groups are discriminated by blue, red, and green color, respectively. The expression levels of
marker genes in each group are shown in Excel Table S8. (D) The stacked bar plot illustrates the percentage of each type of cells in mouse lung tissue derived
from the Con-H2O, Exp-H2O, and Exp-NMN groups, respectively. The percentages of 12 major cell clusters in each group are shown in Table S7. Note: AM,
alveolar macrophages; AT1, type 1 alveolar epithelial cells; AT2, type 2 alveolar epithelial cells; B, B cells; Club, club cells; Con, air-filtered control group;
DC, dendritic cells; divDC, dividing dendritic cells; Exp, PM exposure group; Fibro, fibroblasts; H2O, water; Mono, monocyte-derived cells; Neu, neutrophils;
NK, NK cells; NMN, nicotinamide mononucleotide; PM, particulate matter; scRNA-seq, single-cell RNA transcriptomic sequencing; T, T cells; UMAP,
Uniform Manifold Approximation and Projection.

Environmental Health Perspectives 077006-11 131(7) July 2023



in the PM-exposed mice with NMN supplementation (Figure 7C,
the left panel). Moreover, the steady-state universal fibroblasts
(fibroblasts 0) continued to occupy in the lungs from mice in the
Exp-NMN and Con-H2O groups.

Notably, the activated Ccl2+ fibroblasts that highly expressed
profibrotic genes, including Col1a1 and Fn1, were exclusively
found in the lungs from the Exp-H2O group, whereas they were
barely detected in the lungs from the Con-H2O and Exp-NMN
groups (Figure 7D). Based on pseudotime trajectory analysis,
Ccl2+ fibroblasts (fibroblasts 2), were proposed to be one branch of
terminal states that were differentiated from steady-state universal
fibroblasts (fibroblasts 0). In parallel, the differentiation toward
this emerging subcluster of fibroblasts was markedly lower in the
Exp-NMNgroup comparedwith the Exp-H2O group (Figure 7E).

With regard to subclustering of monocyte-derived cells, we
identified that PM-induced elevated proportions of lymphatic vessel
endothelial hyaluronan receptor-1 (high)/major histocompatibility
complex-II (low) (Lyve1hiMHC-IIlo) interstitial macrophages
(IMs; monocytes 2) and Lyve1loMHC-IIhi IMs (monocytes 3) were
remarkably lower in the PM-exposed mice upon NMN treatment
(Figure 7C, the right panel). As shown in Figure 7F, lower expression
levels of pro-inflammatory genes, including such as Il1b, Il6,
S100a9, and Ccr2, were induced in both Lyve1hiMHC-IIlo IMs
and Lyve1loMHC-IIhi IMs in the mice of the Exp-NMN group
compared with those in the Exp-H2O group.

Evaluation of Mechanistic Pathways Involved in the Action
of NMN in Mice Chronically Exposed to PM

To investigate the potential mechanism of the NMN-mediated
attenuation of lung injury, we identified “rescue” DEGs in each
cell type through generating the overlapped DEGs from both
“PM Exposure DEGs” and “NMN Treatment DEGs” (Figure
8A). The results showed that 135, 34, and 83 DEGs were discri-
minated in neutrophils, monocyte-derived cells, and fibroblasts,
respectively (Figure 8B,C; a detailed summary of “rescue” DEGs
is listed in Excel Table S6). Notably, the LXR/RXR activation
pathway, which was closely associated with regulating lipid ho-
meostasis and inflammation and maintaining neutrophil homeo-
stasis, was annotated and predicted to be up-regulated in three
critical cell clusters, based on the fold changes of DEGs expres-
sion between the Exp-NMN and Exp-H2O groups (Figure 8D;
Figure S8B–D). In addition, the activation of peroxisome
proliferator-activated receptor (PPAR) and PPARa=RXRa sig-
naling was also annotated based on a canonical pathway analysis
of “NMN Treatment DEGs,” particularly in fibroblasts and
monocyte-derived cells (Figure S7A–C). In agreement with these
results, “Disease and Function” analysis conducted based on
“rescue” DEGs using IPA software revealed the inflammation-
related lipid metabolism process, including synthesis of lipid and
synthesis of eicosanoid in the Exp-NMN group. In addition, as

Figure 5. Expression of pro-inflammatory and pro-fibrotic marker genes and illustration of DEGs (A) Expression levels of pro-inflammatory genes including
Il1b, S100a8, and S100a9 on UMAP plots split by Con-H2O, Exp-H2O, and Exp-NMN groups. (B) Expression levels of profibrotic genes including Fn1,
Col1a1, Col3a1, and Mmp8 on UMAP plots split by Con-H2O, Exp-H2O, and Exp-NMN groups. The numbers of (C) “PM Exposure DEGs” (Exp-H2O vs.
Con-H2O) and (D) “NMN Treatment DEGs” (Exp-NMN vs. Exp-H2O) identified in each cell cluster are displayed in rose diagrams. The corresponding data
of (A) and (B) are listed in Excel Table S9. The detailed information of the genes summarized in (C) and (D) are provided in Excel Tables S4 and S5. Note:
AM, alveolar macrophages; AT1, type 1 alveolar epithelial cells; AT2, type 2 alveolar epithelial cells; Con, air-filtered control group; DC, dendritic cells;
DEGs, differentially expressed genes; dividing DC, dividing dendritic cells; Exp, PM exposure group; H2O, water; Monocytes, monocyte-derived cells; NK,
NK cells; NMN, nicotinamide mononucleotide; PM, particulate matter; UMAP, Uniform Manifold Approximation and Projection.
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Figure 6. NMNsupplementation andmarkers of immunosuppression inmice exposed to PM.Circos plots are visualized for significant alterations in cellular cytokine interac-
tions among neutrophils,monocyte-derived cells, andfibroblasts based on (A) “PMExposureDEGs” (Exp-H2O vs. Con-H2O) and (B) “NMNTreatmentDEGs” (Exp-NMN
vs. Exp-H2O). The summary data of the top 30 ligand–receptors displayed in (A) and (B) are shown inExcel Table S2. The proportions ofMDSCsmeasured in the viable cells
of (C) peripheral blood (n=5/group), (D) bonemarrow (n=5/group), (E) spleens (n=5/group), and (F) lungs (n=5/group) of mice in control and PM-exposed groups with
or without NMN supplementation. (G) TNF-a (n=3/group), (H) IL-1b (n=3/group), and (I) IL-17A (n=3/group) (I) in mouse plasma from Con-H2O, Exp-H2O, Con-
NMN, and Exp-NMNgroups as determined by ELISA assays. Data presented in (C–I) were analyzed using one-wayANOVA followed byTukey’smultiple comparison post
hoc test or the Kruskal–Wallis test followed by Dunn’s multiple comparisons test where appropriate. The results in the bar graphs are presented as mean±SD. The summary
data (mean, SD, and SEMvalues) of the bar graphs in thisfigure are shown in Table S5. *p<0:05, **p<0:01, and ***p<0:001. #p<0:05, ##p<0:01, and ###p<0:001 com-
paredwith the Exp-H2O mice (Exp-NMNvs. Exp-H2O). p-Values for all tests are reported in Table S6. Note: ANOVA, analysis of variance; BM, bonemarrow; Con, air-fil-
tered control group; DEGs, differentially expressed genes; ELISA, enzyme-linked immunosorbent assay; Exp, PM exposure group; H2O, water; MDSCs, myeloid-derived
suppressor cells;NMN, nicotinamidemononucleotide; PM, particulatematter; SD, standard deviation; SEM, standard error ofmean;TNF, tumor necrosis factor.
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indicators of pro-inflammatory progress, the synthesis of nitric
oxide and the production of reactive oxygen species were pre-
dicted to be inhibited in monocyte-derived cells upon NMN sup-
plementation (detailed information is listed in Excel Table S7).

Furthermore, the universal fibroblasts (fibroblast 0) in both
Con-H2O and Exp-NMN groups expressed higher levels of Pltp

and Abca1 compared with those in the Exp-H2O group, indicat-
ing more activated lipoprotein remodeling and less cellular cho-
lesterol overload in universal fibroblasts in Con-H2O and Exp-
NMN groups (Figure 8E). Based on the “rescue” DEGs (Excel
Table S6), the expression levels of genes related to cellular lipid
concentration and lipid metabolism, including Maf, Fkbp5,

Figure 7. NMN supplementation and cell phenotypes in differentiated fibroblast and monocyte-derived cells in mice exposed to PM. (A) Subclusters of fibro-
blasts, including Dpt+Pi16+ universal fibroblasts (fibroblasts 0) and Ccl2+ activated fibroblasts (fibroblasts 2), were identified on the UMAP plot of the fibro-
blast subset. (B) Subclusters of monocyte-derived cells, including Lyve1hiMHC-IIlo IMs (monocytes 2) and Lyve1loMHC-IIhi IMs (monocytes 3), were
visualized on the UMAP plot. (C) The stacked bar plots illustrate the percentage of fibroblast subclusters (in the left panel) and monocyte-derived cell subclus-
ters (in the right panel) in Con-H2O, Exp-H2O, and Exp-NMN groups, respectively. The corresponding data of the percentages of fibroblast and monocyte-
derived cell subclusters are summarized in Table S8. (D) Expression levels of profibrotic genes, including Ccl2, Col1a1, and Fn1, on UMAP plots split by
Con-H2O, Exp-H2O, and Exp-NMN groups. (E) Pseudotime trajectory analysis illustrates the differentiation from Dpt+Pi16+ universal fibroblasts (shown in
red color) into Ccl2+ activated fibroblasts (shown in blue color, in the left panel) with pseudotime scores from the lowest to the highest in fibroblasts (colored
from dark blue to light blue in the right panel). The numbers and pseudotime scores of fibroblasts in the three branches are reported in Excel Table S10. (F)
The expressions of Il1b, Il6, S100a9, and Ccr2 in monocyte-derived cell subsets of mouse lungs from Con-H2O, Exp-H2O, and Exp-NMN groups are shown
in UMAP plots and are displayed by the colors from gray to red. The expression levels of genes in (D) and (F) are listed in Excel Table S11. Note: CH,
Con-H2O; Con, air-filtered control group; Dpt, dermatopontin; EH, Exp-H2O; EN, Exp-NMN; Exp, PM exposure group; H2O, water; Hi, high; IMs, interstitial
macrophages; lo, low; Lyve, lymphatic vessel endothelial hyaluronan receptor; MHC, major histocompatibility complex; NMN, nicotinamide mononucleotide;
Pi16, peptidase inhibitor 16; PM, particulate matter; UMAP, Uniform Manifold Approximation and Projection.
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Figure 8. NMN supplementation and markers of lipid metabolism in critical cell clusters in mice exposed to PM. (A) Schematic Venn diagram of overlapping
“rescue” DEGs identified by integration analysis between “PM Exposure DEGs” (Exp-H2O vs. Con-H2O) and “NMN Treatment DEGs” (Exp-NMN vs.
Exp-H2O). The corresponding data are shown in Excel Table S6. (B) Identified “rescue” DEGs of each cell cluster are visualized in a rose diagram. (C) The
bubble matrix displays the numbers of “rescue” DEGs (Rescue), “PM Exposure DEGs” (PM Exposure) and “NMN Treatment DEGs” (NMN Treatment). (D)
The heatmap illustrates the overlapping enriched canonical pathways analyzed using Ingenuity Pathway Analysis (IPA) software (Qiagen) among neutrophils,
monocyte-derived cells, and fibroblasts based on “rescue” DEGs. The z-scores, from the lowest to the highest, are colored from blue to red, whereas a cross
indicates when z-scores were unable to be calculated owing to a lack of sufficient evidence. The corresponding z-scores for each enriched pathway of the re-
spective cell clusters are displayed in Table S9. (E) The expression of Pltp and Abca1 in fibroblast subsets of mouse lungs from Con-H2O, Exp-H2O, and Exp-
NMN groups are shown in UMAP plots. (F) The expression of Maf, Fkbp5, Cebpb, and C5ar1 in monocyte-derived cell subsets of mouse lungs from
Con-H2O, Exp-H2O, and Exp-NMN groups are shown in UMAP plots. The triglyceride (TG) levels examined in (G) mouse plasma (n=4/group) and (H)
mouse liver tissues (n=4/group) from the Con-H2O, Exp-H2O, Con-NMN, and Exp-NMN groups, respectively, at the end of the subchronic PM exposure.
The expression levels of genes in (E) and (F) are listed in Excel Table S11. Data in (G) and (H) were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison post hoc test. The results are presented as mean±SD. The mean, SD, and SEM values of the bar graphs in (G) and (H) are summarized
in Table S5. **p<0:01, compared with Con-H2O mice. #p<0:05 compared with the Exp-H2O mice (Exp-NMN vs. Exp-H2O). p-Values for all tests are shown
in Table S6. Note: AM, alveolar macrophages; ANOVA, analysis of variance; AT1, type 1 alveolar epithelial cells; AT2, type 2 alveolar epithelial cells; Con,
air-filtered control group; DC, dendritic cells; DEGs, differentially expressed genes; dividing DC, dividing dendritic cells; Exp, PM exposure group; H2O,
water; IL, interleukin; LXR, liver X receptor; NMN, nicotinamide mononucleotide; PM, particulate matter; RXR, retinoid X receptor; SD, standard deviation;
SEM, standard error of the mean; UMAP, Uniform Manifold Approximation and Projection.
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Cebpb, and C5ar1 were markedly lower in the profibrotic
Lyve1loMHC-IIhi IMs (monocytes 3) identified in the Exp-NMN
group, compared with the corresponding subclusters in the
Exp-H2O group (Figure 8F). Interestingly, lower lipid concentra-
tion and less neutrophils recruitment were also predicted in AMs
with 18 “rescue” DEGs (Excel Table S7). Moreover, the signifi-
cantly higher TG levels in plasma and liver in response to PM ex-
posure were lower in the NMN-treatedmice (Figure 8G,H).

Discussion
Both epidemiological32,33 and experimental34 evidence has revealed
that long-term PM2:5 exposure is positively associated with the
increased incidence andmortality ofmultiple diseases, even at a low
exposure level. As a nutritional intervention, NMN supplementation
has been shown to potentially attenuate the diverse detrimental
health effects related to aging18 and xenobiotics-induced injury20,35
in mice. However, the protective effects of NMN on PM-induced
chronic lung injury and the underlying mechanisms have yet to be
defined. In this study, we established, to our knowledge for the first
time, that NMN effectively improved immune functions and lipid
metabolism to mitigate markers of lung injury following ambient
PM exposure in a mouse model. These novel findings uncover the
potential mechanisms of the protective effects of NMN intervention
against PM-induced chronic lung injury.

NMN supplementation has been previously employed to
enhance NAD+ content in both human and mice as an anti-aging
supplement.36NMNhas also shown efficacy in aging-related ormet-
abolic dysfunctions, including diabetes20 and cognitive impair-
ments35 in mice. Most studies on the long-term beneficial effects of
NMN treatment were performed by repeated oral gavage24 or IP
injection,37 treatment modalities associated with stress (including
hormone disruption and increased blood pressure) and chronic
inflammation.38Moreover, the absorbance ofNMNand its activated
forms upon IP injection could be distinctly different from its oral
intake.15 Hence, NMN supplementation in drinkingwater ad libitum
mimics the oral modality of NMN intake in humans absent extra
stress. Notably, 250–1,250 mg=d (∼ 4:17–20:83 mg=kg for a sub-
ject weighing 60 kg) of orally NMN administration has been used in
most clinical trials in healthy human subjects without any observed
adverse health effects.39–41 After conversion from the human equiv-
alent dose to the mouse dose according to the U.S. Food and Drug
Administration (FDA) guidelines, the dose we chose for NMN sup-
plementation in mice was concordant with the actual dose range of
NMN treatment in humans (231:67–1,157:41 mg=kg).42,43 In this
study, 500 mg=kg NMN supplementation on healthy mice by ad
libitum for 18 wk significantly boosted NAD+ content in multiple
tissues without any observed effects on body weight and food and
water intake, which was consistent with the previous studies on
safety ofNMNadministration on rodents.24

According to the previous studies conducted onmice andmouse
cell lines, NMN supplementation has been reported to effectively
mitigate ALI induced by LPS,11 as well as bleomycin-induced pul-
monary fibrosis22 by enhancing cellular NAD+ storage, and in turn,
reducing oxidative stress and genotoxicity.44 PM2:5-induced lung
and systemic injurywas reported to be closely associatedwith oxida-
tive stress and pro-inflammatory cytokines in numerous studies con-
ducted in rodents,45 but an effective intervention strategy and its
mechanisms have rarely been investigated. In this study, with higher
NAD+ content inmultiple tissues, 18-wkNMNsupplementation led
to anti-inflammatory and anti-fibrotic effects on PM-exposed mouse
lungs by reducing oxidative stress, chronic inflammation, and exces-
sive collagen deposition. Our previous study illustrated that the acti-
vated IL-17 signaling pathway was likely induced by chronic
inflammation and participated in MDSC recruitment, contributing
to the profibrotic immunosuppressive microenvironment in PM-

exposed lungs.8 Here, we also observed that overlapped annota-
tions of inhibited IL-17 signaling pathway in critical cell clusters
upon PM exposure andNMN treatment. This consistent result sug-
gested that NMN supplementation can regulate immune functions
following subchronic PM exposure to attenuate chronic inflamma-
tionmediated by immunosuppression.

The immune functions of diverse immune cells as well
as their interactions were at least in part regulated by altered
NAD+ metabolism in the progression of chronic inflammation.9

However, the therapeutic efficacy of NMN administration and
the effect of altered NAD+ metabolism on the modification of
the immune microenvironment and rectifying immune dysfunc-
tions represented by increased MDSCs has remained controversial.
Direct NAD+ administration has been shown to afford protective
effects in autoimmune diseases by recruiting MDSCs,46 whereas
improved NAD+ restoration efficiently activated T cells and low-
ered MDSC levels to prevent cellular senescence.17,47 Collectively,
the reversed immunosuppressive microenvironment mediated by
decreased MDSCs and reduced secretion of profibrotic cytokines
regulated by inhibited IL-17 signaling pathway might be attributable
to the NMN-induced anti-inflammatory effects noted in our study.
In addition, it has been recognized that the immunosuppressive
microenvironment with higher levels of several cytokines, such as
TGF-b and IL-1b, reshape the phenotypes of critical cells and their
interactions, which could be rescued by NMN supplementation.48

Specific interactions between tissue-specific fibroblasts and
macrophages in diverse tissues were reported to participate in
diverse chronic disorders, including fibrosis49 and cancer develop-
ment.50 The interactions between fibroblasts andmacrophages have
yet to be clearly defined in the spectrum of inflammatory to fibrotic
diseases in response to PM exposure. Here, scRNA-seq analysis
enabled us to examine changes in cell numbers of monocyte-
derived cells (particularly IMs) and fibroblasts and to characterize
the phenotypes and functions of activated profibrotic Ccl2+ fibro-
blasts, pro-inflammatory and profibrotic IMs phenotypes, as previ-
ously reported.51–53 The weakened interactions between ligand–
receptor pairs (including Ccl2-Ccr2 and Il1b-Il1r2) in single-cell re-
solution and the altered cell phenotypes were in line with previous
studies, suggesting that NMN regulated the interactions between
Ccl2+ cancer-associated fibroblasts and tumor-associated macro-
phages to promote recruitment of MDSCs.50,54 These findings sug-
gest that NMN supplementation reversed pro-inflammatory and
profibrotic phenotype differentiation through regulation of the inter-
actions between interstitial cells and fibroblasts.

Both in humans55 and in rodents,11 higher cellular NAD+

content upon NMN administration has been shown to afford
enhanced resistance and to stabilize systemic and cellular metab-
olism in response to stress. However, the interactions between
metabolic regulation and the protective effects of NMN interven-
tion have yet to be characterized. Here, we described a compre-
hensive metabolic profile in mice following NMN replenishment.
The enhanced systemic and hepatic lipid metabolism prior to xeno-
biotics stimulation upon NMN treatment might confer mice with re-
sistance to lipid accumulation caused by acute oxidative stress.
Although it has been reported that prolonged oxidative stress and
pro-inflammatory cytokines secreted from the PM2:5-exposed lung
triggers dyslipidemia, hepatic lipid accumulation, and subsequent
extra-pulmonary injury,56,57 it is unclear whether NMN intervention
leads to attenuation in PM-induced inflammation through the
modulation of lipid metabolism. Our results revealed that
NMN supplementation effectively lowered the proportions
of recruited and activated MDSCs and prevented profibrotic
phenotype differentiation. These observations are consistent
with previous studies illustrating that systemic and hepatic
lipid metabolism disturbance augmented pro-inflammatory
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monocytes recruitment and impaired neutrophils homeostasis
in bone marrow compartment, which are involved in promo-
tion of the inflammation.58,59 Consistent with improved lipid
metabolism induced by NMN treatment, studies on cancer
immunotherapy have demonstrated that increased exogenous
lipid uptake and intracellular lipid accumulation enhanced the
immunosuppressive function of MDSCs.46,60

At the beginning of the inflammatory phase, intracellular lipids
function as pro-inflammatory signaling molecules to initiate anti-
inflammatory gene transcription.59 With reduced interactions
between pro-inflammatory and profibrotic effectors, we identified
the up-regulated pathways related to lipid metabolism in fibro-
blasts and IMs in Exp-NMNmice including LXR/RXR activation,
aswell as the PPARpathway and the adenosinemonophosphate ki-
nase (AMPK) pathway, to name a few. These pathways are closely
related to cellular lipid biosynthesis, cholesterol accumulation, and
cholesterol efflux, which play important roles in maintaining cellu-
lar lipid homeostasis and regulating the progressive inflammation
in ALI and pulmonary fibrosis.61–63 Down-regulation of these path-
ways has been reported upon persistent inflammation and to simulta-
neously play a key role in aggravating inflammation.64,65 However,
additional studies are needed to validate the casual linkage between
improved lipid homeostasis, less myofibroblast differentiation, and
reduced phagocytic dysfunction of macrophages following NMN
supplementation. Here, we showed a correlation between NMN
supplementation-attributable lipid homeostasis and the immune
functions, and pathological phenotypes, as well as the interactions
between critical cell clusters with an advantage of scRNA-seq anal-
ysis. Taken together, these findings suggest that increased NAD+

levels provide a metabolic microenvironment that facilitates the
intercellular communication for anti-inflammation, and, in turn,
confers cells with resistance to PM-induced adverse health effects.

In conclusion, we demonstrated that NMN supplementation
exerted therapeutic efficacy against PM-induced lung injury in
mice by regulating immune functions and lipid metabolism.
These novel findings provide new insights into effective interven-
tion strategies for dietary nutritional supplements and protection
of human health, specifically lung injury, against adverse envi-
ronmental stimuli.
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