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Abstract
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) occur in approximately
200,000 patients per year. Studies indicate that lung endothelium plays a significant role in ALI.
The authors’ recent in vitro studies demonstrate a novel mechanism of β-nicotinamide adenine
dinucleotide (β-NAD)–induced protection against gram-positive (pneumolysin, PLY) and gram-
negative (lipopolysaccharide, LPS) toxin–induced lung endothelial cell (EC) barrier dysfunction.
The objective of the current study was to evaluate the protective effect of β-NAD against LPS-
induced ALI in mice. C57BL/6J mice were randomly divided into 4 groups: vehicle, β-NAD,
LPS, and LPS/β-NAD. After surgery, mice were allowed to recover for 24 hours. Evans blue dye–
albumin (EBA) was given through the internal jugular vein 2 hours prior to the termination of the
experiments. Upon sacrificing the animals, bronchoalveolar lavage fluid (BALF) was collected
and the lungs were harvested. β-NAD treatment significantly attenuated the inflammatory
response by means of reducing the accumulation of cells and protein in BALF, blunting the
parenchymal neutrophil infiltration, and preventing capillary leak. In addition, the histological
examination demonstrated decreased interstitial edema in the LPS/β-NAD specimens, as
compared to the LPS-only specimens. The mRNA levels of the anti-inflammatory cytokines were
up-regulated in the LPS group treated with β-NAD compared to the LPS-only–treated group. β-
NAD treatment down-regulated the mRNA levels of the proinflammatory cytokines. These
findings suggest that β-NAD could be investigated as a therapeutic option against bacterial toxin–
induced lung inflammation and ALI in mice.
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Respiratory failure due to acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are known causes of hospitalization andmorbidity. ALI is characterized by a
disturbance of the pulmonary capillary barrier, followed by increased lung permeability and
infiltration of activated neutrophils into the lungs [1-3]. Importantly, ALI also leads to
systemic inflammation, which is also associated with endothelial capillary barrier
dysfunction, reduced cardiac output, and increased risk of cardiovascular events [4]. In ALI/
ARDS, the pulmonary endothelial barrier dysfunction leads to noncardiogenic pulmonary
edema, with neutrophil and fluid accumulation in the interstitial spaces and eventually in the
alveoli. ARDS incidence in the United States is 79 per 100,000 population per year, with a
high mortality rate of 30% to 50% depending on the cause [5, 6]. The most common causes
include septic shock and pneumonia, with a lower incidence occurring in trauma, advanced
age, and excessive alcohol consumption [7-12]. Pulmonary endothelial barrier dysfunction is
a hallmark of these lung diseases for which there is no standard therapy. In recent years, the
pulmonary endothelium has been the subject of physiologic and molecular research, with a
goal of elucidating pathways that can be targeted for pharmacologic therapy.

Recent studies indicate that β-nicotinamide adenine dinucleotide (β-NAD) is an important
vascular mediator [13, 14] that released into the extracellular fluids under proinflammatory
conditions [15, 16]. It elicits cellular effects through activation of G protein–coupled purine
receptors P2Y1 and P2Y11 [17, 46]. It is known that β-NAD is released into the
extracellular fluids under proinflammatory conditions as an important vascular mediator [15,
18]. Since β-NAD is released from the EC [18], we hypothesized that it may participate in
the regulation of the endothelial permeability. Our recently published in vitro studies
demonstrate a novelmechanism of β-NAD–mediated rapid and dose-dependent increase in
transendothelial electrical resistance (TER) of the human pulmonary artery endothelial cell
barrier [19]. In the present study, we studied the effect of β-NAD in lipopolysaccharide
(LPS)-induced murine model of ALI.

MATERIALS AND METHODS
Chemicals and Reagents

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise
indicated. LPS is Escherichia coli serotype 055:B5. Phosphatebuffered saline (PBS) and the
Hanks balanced salt solution (HBSS) were obtained from Gibco (Invitrogen, xx, CA). BCA
Protein Assay kit (Pierce Chemical, Rockford, IL) was used to measure the total protein.
Myeloperoxidase (MPO) assay kit was purchased from Cayman Chemicals (Ann Arbor,
MI).

Animals
All research was conducted in compliance with the Animal Welfare Act and was approved
by the Institutional Animal Care and Use Committee. Female C57BL/6J mice (8 to 10
weeks old) weighing 20 to 25 g were purchased from Charles River Laboratory
(Wilmington, MA). All animals were housed in plastic cages and had access to food and
water throughout the experiment. The animals were kept at room temperature and exposed
to continuous cycles of 12-hour light and darkness.

Animal Surgical Procedure
Female C57BL/6J (20 to 25 g) mice were anesthetized with intraperitoneal ketamine (150
mg/kg of body weight) and acetylpromazine (15 mg/kg) before the exposure of the trachea
via neck and chest incision. LPS dissolved in sterile PBS was instilled intratracheally via a
20-gauge catheter. Fifteen minutes later the mice received either β-NAD (final calculated
plasma concentration 50 μM) or sterile PBS through the internal jugular vein. The animals
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were allowed to recover for 22 hours. Two hours before the end of the experiment,
anesthesia was readministered and Evans blue dye–albumin (EBA; 20 mg/kg Evans blue in
4% bovine serum albumin) was administered via the internal jugular vein. After 120 minutes
the mouse was fully exsanguinated and the chest cavity opened and lungs were washed free
of blood by injecting saline/EDTA via the right ventricle. Bronchoalveolar lavage fluid
(BALF) was obtained by the instillation of 1 mL of 10% HBSS, the lungs rinsed once and
the fluid was collected and processed for protein and cell count. The lungs were collected
and stored at −80°C. In some experiments the right lung was placed in 4%
paraformaldehyde for histology and in another experiment the EBA was injected into the
right internal jugular vein as described above at 2 hours prior to termination of the
experiment and the left lung gross anatomy view was photographed.

Protein Estimation and Cell Count From the BALF
The BALF was centrifuged (500 × g, 15 minutes, 4°C), supernatant was centrifuged again
(16,500 × g, 10 minutes, 4°C), and pure BALF was used to measure total protein. Cell
pellets were suspended in Hanks’ solution, and red blood cells were lysed by hypotonic
shock (0.2% NaCl) for 5 minutes. Cell suspensions were centrifuged (500 × g, 10 minutes,
4°C). Then formalin (3.7 %) was instilled onto the cell pellet and the cells were then counted
on a hemocytometer.

Lung Permeability Measurements Using EBA
Measurement of EBA concentration in the lungs was performed by injection of EBA (20
mg/kg) into the right internal jugular vein 2 hours before the termination of the experiment
to assess the vascular leak. Lungs free of blood were weighed and snap frozen in liquid
nitrogen. The left lung was weighed and homogenized, then incubated with 2 volumes of
formamide (18 hours, 60°C) and centrifuged (5000 × g, 30 minutes, 20°C). The optical
density of the supernatant was determined spectrophotometrically at 620 nm. The
extravasated EBA concentration (μg/g lung) in the lung homogenate was calculated against
a standard curve (micrograms of Evans blue dye per gram lung) as described previously
[20]. In a separate experiment, the EBA was injected into the right internal jugular vein as
described above at 2 hours prior to termination of the experiment and the left lung gross
anatomy view was photographed with a Leica NCL150 Camera.

Lung Histology
Lungs perfused free of blood with EDTA, were immersed in 4% buffered paraformaldehyde
for 18 hours at 4°C prior to histological evaluation by hematoxylin and eosin staining (H&E
staining) as described previously [20]. The right lung lobes were used for consistency. H&E
staining was done by deparafinizing and hydrating the slides to water. The slides were
stained in Harris hematoxylin for 15 minutes and eosin for 30 seconds. The slides were
dehydrated, cleared, and mounted with cytoseal.

Measurement of Myeloperoxidase (MPO) Activity
MPO is a hemoprotein that is abundantly expressed in polymorphonuclear leukocytes
(neutrophils) and secreted during their activation. MPO assay was carried out according to
the manufacturer’s assay protocol. Lungs of vehicle-, LPS-, or LPS/β-NAD–treated mice
were used for the MPO assay. Lungs (free of blood) were weighed and snap frozen in liquid
nitrogen. The right lung was weighed and homogenized in lysis buffer and then centrifuged
(12,000 × g, 30 minutes). The protein from the clear supernatant was estimated and
normalized from different treatment and analyzed for the MPO levels by enzyme-linked
immunosorbent assay (ELISA).
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Immunohistochemical Analysis of Myeloperoxidase
Four-micron sections were cut from paraffin blocks andmounted on treated slides
(Superfrost plus; VWR Scientific Products, Suwanee, GA). Slides were air dried overnight,
then placed in a 60°C oven for 30 minutes. Slides were then deparaffinized in 2 changes of
xylene for 7 minutes, then ran through graded alcohols 2 changes of absolute ethanol for 2
minutes each, 2 changes of 95% ethanol for 2 minutes, 80% ethanol for 2 minutes, and 70%
ethanol for 2 minutes to distilled water. Slides were pretreated with Target Retrival Solution
(Dako, Carpinteria, CA) using a steamer (Black and Decker rice steamer), and slides rinsed
in distilled water. Endogenous peroxidase was quenched with 0.3% H2O2 in distilled water
for 5 minutes followed by distilled water for 2 minutes, and placed in 1× PBS for 5 minutes.
Slides were then incubated with MPO primary antibody (Dako) for 30 minutes at room
temperature followed by 2 changes of 1× PBS. Slides were then incubated with secondary
antibody peroxidase-conjugated Affinipure F(ab)2 fragment donkey anti-rabbit
immunoglobulin G (IgG) (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1
hour and rinsed in 2 changes of 1× PBS. Bound antibody was detected with DAB substrate
kit (Dako; DAB substrate kit for peroxidase [horseradish peroxidase, HRP]). Slides were
then counterstained with hematoxylin (Richard-Allan Scientific, Kalamazoo, MI).

Quantitative Real-Time Polymerase Chain Reaction (qPCR)
Total RNA was prepared from the lungs of mouse tissue using RNeasy mini kit (Qiagen,
Valencia, CA). The mRNA was reverse-transcribed into complementary deoxyribonucleic
acid (cDNA) using iScript reagents from Bio-Rad on a programmable thermal cycler (PCR-
Sprint; Thermo Electron, Milford, MA). Fifty nanograms of cDNA was amplified in each
real-time polymerase chain reaction using ABgene reagents (distributed by Fisher Scientific)
in Bio-Rad myiQ Cycler. The primers for genes specific to the mice were used from the
PrimerBank (http://pga.mgh.harvard.edu/primerbank/index.html) [21, 22] and custom
designed primers (Integrated DNA Technologies, Coralville, IA). The forward and reverse
primers sequences are shown in Table 1. The reverse transcription reaction was carried out
for 25 minutes at 42°C and terminated for 5 minutes at 85°C. qPCR was performed by
denaturation for 30 seconds at 94°C and annealing for 30 seconds at 60°C for a total of 40
cycles. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize
the expression of the target genes.

Statistics
Values are expressed as mean ± SEM of 3 to 5 independent experiments. For multiple
comparisons, analysis of variance (ANOVA) and post hoc multiple comparison tests were
applied. Student’s t test was used for comparisons of 2 sample means. A P value of <.05 was
considered statistically significant.

RESULTS
β-NAD Attenuates LPS-Induced BALF Protein Accumulation, Inflammatory Infiltration, and
EBA Extravasation in Lungs

Measurement of BALF protein demonstrated that mice challenged with LPS for 24 hours
significantly increased the pulmonary BALF protein concentration, indicative of increased
alveolar epithelial barrier permeability, as compared to mice given saline or β-NAD alone.
This increase in LPS-induced BALF protein accumulation was significantly attenuated when
mice were treated with LPS/β-NAD, suggesting a possible protective role of β-NAD (Figure
1A).

The white blood cell (WBC) count was consistent with the protein and EBA results. A
quantitative microscopic assessment of the cell count of BALF using a hemocytometer

Umapathy et al. Page 4

Exp Lung Res. Author manuscript; available in PMC 2013 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pga.mgh.harvard.edu/primerbank/index.html


showed that control lungs contained only a few neutrophils. By contrast, LPS treatment led
to an increased infiltration of neutrophils, as compared to vehicle-treated animals, which
was however significantly reduced in the LPS/β-NAD–treated mice (Figure 1B). Various
doses of β-NAD demonstrated similar responses to LPS stimulation (Supplementary Figure
1; available with the online edition of this article).

LPS challenge also induced capillary leak, as evidenced by extravasation of EBA into the
lung parenchyma (Figure 2A). The level of EBA was significantly attenuated by β-NAD in
the LPS-treated mice, to the level approaching vehicle or β-NAD treatment alone (Figure
2A). A gross view of the LPS challenged left lung photograph indicates the results are
consistent with an increase in EBA leakage and a decreased extravasation in the LPS/β-
NAD–treated lung (Figure 2B).

Histological Assessment of β-NAD Effect on LPS-Induced Lung Inflammation
Mice challenged with LPS for 24 hours demonstrated an inflammatory response typical for
ALI/ARDS, as compared to vehicle controls (Figure 3). Histological evaluation of the lung
tissue showed an increased interstitial edema and infiltration of neutrophils in the LPS-
treated lung, which was much less prominent in the LPS/β-NAD–treated lung. However, the
histology was noted to be heterogeneous as typically occurs in ALI. Histological specimens
in the control mice displayed normal lung parenchyma (Figure 3) and were indistinguishable
from lungs isolated from β-NAD-alone–treated mice (data not shown).

β-NAD Attenuates LPS-Induced Myeloperoxidase Activity in Lungs
Meloperoxidase (MPO) activity, an index of neutrophil sequestrationin the lungs was
measured in snap-frozen right lungs, as described previously [20]. As demonstrated in
Figure 4A, MPO activity was significantly increased in LPS-challenged mice, as compared
to control animals. However, in LPS/β-NAD–treated mice MPO activity was attenuated
(Figure 4A), suggesting a β-NAD–activated signaling–mediated protection. In addition,
immunohistochemistry data show a significant amount of neutrophil sequestration that was
attenuated in LPS/β-NAD–treated mice (Figure 4B), in accordance with the MPO data in
Figure 4A.

β-NAD Inhibits Gene Expression of Proinflammatory, and Up-regulates Expression of Anti-
inflammatory, Cytokines in LPS-Treated Lungs

It is well known that proinflammatory gene expression is up-regulated in response to
endotoxin leading to sequestration and degranulation of neutrophils in the lungs. To identify
if β-NAD affects LPS-induced expression of pro- or anti-inflammatory genes, lung tissues
were harvested from the mice treated with or without β-NAD immediately after the LPS
insult. The mRNA was prepared and the qPCRwas performed with specific primers for
proinflammatory (interleukin [IL]-1α, IL-1β, interferon [IFN]-γ, and tumor necrosis factor
[TNF]-α) and anti-inflammatory (IL-4, IL-10, and IL-13) cytokines to quantify the
expression levels. GAPDH was used as internal control. As shown in Figure 5 (upper panel),
gene expression of all 3 tested proinflammatory cytokines was up-regulated in LPS-
stimulated mice groups, but their levels were significantly attenuated in LPS/β-NAD–treated
mice. This suggests the involvement of β-NAD in the attenuation of proinflammatory
cytokine gene expression levels. In addition, gene expression levels of anti-inflammatory
cytokines (IL-4, IL-10, and IL-13) were low in the LPS-treated groups, but, were
significantly up-regulated in the LPS/β-NAD–treated mice group, implying initiation of the
resolution of LPS-induced inflammation in the presence of β-NAD treatment.
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DISCUSSION
LPS, a major component of the outer membrane of gram-negative bacteria, is an endotoxin
that induces a strong immune response in mammals. As such, it promotes the secretion of
proinflammatory cytokines in many cell types [23, 24]. In the present study, we have
evaluated the effect of β-NAD– on LPS-induced lung inflammation—and vascular leak. It is
well known that endothelial permeability leads to a noncardiogenic pulmonary edema in
ALI/ARDS [25-28]. ALI is characterized by pulmonary microvascular endothelial gaps and
disarray with cellular breakdown and subsequent endothelial permeability and interstitial
edema [29-31]. Recent studies suggest that in proinflammatory conditions, β-NAD released
from cellular sources, including the endothelium into the extracellular fluid, is an important
vascular mediator [18, 32]. Our experimental data demonstrate that β-NAD administration
significantly attenuates the accumulation of protein in LPS-induced murine models of ALI
(Figure 1), suggesting an improvement of barrier function via β-NAD–induced signaling. In
addition, measurement of EBA extravasation into the lung parenchyma showed that the
LPS-induced increase in albumin was also attenuated in the β-NAD–treated mice (Figure 2),
implying that there is attenuation of capillary vascular leak in the β-NAD–treated mice, as
compared to the LPS-only–treated mice. Our recently published in vitro studies [19]
demonstrated that in transendothelial resistance (TER) measurement assays, LPS caused
significant endothelial barrier disruption and the addition of β-NAD to the cells attenuated
the barrier disruption. Our current in vivo results are thus consistent with the in vitro
findings [19].

LPS-induced murine lung injury is a model that has been shown to be consistent with sepsis-
induced ALI [33-36]. The injury is characterized by neutrophil infiltration into the lungs
within 24 hours, with an associated increase in inflammatory mediators, interstitial edema
and early mortality. These factors contribute to the oxidative stress and inflammatory
response of the host. Histological evaluation of the lung tissue isolated from LPS-treated
animals demonstrated extensive interstitial edema and increased neutrophil contents. This
illustrates the EC barrier disruption, characteristic of ALI/ARDS, as well as the histologic
heterogeneity known to occur during complicating ventilator strategies in animal and human
models of ALI/ARDS [37].

The histological examination of LPS-challenged lung tissue showed morphological changes
that were attenuated in the lungs from the LPS/β-NAD–treated groups. In addition, LPS/β-
NAD–treated specimens showed significant reduction in edema formation, as compared to
the LPS-only specimens.

The pathogenesis of ALI is thought to be mediated by proinflammatory cytokines, such as
tumor necrosis factor (TNF) and interleukins (IL-1 and IL-6), which are released from
macrophages and neutrophils [38]. On the cellular level, β-NAD has been demonstrated to
represent a proinflammatory cytokine mediator in human granulocytes [16]. In this study,
we analyzed the effect of β-NAD treatment on the gene expression of proinflammatory and
anti-inflammatory cytokines. Our data indicate that LPS/β-NAD–treated mice had lower
expression levels of the proinflammatory cytokines, but an increased gene expression of
anti-inflammatory cytokines in their lungs, as compared to the LPS-only–treated mice.
Cytokines are synthesized as a host response to infection or disease [39]. On a cellular level,
they activate mitogen-activated protein kinases (MAPKs), which phosphroylate transcription
factors for gene expression [39]. It is known that an important transcription factor regulating
the expression of IL-1, IL-6, IL-8, and TNF-α genes is nuclear factor kappa B (NF-κB). It is
likely that the regulation of NF-κB in alveolar macrophages after exposure to LPS is critical
to the inflammatory response that occurs in ARDS [39, 40]. Endothelial damage is
associated with numerous inflammatory events. During sepsis, proinflammatory cytokines
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are first necessary for initiating an effective inflammatory process against infection, but anti-
inflammatory cytokines can lead to a down-regulation of the inflammatory response, leading
to a depression of the immune system [41, 42]. Within the alveolar space, the balance
between proinflammatory and anti-inflammatory mediators favors ongoing inflammation
[43]. IL-1 and TNF-α induce endothelial adhesion molecules that are essential precursors to
chemotaxis of neutrophils, which ultimately results in the generation of toxic factor. Further
analysis of gene expression profiling in the future would help us to better understand the role
of β-NAD in anti-inflammatory mechanisms.

Extracellular β-NAD is an important vascular mediator that elicits cellular effects on
endothelial cells [44, 45] and interacts with 2 purinergic receptors, namely, P2Y1 and
P2Y11 [17, 46]. Our published in vitro studies have demonstrated that extracellular β-NAD
mediates protection against LPS-induced lung endothelial cell barrier dysfunction via both
P2Y1 and P2Y11 receptors [19]. In this study, we demonstrated that extracellular β-NAD
protects LPS-induced lung injury. However, the mechanisms underlying this protective
effect remain unknown. Their elucidation may not only unravel novel mechanisms of lung
endothelial barrier protection, but also establish a basis for potential applications of β-NAD
for treating acute lung injury. Previous studies have indicated that β-NAD plays significant
roles in multiple biological functions, including energy metabolism, mitochondrial
functions, aging, gene expression, calcium homeostasis, and immunological functions [47,
48]. Another study also indicated that administration of β-NAD decreases ischemic brain
damage partially by blocking autophagy in a mouse model of brain ischemia [47].

It is known that in various pathophysiological conditions, reactive oxidants cause DNA
strand breakage and subsequent activation of the nuclear enzyme poly(ADP ribose)
polymerase (PARP). Activation of PARP results in cellular dysfunction. Activated PARP-1
cleaves off nicotinamide from NAD+ (β-NAD) and polymerizes the remaining ADP-ribose
units into long, branching PAR polymer covalently attached to glutamate or aspartate
residues of suitable acceptor proteins [49]. This causes depletion of the cellular stores of its
substrate β-NAD. Resynthesis of β-NAD consumes adenosine triphosphate (ATP), causing
cell death by energy depletion. Previous studies have shown that extracellular β-NAD
treatment decreases PARP-mediated cell death of primary neurons and astrocytes [50, 51].
Therefore, extracellular β-NAD therapy might be an effective way to treat acute lung injury
and possibly ARDS.

In summary, our studies have shown that β-NAD attenuates the LPS-induced lung
inflammation and permeability increase in vivo. Gross observation of the lung and
histological evaluation is consistent with these results. Whether or not the β-NAD therapy
will become a viable strategy for the treatment of acute lung injury will largely depend on
safety issues, although β-NAD is a natural signaling molecule.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Bronchoalveolar lavage fluid (BALF) protein and cell counts. (A) BALF was collected at 24
hours after treatment, centrifuged, and protein was estimated in the clear supernatant using
Bradford protein estimation kit. β-NAD treatment reduced total protein accumulation in the
BALF of LPS-induced lung injury. The asterisk (*) indicates that a value significantly (P < .
05) differs from the vehicle group and the number sign (#) indicates that a value
significantly (P < .05) differs from LPS group (n = 4 for each group). (B) β-NAD reduces
WBC accumulation in BALF of LPS-treated mice compared to untreated mice. The BALF
was collected at 24 hours after treatment, centrifuged, and the cells were counted in
hemocytometer. β-NAD reduced total WBCs in BALF. The asterisk (*) indicates that a
value significantly (P < .001) differs from the vehicle group and the number sign (#)
indicates that a value significantly (P < .05) differs from LPS group (n = 4 for each group).
The error bars represent the standard error of the mean.
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FIGURE 2.
Evans blue dye–albumin (EBA) extravasations in BALF. (A) EBA was injected into the
internal jugular vein 2 hours before the termination of the experiment. LPS challenge
increased EBA leakage from the vascular space into surrounding lung tissue in the LPS
group with notable attenuation in the LPS/β-NAD mice group. Both groups are compared to
control and β-NAD-only–treated mice. The asterisk (*) indicates that a value significantly (P
< .05) differs from the vehicle group and the number sign (#) indicates that a value
significantly (P < .05) differs from LPS group (n = 4 for each group). The error bars
represent the standard error of the mean. (B) β-NAD attenuated EBA leakage into the lung
parenchyma on gross examination. Mice were grouped and the LPS group received LPS (0.9
mg/kg, i.t.) with PBS (i.v.), LPS/β-NAD group with LPS (0.9 mg/kg, i.t.) and β-NAD (5.46
mg/kg, i.v.), and control group with PBS (12 μL i.t. and 30 μL i.v.). EBA was injected into
the right internal jugular vein 2 hours prior to termination of the experiment. The mice were
sacrificed at 24 hours and immediately the lungs were flushed with EDTA, harvested, and
photographed. Gross observation of the lung at 24 hours showed that the LPS/PBS lung
exposure increased penetration of the EBA in the lung parenchyma, with minimal leakage in
the LPS/β-NAD–treated specimen and none visible in vehicle.
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FIGURE 3.
Histopathology. β-NAD inhibits the inflammation in lungs of mice in LPS-induced ALI.
Lungs perfused free of blood, were immersed in 4% buffered paraformaldehyde at 4°C for
18 hours prior to histological evaluation by hematoxylin and eosin (H&E) staining. H&E
staining was done by deparafinizing and hydrating the slides to water. The slides were
stained in Harris hematoxylin for 15 minutes and eosin for 30 seconds. The slides were
dehydrated, cleared, and mounted with cytoseal. Histological analysis of the lung tissue
obtained from the control mice exposed to PBS showed minimal infiltration of neutrophils.
In contrast, mice exposed to LPS for 24 hours produced prominent neutrophil infiltration
and that was attenuated in LPS/β-NAD simultaneously.
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FIGURE 4.
Myeloperoxidase (MPO) activity and staining. (A) Myeloperoxidaselevels in lung tissues of
mice treated with or without β-NAD in LPS challenge. Neutrophil infiltration was analyzed
by quantifying MPO levels in lungs tissues. β-NAD treatment significantly attenuates the
MPO activity in lungs. (B) Myeloperoxidase staining was performed in lung tissues and the
markedly increased infiltration of neutrophils (arrows) was observed in the lungs of mice
from the LPS group, which was significantly attenuated by β-NAD treatment. The asterisk
(*) indicates that a value significantly (P < .001) differs from the vehicle group and the
number sign (#) indicates that a value significantly (P < .05) differs from LPS group (n = 4
for each group). The error bars represent the standard error of the mean.
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FIGURE 5.
Quantitative real-time PCR (qPCR). qPCR analysis of proinflammatory (upper panel) and
anti-inflammatory (lower panel) cytokine gene expression from lungs of mice challenged
with vehicle, LPS, and LPS/β-NAD. The bar represents the average fold change compared
with vehicle and the expression levels were normalized to the value of housekeeping gene
GAPDH mRNA. Data are shown as the mean ± SEM (n = 4 for each group). *P < .05 versus
LPS group.
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TABLE 1

Sequences of qPCR Primers and Gene Accession Numbers.

Name of Gene Primer sequence Primer Bank ID Accession Number

GAPDH F-CATGGCCTCCAAGGAGTAAGA Custom made M32599

R-GAGGGAGATGCTCAGTGTTGG

IL -1α F-GCACCTTACACCTACCAGAGT 6754328a1 NM 010554.4

R-AAACTTCTGCCTGACGAGCTT

IL -1β F-GCAACTGTTCCTGAACTCAACT 6680415a1 NM 008361.3

R-ATCTTTTGGGGTCCGTCAACT

IL-4 F-GGTCTCAACCCCCAGCTAGT 10946584a1 NM 021283.2

R-GCCGATGATCTCTCTCAAGTGAT

IL-6 F-TAGTCCTTCCTACCCCAATTTCC 13624311a1 NM 031168.1

R-TTGGTCCTTAGCCACTCCTTC

IL-10 F-GCTCTTACTGACTGGCATGAG 6754318a1 NM 010548.1

R-CGCAGCTCTAGGAGCATGTG

IL-13 F-CCTGGCTCTTGCTTGCCTT 6680403a1 NM 008355.3

R-GGTCTTGTGTGATGTTGCTCA

IFN-γ F-ATGAACGCTACACACTGCATC 33468859a1 NM 008337

R-CCATCCTTTTGCCAGTTCCTC

TNF-α F-CCCTCACACTCAGATCATCTTCT 7305585a1 NM 013693

R-GCTACGACGTGGGCTACAG
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