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Abstract

Endotoxin-induced acute lung injury (ALI) is a challenging life-threatening disease for which no specific therapy exists.
Mitochondrial dysfunction is corroborated as hallmarks in sepsis which commonly disrupt mitochondria-centered cellular
communication networks, especially mitonuclear crosstalk, where the ubiquitous cofactor nicotinamide adenine dinucleotide
(NAD™) is essential for mitonuclear communication. Heme oxygenase-1 (HO-1) is critical for maintaining mitochondrial
dynamic equilibrium and regulating endoplasmic reticulum (ER) and Golgi stress to alleviating acute lung injury. However,
it is unclear whether HO-1 regulates NAD*-mediated mitonuclear communication to exert the endogenous protection dur-
ing endotoxin-induced ALL In this study, we observed HO-1 attenuated endotoxin-induced ALI by regulated NAD™" levels
and NAD™ affected the mitonuclear communication, including mitonuclear protein imbalance and UPR™ to alleviate lung
damage. We also found the protective effect of HO-1 depended on NAD* and NAD*-mediated mitonuclear communication.
Furtherly, the inhibition of the PGC1a/PPARY signaling exacerbates the septic lung injury by reducing NAD™ levels and
repressing the mitonuclear protein imbalance and UPR™. Altogether, our study certified that HO-1 ameliorated endotoxin-
induced acute lung injury by regulating NAD" and NAD"-mediated mitonuclear communications through PGC1o/PPARY
pathway. The present study provided complementary evidence for the cytoprotective effect of HO-1 as a potential target for
preventing and attenuating of endotoxin-induced ALI.
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Introduction

Sepsis, a systemic inflammatory response to infection, is
characterized by a life-threatening organ dysfunction [1].
Pulmonary is one of the most susceptible target organs in

Simeng He, Jia Shi and Wenming Liu contributed equally to this
work.

< Jianbo Yu
30717008 @nankai.edu.cn

Department of Anesthesiology and Critical Care Medicine,
Tianjin Nankai Hospital, Tianjin Medical University,
Tianjin, China

Tianjin Key Laboratory of Acute Abdomen Disease
Associated Organ Injury and ITCWM Repair, Institute

of Acute Abdominal Diseases of Integrated Traditional
Chinese and Western Medicine, Tianjin Nankai Hospital,
Tianjin, China

response to sepsis, with a mortality rate as high as 35-46%
[2, 3]. Since the worldwide pandemic of coronavirus dis-
ease 2019 (COVID-19), approximately 15% presented with
severe pneumonia and 5% of patients eventually progress to
acute respiratory distress syndrome (ARDS), septic shock,
and/or multiple organ dysfunction [4, 5]. Therefore, explor-
ing specific strategies to prevent and treat acute lung injury
(ALI) or ARDS remains urgently needed.

Mitochondrial dysfunction contributes to a hallmark of
and a driving force behind endotoxin-related ALI and pri-
marily as a source of metabolic and oxidative stress [6-9].
As a center of energy-harvesting and intermediate metabo-
lism of cells, mitochondria have developed complex com-
munication networks with other cellular components, such
as endoplasmic reticulum (ER), lysosomes, and cytosolic
pathways, which actively influence metabolic and signaling
activities [9, 10]. Of note, the well-characterized crosstalk
for mitochondrial stress has cooperated with the nucleus,
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known as mitonuclear communication which represents
adaptive processes, including mitonuclear protein imbalance
and the mitochondrial unfolded protein response (UPR™")
[11-17]. Accumulating evidence suggested that mitonuclear
communication conferred protective properties to mitigat-
ing mitochondrial dysfunction deriving from oxidative stress
[15, 18, 19]; thus, strategies that preserve mitonuclear com-
munication in septic settings are essential for reserving cel-
lular homeostasis and might be a potential therapeutic target.

Heme oxygenase-1 (HO-1), a stress-inducible protein
together with heme-related catabolic products carbon mon-
oxide (CO) and bilirubin, is closely related to mitochondrial
respiratory function and oxidative phosphorylation, which
are crucial for counteracting inflammation or oxidative
stress [7, 20-22]. Under stress conditions, HO-1 performs
endogenous protective effects against endotoxic end-organ
damage by its anti-inflammatory, anti-apoptotic, and antioxi-
dant properties [7]. We have previously confirmed that the
HO-1/carbon monoxide system is integral to mitochondrial
dynamic equilibrium by modulating the balance of mito-
chondrial fusion and fission to alleviate ALI [21, 23-25].
Besides, HO-1 attenuates lung damage by regulating ER
stress and Golgi stress, but proof of mitonuclear communica-
tion is still lacking [25, 26].

Nicotinamide adenine dinucleotide (NADY) is a vital
cofactor for multiple metabolic reactions, which is essential
for maintaining mitonuclear communication [10, 27-29].
Increasing lines of evidence have demonstrated that NAD™
are pivotal contributors to sensing and communicating the
mitochondrial metabolic status to other cellular compart-
ments to safeguard cellular and organismal fitness [10, 11].
Approaches target enhancing the NAD* concentrations are
beneficial for inhibiting oxidative stress and alleviating the
acute lung damage [30-32]. However, whether the protective
effect of NAD?" alleviates lung injury by regulating mito-
nuclear communication is poorly understood. Intriguingly,
HO-1 and its metabolite CO are intimately linked to NAD™*
metabolism [33]. Therefore, we speculated that the lung-
protective effect of HO-1 might be related to the regula-
tion of NAD™*. The current study was designed to elucidate
whether NAD alleviated endotoxin-induced ALI by pre-
serving mitonuclear communication, and then studies were
to explore whether the protective effect of HO-1 depends on
NAD*-mediated mitonuclear communication and the under-
lying molecular mechanism.

Materials and methods
Animals

Wild-type C5S7BL/6 J mice (aged 6—8 weeks, weighting
20-22 g, Male) were supplied by the Laboratory Animal
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Center of Tianjin Nankai Hospital (Tianjin, China). Well-
characterized HO-1 conditional-knockout mice (HO—lﬁ/
ICAGCERT2 HO-17") and NMNAT!1 conditional-knock-
out mice (NMNATI1M*R26°ERT2. NMNAT17") on a
C57BL/6 J background were generated by Beijing Biocy-
togen Co., Ltd. The HO-1 gene was induced by tamoxifen
(Sigma, USA), which was specifically performed as our pre-
vious studies [23, 25], and the NMNAT1 gene was induced
by tamoxifen dissolved in corn oil at a concentration of
10 mg/ml, which injected intraperitoneally once a day for
a total of five consecutive days and waited for one week.
All the mice were maintained at 25 °C with 12 h light and
dark photocycle, and they have free access to food and water
ad libitum throughout the study period. All animal experi-
ments were performed in accordance with the legislation on
laboratory animals and approved by the Animal Care and
Use Committee of the Tianjin Nankai Hospital (Approval
No. NKYY-DWLL-2019-012, Tianjin, China).

Experimental protocols

To evaluate the effect of HO-1 on endotoxin-induced ALI,
wild-type (WT) and HO-17/~ mice were divided into five
groups (n=6): WT, WT +LPS, WT + LPS + Hemin,
HO-17"", and HO-17"~ + LPS. Animals were anesthetized
with 2-3% isoflurane (R510-22, RWD Life Science) for
induction and 1-1.5% isoflurane for maintenance. LPS
(E.coli-L2630, Sigma, USA) 15 mg/kg diluted in 2 ml
saline was injected via caudal vein for wild-type and
HO-17'~ mice as previously described [23]. And the mice
in WT +LPS + Hemin group were pretreated with 30 mg/
kg hemin (Sigma, USA) intraperitoneally 2 h prior to LPS
administration. To explore the effect of NAD" on LPS-
induced ALI, wild-type and NMNAT1~/~ mice were assigned
to five groups (n=6): WT, WT +LPS, NMNAT1~"~,
NMNAT1~~+LPS, and NMNAT1~~+LPS + NMN. Of
note, NMN (500 mg/kg, Sigma, USA) was injected intra-
peritoneally 1 h before LPS injection. To determine whether
the effect of HO-1 depends on NAD* and PGC1o/PPARY
pathway, wild-type and NMNAT1~'~ mice were divided
into WT +LPS + Hemin, NMNAT1~"~ + LPS + Hemin, and
WT+LPS + Hemin + SR-18292, 45 mg/kg SR-18292 (Med
Chem Express, USA) was intraperitoneally injected into
mice 1 h prior to LPS treatment. Additionally, an equal vol-
ume of DMSO or sterile saline was used as a control vehicle.

After LPS attacked for 12 h, the mice were euthanized
with efforts were made to minimize animals’ suffering.
Blood samples were drawn from the retro-orbital vein of
isoflurane-anesthetized mice and centrifuged at 3000g for
10 min at 4 °C for serum analysis. In addition, the lung tis-
sues were harvested for histological assessment or stored at
—80 °C for further biochemical analysis.
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Histopathological evaluation

The formaldehyde-perfused middle lobe of the right lung
was fixed, sectioned, and routinely stained with hematoxylin
and eosin. The histopathology of the lung injury was scored
quantitatively as described previously [7, 34]. The injury
score was based on the following characteristics: alveolar
septa, hemorrhage, intra-alveolar fibrin, and leukocyte infil-
tration from ten different fields by light microscopy (x200).
Each characteristic was scored (0: normal to 4: very severe)
by a pathologist blinded to the experiment.

Lung W/D ratio

The wet-to-dry weight (W/D) ratio was measured to the
degree of pulmonary edema. After weighing the wet weight
(W), tissues were desiccated at 65 °C for 48 h to obtain the
dry weight (D).

Assessment of myeloperoxidase (MPO) activity

MPO activity from lung tissue was measured by an MPO
detection kit (A044-1-1, Nanjing Jiancheng, China) follow-
ing the instructions. In short, lung tissues were homogenized
and the supernatant was subjected to reaction buffer in a
water bath at 60 °C for 10 min; then the OD 460 nm was
evaluated by a spectrophotometer (Lambda 35, PerkinElmer,
USA). The activities of MPO are presented in U/g tissue.

Transmission electron microscopy

The lung tissues were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) for 2 h at room temperature. Then
specimens were post-fixed with 1% osmium tetroxide for
3 h, dehydrated in a gradient series of ethanol, embedded
in acetone, and sectioned approximately at 70 nm. Ultrathin
sections were cut with the Leica Ultracut E ultramicrotome
(Leica, Germany), then stained with 3% uranyl acetate and
lead citrate. Finally, the ultrastructure was viewed using the
JEM-1230 transmission electron microscope (JEOL Instru-
ment, Japan) which operated at an acceleration voltage of
80 kV.

Detection of mitochondrial membrane potential
(AWYm)

Changes in AWYm were evaluated by fluorescent dyes
5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimidazolcarboc
yanine iodide (JC-1) assay kit (Beyotime, China), according
to the manufacturer’s instructions as described before [35].
The isolated mitochondria (2 mg/ml) were stained with JC-1
(310 nmol/L) in the darkness at 37 °C for 30 min, washed
twice in cold JC-1 staining buffer, and then incubated with

a normal medium. The fluorescence intensity in the mito-
chondria was indicated by a fluorescence emission (Em)
wavelength shift from green (530 nm) to red (590 nm) fol-
lowing excitation (Ex) at 488 nm, while JC-1 monomer in
the cytosol transferred to the mitochondrial matrix cumu-
latively. The ratio of J-aggregate™-mitochondria (red) and
JC1*-mitochondria (green) was used to assess A¥m using
the flow cytometer (EXFLOW 206, Dakewe, China).

Detection of mitochondrial ROS

A Mitochondria isolation kit (Thermo Scientific) was
used for mitochondria fraction preparation, as previ-
ously reported [23]. Mitochondrial ROS was measured
by using 2°,7’-dichlorofluorescein diacetate (DCFH-DA)
probe (Solarbio, China) for 30 min at room temperature,
then washed three times with PBS, and collected in a glass
slide containing PBS. The fluorescence signal was meas-
ured respectively at excitation and emission wavelength of
488 nm and 520 nm by a microplate reader. The fluorescent
images were assessed using Image pro-Plus software and the
results for WT group were expressed as a relative reference.

Detection of NAD* and NAD*/NADH ratio

Determination of NAD" and NADH concentrations was
evaluated using NAD*/NADH assay kits (Abbkine, China)
according to the manufacturer’s protocols. The detection of
NAD* and NADH was based on a glucose dehydrogenase
cycling reaction, in which tetrazolium dye 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was
reduced by NADH in the presence of phenazine methosul-
fate. Briefly, 61 pL assay buffer, 12 pL MTT, 1 pL NAD
cycling enzyme mix, and 1 pL PES were mixed as working
reagent, adding 40 pL sample and 80 pL working reagent per
well. Then, the 565 nm OD values were used to determine
NAD* and NADH concentration from the standard curve.

Reverse transcription-quantitative polymerase
chain reaction

Total RNA was isolated from lung tissues using the DNeasy
Blood and Tissue kits (Qiagen, Germany) and was converted
into cDNA using Prime-Script RT reagent Kit (Takara,
Japan). All PCR products were amplified using the follow-
ing thermocycling conditions: 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min (ABI-7500
Sequence Detection System, Applied Biosystems, USA).
Additionally, the 2722 method was used to quantify the
gene expression, and values were reported as an average of
triplicate analyses. Primer sequences are listed in Table 1.
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Table 1 Primer for gRT-PCR Genes Forward sequence (5'-3") Reverse sequence (5'-3')
GAPDH CCTGGAGAAACCTGCCAAGTA GGAAGAGTGGGAGTTGCTGTTG
TNF-a GGCAGGTCTACTTTGGAGTCATTGC  ACATTCGAGGCTCCAGTGAATTCGG
IL-6 CCACTGCCTTCCCTACTTCA TCTTGGTCCTTAGCCACTCC
IL-1p GCTGCTTCCAAACCTTTGAC AGCTTCTCCACAGCCACAAT

mtDNA fragment CCCAGCTACTACCATCATTCAAGT
GCCAGCCTGACCCATAGCCATAATAT AGAGATTTTATGGGTGTAATGCGG

nDNA internal

GATGGTTTGGGAGATTGGTTGATG

Measurement of mitochondrial DNA copy number
(mtDNA-CN)

Mitochondrial DNA copy number (mtDNA-CN) is related
to mitochondrial enzyme activity and biosynthesis and
can therefore serve as a hallmark of mitochondrial func-
tion. Total DNA was extracted using the DNeasy Blood
and Tissue kits (Qiagen, Germany), and mtDNA-CN was
determined and analyzed as described previously [23].
The mtDNA-CN was evaluated by the ratio of mtDNA to
nuclear DNA (nDNA) using quantitative polymerase chain
reaction (QPCR). The specific primes of mtDNA are shown
in Tablel.

Western blot analysis

The proteins from right lung tissues were extracted using a
total protein isolation kit (Solarbio, China), the concentra-
tions of protein were quantified by the BCA protein assay
kit (Solarbio, China), and 30 pg of protein was loaded per
well on 10% SDS-PAGE for electrophoresis. Subsequently,
proteins were transferred to PVDF membranes (Bio-Rad,
USA) and blocked with 5% skimmed milk in TBST for 3 h
at room temperature. Then, membranes were incubated at
4 °C overnight with primary antibodies for HO-1 (1:1000,
CST5061S), MTCO1(1:2000, ab14705), SDHA (1:2000,
ab14715), HSP60 (1:1000, ab190828), LONP1 (1:1000,
ab224316), HSP90 (1:2000, ab13492), PPARY (1:1000,
ab178860), PGCla (1:2000, ab106814), and p-actin
(1:3000, AF7018). After washing five times with TBST,
the membranes were incubated with appropriate horseradish
peroxidase-conjugated secondary antibody (1:3000, SO001)
for 1 h at room temperature. Proteins were visualized by
an enhanced chemiluminescence Western blot detection kit
(170-5070, Bio-Rad, USA). The relative expression of target
proteins was quantified by the ImageJ-Analysis system, and
p-actin served as a standard reference.

Statistical analysis
All experiments were performed at least thrice with simi-

lar results and data are expressed as mean + SD. Paired
t-test was used for comparisons between two groups and
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one-way analysis of variance (ANOVA) was conducted
followed by Bonferroni post hoc test for comparisons
among groups. Statistical analyses were performed
using GraphPad Prism 8.3.0 (GraphPad Software Inc.).
P value of <0.05 was considered significant (*P <0.05,
**P <0.01).

Results

HO-1 alleviated the pulmonary pathologic damage
and increased NAD" levels

HO-1 is a stress-inducible protein that mediates antioxi-
dant and anti-inflammatory effects and maintains cellular
homeostasis under stress conditions [23, 36]. To observe
the effect of HO-1 on endotoxin-induced ALI, we per-
formed identical experiments using WT and HO™'~ mice
subjected to LPS administration. As expected, an obvious
decrease in HO-1 mRNA and protein level was found in
HO-17'~ mice relative to wild-type mice under the same
conditions. LPS stimulation surged an adaptive upregulation
of HO-1, and the precursor Hemin pretreatment increased
HO-1 expression significantly (Fig. 1A and B), which is con-
sistent with our previous observation [7]. As illustrated in
Fig. 1D, LPS administration induced typical pathological
characteristics, including alveolar hemorrhage, thickened
alveolar septa, infiltrated inflammatory cells, and accom-
panied by an increased lung injury score (Fig. 1C and D).
Hemin pretreatment remarkably mitigated the pulmonary
injury and decreased the scores (Fig. 1C and D). However,
the pathologic changes were more extensive and severe in
HO-1""~ mice subjected to LPS than WT mice, and the sem-
iquantitative score of lung damage was elevated consistently
(Fig. 1C and D).

Furthermore, the pro-inflammatory factors, W/D ratio,
and MPO activity were detected to reflect the pulmonary
inflammation and the degree of lung edema. Compared
with controls, septic mice showed a noticeable higher W/D
ratio, MPO activity, and cytokines, including IL-1p, TNF-
o, and IL-6, while hemin suppressed pulmonary edema,
neutrophil recruitment, and release of inflammatory fac-
tors (Fig. IE-G). HO-1""~ mice subjected to LPS exhibited



Heme oxygenase-1 protects against endotoxin-induced acute lung injury depends on...

1099

HO1 | e e e e e |

B-actin |-— -— = -.|

A 1.5 C 15
@ gt g e
[ [}
3 T 40 . S 10 "
< K] >
2 3 2 p
o oy £
- 0.5
3 I g #
-
0
& & &35 &
® x\? Q‘z&\ * x,\g
& )
< RS
&
D
S » ) s ¥ i 74
S 7 % Tre gg" Cos T'? %
& . .;' ""‘\;‘,‘.“;' ;‘?”;é‘;);?‘ 'u,'.{ ’(“t)' g 5{,
R BN By B
E
WT
P WT+LPS
[ LPS+Hemin
- HO*
4 HO"+LPS
£
TNF-a IL-18 IL-6
F 15 G 20 o H _
# ()
15 @
2 10 i 25 * 52
o " 2 2 104 20
a wy 82 # 5&
R o Qo ” g g
3 °] 5
§
0 0- R
. . o &
@ x\gq’,zga&\o Q‘d x\g’ﬂ N‘é x\g Q@s\ Q‘o ,\.x\g
@ 6" d *‘é "ox Qo
£ K
N &

Fig. 1 HO-1 attenuated the septic lung injury and increased NAD"
levels. A Expressions of the mRNA levels of HO-1. B Representa-
tive bands and quantification of HO-1. C Semiquantitative evaluation
of ALI using lung injury scores. The grading scale of 0=minimal
damage, 1+ =mild damage (25%), 2+ =moderate damage (50%),
3+ =severe damage (75%), and 4+ =maximal damage (almost
100%). D The image of histopathologic changes of lung tissue with

marked inflammatory exudation and edema relative to WT
mice (Fig. IE-G). Collectively, these indicators supported a
key role for HO-1 in attenuating septic lung injury.

H&E staining (X200). E Expressions of the mRNA levels of pro-
inflammatory cytokines TNF-o, IL-1p, and IL-6. F The W/D ratio.
G MPO activity. H The contents of NAD* were determined with an
NAD'/NADH Assay Kit. Values are expressed as mean+SD and
were analyzed by one-way ANOVA corrected with Bonferroni coeffi-
cient. "P<0.05, “P<0.01 versus WT group and *P<0.05, #P<0.01
versus WT +LPS group, respectively

To investigate whether the protective effect of HO-1
might be involved in NAD*, the sensors, and guardians of
homeostasis, we next examined the levels of NAD™. As

@ Springer



1100

S.Heetal.

shown in Fig. 1H, NAD™ levels exerted defensive increases
for WT mice subjected to LPS relative to controls, and hemin
pretreatment ahead of LPS stimulation induced a distinct
increase in NAD™ contents (Fig. 1H). However, compared
with the WT + LPS group, NAD™ levels were dramatically
decreased in HO-17"~ mice exposed to LPS (Fig. 1H). There-

fore, the relationship between the lung-protective effect
HO-1 and NAD" levels was highly correlated.

NAD™* deficiency aggravated septic lung injury,
whereas NAD" supplementation ameliorated
the injury

Substantial evidence has accumulated that NAD* homeosta-
sis plays a crucial role in host—pathogen interactions which is

Fig.2 Effect of NAD" levels on
sepsis-related ALIL. A Schematic
of the NAD™ biosynthetic path-
way. B NAD™ contents in lung

A NA
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Fig. 2C, exposure to LPS both in WT and NMNAT1~"~ mice
showed a striking increase in levels of TNF-a, IL-f, and
IL-6, which were significantly suppressed by pretreatment
with NMN. Besides, the pro-inflammatory factor mRNA
levels markedly increased in NMNAT1~/~ mice subjected to
LPS relative to WT mice (Fig. 2C). The photomicrographs
of lung slices revealed that NMNAT1~/~ mice exhibited
thinner alveolar septa, even some malnourished but without
typical lesions relative to WT mice, which might attribute
to the central role of NAD" in energy metabolism (Fig. 2D).
Compared with the WT +LPS group, cellular infiltration,
edema, fibrin exudation, and neutrophil recruitment were
severe in the NMNAT1~~+LPS group, whereas restor-
ing NAD* contents with exogenous NMN supplementa-
tion attenuated the lung injury (Fig. 2D). Additionally, the
semiquantitative assessment showed that lung injury scores
in NMNAT1~'~ mice received LPS were higher than those
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in WT mice, while decreased in NMN treatment (Fig. 2E).
Together, these results validated the critical role of NAD™ in
sepsis-induced ALI that its deficiency aggravated the lung
damage, while NAD" supplementation attenuated the injury.

NAD* protected against mitochondrial oxidative
damage and preserved morphology in mice
challenged by LPS

The imbalance of ROS production led to a burst of oxidative
stress, further mtDNA damage, and loss of mitochondrial
membrane potential (A¥m), which resulted in an abnor-
mal mitochondrial ultrastructure [40]. There were striking
increases in mitochondrial ROS and mtDNA but a decline
of APm with the altered architecture of mitochondria in
WT +LPS group relative to controls (Fig. 3A-E). Remark-
ably, NMNAT1~~ mice that received LPS displayed more
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Fig.3 NAD™" protected against mitochondrial dysfunction. A Mito-
chondrial ROS detected spectrofluorometrically using DCFH-DA as
a fluorescent dye. B Mitochondrial DNA copy number (mtDNA-CN)
in each group was measured using RT-PCR. C The columnar picture
is the statistical analysis of the mitochondrial membrane potential. D
The mitochondrial membrane potential (A¥m) changes in lung tissue
were evaluated using JC-1 fluorescence dye by flow cytometry. Q1,
red fluorescence +/green fluorescence, polarized A¥m; Q4, red fluo-

NMNAT1" +LPS+NMN

rescence +/green fluorescence, depolarized A¥Ym. E The morpholog-
ical alterations of mitochondria by transmission electron microscopy
(Scale bar: 500 nm). Data are presented as mean+SD and group
comparisons were analyzed by one-way ANOVA followed by Bonfer-
roni post hoc test. "P<0.05, “P<0.01 versus WT group, #P<0.05,
#"#p<0.01 versus WT+LPS group, and "P<0.05, ""P<0.01 versus
NMNAT1~/~+LPS group, respectively
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severe mitochondria damage with swollen, fragmented,
even absent cristae and lipofuscin deposits than WT mice
(Fig. 3E). And, compared to the WT +LPS group, mito-
chondrial ROS in NMNAT1~/~+LPS group was signifi-
cantly increased, while the mtDNA and A¥Ym were marked
decreased, indicating that mitochondrial structural injury
and the functional decline were more significant severe
(Fig. 3A-D). However, the dysfunction and altered morphol-
ogy of mitochondria were improved by NMN pretreatment
(Fig. 3A-E). These results suggest that restoring NAD™ lev-
els is crucial for protecting from LPS-induced mitochondrial
oxidative damage and maintaining the structural integrity of
mitochondria.

NAD* levels maintained mitonuclear
communication in sepsis-induced ALI

Mitonuclear protein imbalance and the mitochondrial
unfolded protein response (UPR™) are two essential mech-
anisms that play pivotal roles in regulating mitonuclear
communication, which seems to be an important adaptive
response against oxidative stress [16, 41]. Given the key
role of NAD™ for cellular homeostasis and mitochondrial
functions, we hypothesized that NAD* concentrations are
responsible for mitonuclear protein imbalance and UPR™
during sepsis-induced ALI. Thus, the expression of several
markers critical in mitonuclear protein imbalance and UPR™
was determined, including the ratio of succinate dehydroge-
nase A (SDHA) to cytochrome c oxidase subunit (MTCO1)

Fig.4 NAD™ levels preserved A
the mitonuclear commu-

nDNA B
enchena|  SoMAComplex 1) [ e = o ]

symbolizing the balance between nDNA- and mtDNA-
encoded oxidative phosphorylation (OXPHOS) subunit, and
the expressions of UPR™ biomarkers HSP60, LONP1, and
HSP90 [13, 18, 42, 43].

Compared with the WT group, the SDHA/MTCOL ratio
and the expression of HSP60, LONP1, and HSP90 were
increased when mice were subjected to LPS demonstrat-
ing a defensive action to oxidative stress (Fig. 4A-E). How-
ever, the ratio of SDHA/MTCO1 and UPR™ biomarkers was
decreased in NMNAT1~/~ mice treated with LPS relative to
WT mice (Fig. 4A-E). Furthermore, NMN induced a strik-
ing mitonuclear protein imbalance and UPR™ as evidenced
by induction of SDHA/MTCOI ratio and HSP60, LONP1,
and HSP90 expressions (Fig. 4A-E).

HO-1 protected against ALI via NAD*-dependent
manner

To determine whether the protective effect of HO-1
depends on NAD®, we examined the effect of HO-1 on
NMNAT1-deficient mice and equivalently damaged wild-
type mice treated with LPS. As shown in Fig. 5, NAD"*
levels in the LPS plus hemin-treated NMNAT1~/~ mice
were distinctly reduced than that in WT mice (Fig. 5A).
The histopathological changes, including thickened
alveolar septa, aggravated neutrophil infiltration, and
hemorrhage induced by LPS, were exacerbated in that
hemin-treated NMNAT 17/~ mice, also shown by the lung
injury score intuitively (Fig. 5B and C). Further studies
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Fig.5 The effect of HO-1 depended on NAD" levels. A NAD* con-
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morphological alterations of mitochondria by transmission electron
microscopy (Scale bar: 500 nm). E Mitochondrial ROS detected
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on the morphology and function of mitochondria were
performed; there were more abnormal characteristics of
mitochondrial ultrastructure, including swollen mitochon-
dria and fractured cristaec in NMNAT1~/~ 4+ LPS + Hemin
mice (Fig. 5D). Mitochondrial ROS contents were signifi-
cantly increased for NMNATI1~"~ mice, whereas mtDNA
and mitochondrial membrane potential were reduced
(Fig. SE-H). The data supported that HO-1 rescued sep-
sis-induced ALI in an NAD?-dependent manner.
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Protective effect of HO-1 required NAD*-mediated
mitonuclear communication

Having shown the critical role of NAD? in mitonuclear
protein imbalance and UPR™ during sepsis-induced ALI,
we hypothesized subsequently that HO-1 might require
NAD*-mediated mitonuclear communication to exert lung
protection. As shown in Fig. 6, the SDHA/MTCOI1 ratio
and biomarkers of UPR™, including HSP60, LONP1, and
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HSP90, were decreased in hemin-treated NMNAT1~"~ mice
with ALI. Therefore, the beneficial effects of HO-1 on
sepsis-induced ALI require NAD*-mediated mitonuclear
communication.

HO-1 mitigated LPS-induced ALI by preserving
NAD*-mediated mitonuclear communication
through PGC1a/PPARYy signaling pathway

PGCla is a critical regulatory gene of mitochondrial bio-
genesis that can be activated by NAD™ and its depend-
ent deacetylase, and acts as a transcription coactivator to
enhance the activity of PPARy [44, 45]. It has been found
that the activation of the PGC1a/PPARY axis is an effective
intervention to prevent or restore oxidative stress-induced
mitochondrial dysfunction and has proven to be a promising
treatment strategy for sepsis [44, 46]. In order to figure out
the relationship between PGC1a/PPARY signaling pathway
and HO-1/NAD*-mediated mitonuclear communication, we
examined the effect of SR-18292, a selective inhibitor of
PGCla on hemin-treated septic mice. As shown in Fig. 7A,
NAD" level was decreased after SR-18292 administration.

@ Springer

Histopathological analysis revealed aggravated lung injury
in SR-18292-treated mice, characterized by interstitial
edema, hemorrhage, and inflammatory infiltrate (Fig. 7B).
And, this was concurrent with elevated lung injury scores
in SR-18292-treated mice (Fig. 7C). At the same time, the
alterations in morphology and biogenesis of mitochondria
were observed in the experiment. As shown in Fig. 7D and
E, pretreatment of mice with SR-18292 induced a decrease
in mtDNA and marked structural abnormalities of mito-
chondria. Furthermore, mice exposed to SR-18292 showed
a striking decrease in the SDHA/MTCOI ratio and the
expressions of HSP60, LONP1, and HSP90 (Fig. 7F, G).
The results supported a critical role of the PGC1a/PPARY
signaling pathway on HO-1 afforded the NAD*-mediated
mitochondria communication.

Discussion

The present study showed that the HO-1 exerted lung-pro-
tective effect and the expressions of HO-1 affect the levels
of NAD" during endotoxin-induced acute lung injury. The
following experiment reveals the basis for potential appli-
cations of NAD™ for treating acute lung injury and focuses
NAD™* on mitonuclear protein imbalance and UPR™ for pro-
tection against LPS-induced ALI. Furthermore, the shortage
of NAD™ substantially blunted the protective effect of HO-1,
which aggravated lung damage and mitochondrial dysfunc-
tion, and suppressed the mitonuclear protein imbalance and
UPR™, indicating that the lung-protective effect of HO-1
depends on NAD™ levels and requires NAD*-mediated
mitonuclear communication. And the inhibition of
PGC1a/PPARY signaling pathway was validated in HO-1
afforded the regulation of NAD*-mediated mitonuclear
communication.

Mitochondria are dynamic organelles and act as the
center stage for energy metabolism, signal transduction,
and stress response [47]. Mitochondrial dysfunction has
long been implicated in sepsis, mainly as a source of oxi-
dative stress and ROS [47]. A growing number of studies
showed that the mitochondria-centered cellular network, the
most crucial of which is the mitonuclear communication,
requires them to regulate cellular needs and transcriptional
programs, thereby alleviating mitochondrial dysfunction and
maintaining cellular homeostasis [10]. Mitonuclear protein
imbalance characterized by an altered balance between
nDNA- and mtDNA-encoded OXPHOS subunits and UPR™
are induced by mitochondrial stress, subsequently surging a
nuclear transcriptional response, including the chaperones
HSP60, LONP1, and HSP90, to restore mitochondrial pro-
teostasis [16, 17]. Thus, both mitonuclear protein imbalance
and UPR™ are important mechanisms for mitonuclear com-
munication [11, 14]. While mounting evidence shows the
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importance of adaptive mechanisms to age-related metabo-
lism but few in inflammatory diseases [16, 41].

Our previous studies have proved that HO-1 exhibits
extensive protection both in LPS-stimulated RAW 264.7
cells and in a murine model of LPS-induced ALI by preserv-
ing mitochondrial dynamics through regulating fission and
fusion [7, 23, 24]. Given the critical role of HO-1 on mito-
chondrial function and oxidative stress, we hypothesized
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tron microscopy (TEM) was utilized to investigate the ultrastructural
changes of the mitochondria. (Scale bar: 500 nm). F, G The relative
expression of PGCla, PPARYy, HO-1, mito-encoded MTCO1 and nc-
encoded SDHA, UPR™-related proteins HSP60, LONP1, and HSP90.
Data are represented as mean+SD and were analyzed by paired
t-test. "P<0.05, P <0.01

that the protective effect of HO-1 might be associated
with mitonuclear communication. Widely literature search
revealed intimate links between HO-1 and NAD™, which
exerts a predominant role in sensing and communicating
between mitochondria and the nucleus [10, 41]. The sec-
ond step of heme degradation generates additional NAD™,
which also influences glycometabolism, including the pen-
tose phosphate pathway and TCA cycle [33]. On the other
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hand, HO-1-derived CO targets mitochondrial respiration
and glycometabolism, which are closely associated with
NAD™ to prevent pathological damage [33]. Together,
these studies provide a clue between HO-1 and NAD™ dur-
ing sepsis-induced ALIL. In the current study, a significant
increase in NAD™ levels along with upregulation of HO-1
was observed in septic mice with hemin pretreatment, while
a district reduction of NAD™ in HO-1 knockout mice, indi-
cating that the protective effect of HO-1 might be related to
NAD" levels. Furtherly, we found that the knockout in the
critical enzyme of NAD* biosynthesis NMNAT1 weakened
the protective effect of HO-1 against oxidative stress and
lung damage and caused mitonuclear protein imbalance and
UPR™ partially loss. Collectively, these data suggested that
the protective effect of HO-1 depends on NAD™ levels and
requires NAD*-mediated mitonuclear communication.

NAD®, a widely present coenzyme, is an important
regulator of cellular metabolism and homeostasis. There
are three major pathways contributing to NAD* synthe-
sis in which the salvage pathway accounts for most of the
NAD?" in mammals [48, 49]. Briefly, NAD" is converted
from NMN by NMNATs, and NMNAT1 is ubiquitously
expressed with the highest affinity for substrates and high-
est enzyme activity [48]. In addition to energy metabolism,
NAD* homeostasis provides a link between pro-inflamma-
tory response and redox status [28, 50]. A lung-protective
effect of NAD™ has been detected with LPS-induced ALI in
mice, although the mechanism remains unclear [30, 50, 51].
Thus, the deficit of NMNAT1 and administration of NMN
were designed to alter cellular NAD™ levels to explore its
action in sepsis-induced ALI. Interestingly, impairment of
NAD™ biosynthesis caused by NMNAT1 deficiency exhib-
ited a strange scene: slender alveolar septa, malnourished,
but without obviously mitochondrial dysfunction and struc-
tural damage. However, NMNAT1~'~ mice surged more
severe inflammatory responses and mitochondrial dysfunc-
tion when attacked by LPS, which might be explained by
the straight decline of NAD™ levels impaired the ability
of resistance. And restoring NAD* by supplementation of
NMN improves mitochondrial disorders and mitigates lung
injury. Further study showed significant decreases of SDHA/
MTCOI ratio and the expression of HSP60, LONP1 and
HSP90 in NMNAT1~"~ mice subjected to LPS, while replen-
ished NAD" levels upregulated the mitochondrial proteosta-
sis and UPR™, suggesting that the protective effect of NAD™"
is associated with mitonuclear imbalance.

PGCla/PPARY signaling pathway represented a pivotal
cytoprotective mechanism against diverse pathophysiologi-
cal processes, such as acute inflammatory diseases, diabetes,
and aging [52]. PGC1o/PPARY axis has been reported to be
a target of HO-1 and the deacetylation of PGCla is regulated
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by NAD" and NAD"-dependent deacetylase SIRT1 [44, 53,
54]. To define the relationship between PGC1o/PPARY path-
way and HO-1/NAD*-mediated mitonuclear communication
during sepsis-induced ALI, SR-18292, a selective PGCla
inhibitor, was treated with mice exposed to LPS and hemin.
As expected, the inhibition of PGC1a/PPARY aggravated
the pathological damage and mitochondrial dysfunction and
decreased the SDHA/MTCOLI ratio and the expression of
HSP60, LONP1, and HSP9O0.

The limitations of the present study are worth noting.
Mitonuclear communication is a highly complex process
that requires precise regulation and crosstalk. The present
study aimed at adaptive response, including mitonuclear pro-
tein imbalance and UPR™ to elaborate mitonuclear imbal-
ance, but the specific regulatory mediator or bridge directly
deserves to be explored intensively. In addition, sirtuins, the
NAD*-dependent protein deacetylases, are recognized as
potential therapeutic targets for regulating the acute inflam-
matory response. Thus, whether sirtuins participate in the
protective mechanism of HO-1 against sepsis-induced ALI
needs to be explored in the future.

Conclusions

In summary, HO-1 protects against septic lung injury by
regulating NAD™* levels and preserving NAD*-mediated
mitonuclear communication, modulating the mitonuclear
protein imbalance and UPR™ markers through the PGCla/
PPARY signaling pathway. NAD" levels are susceptible to
endotoxin-induced ALI and influence lung damage inversely,
and its protective role might be associated with mitonuclear
communication. The study provides novel insights into the
protective effects of HO-1, which depends on NADT™ levels
and NAD*-mediated mitonuclear communication, which
might represent rationales for treating sepsis-related ALI.
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