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ABSTRACT

The role of sirtuin 2 (SIRT?2) in hyperoxic acute lung injury

Background : Oxygen therapy is helpful for patients with breathing difficulties, but sustained
supplementation of high-concentration oxygen can cause hyperoxic acute lung injury. Sirtuin 2
(SIRT2), a nicotinamide adenine dinucleotide (NAD")-dependent deacetylase, has been shown to be
involved in pulmonary fibrosis, apoptosis, and inflammation. However, the contribution of SIRT2
in pathogenesis of hyperoxia-induced acute lung injury is unknown. Therefore, the purpose of this
study was to elucidate the role of SIRT?2 in hyperoxic acute lung injury.

Methods : Wild-type (WT) mice and SIRT2 deficient (SIRT27") mice were exposed to room
air or hyperoxia for 72 hours. After hyperoxic exposure, changes in hyperoxia-induced inflammation
and apoptosis were evaluated in WT and SIRT2”" mice. Then, the involvement of forkhead box O3
(FOXO03) was investigated in altered hyperoxia-induced lung injury in SIRT2”~ mice. For the SIRT2
inhibitor study, hyperoxia-induced inflammation and apoptosis was assessed after AGK2 treatment.

Results : SIRT2 expression levels were elevated in WT mice after hyperoxic exposure. Total
cell counts in bronchoalveolar lavage fluid (BALF), pro-inflammatory cytokine levels, and
histological lung injury were significantly attenuated in SIRT27~ mice compared with WT mice
following hyperoxic exposure. Under prolonged hyperoxic conditions, survival rates were higher in
the absence of SIRT2. Moreover, SIRT2 deficiency led to decreased apoptotic cells, cell cytotoxicity,
caspase activities, and expression of pro-apoptotic molecules when exposed to hyperoxia.
Furthermore, FOXO3 acetylation was augmented in the absence of SIRT2 after hyperoxic exposure.
SIRT?2 was also involved in the transcription of apoptosis-related FOXO3 target genes BIM, PUMA,
PERP, and AATF. Finally, hyperoxia-induced inflammation and apoptosis was attenuated when
administered with AGK2.

Conclusion : Taken together, SIRT2 plays a critical role in the pathogenesis of hyperoxic acute
lung injury by regulating apoptotic signaling through FOXO3 deacetylation. These findings indicate

that SIRT2 can provide a new therapeutic strategy for hyperoxic acute lung injury.

Key words : acute lung injury, apoptosis, deacetylation, FOXO3, hyperoxia, SIRT2



1. Introduction

Oxygen administration can be used for therapeutic purposes in patients with respiratory
failure, such as pneumonia, and chronic obstructive pulmonary disease (COPD). However,
prolonged exposure to high concentrations of oxygen can occasionally cause hyperoxic acute
lung injury, potentially leading to death in severe cases.'> More than 200,000 cases of acute
lung injury occur annually in the United States, with mortality rates reaching 40-50%.3 In
premature infants, they are at risk of hyperoxia-induced lung injury due to long-term use of
oxygen, which is one of the most important contributing factors in the development of
bronchopulmonary dysplasia (BPD).*> Thus, a better understanding of the underlying
mechanisms of hyperoxic acute lung injury is needed to improve the care of patients requiring
supplemental oxygen.* Hyperoxia triggers the activation of the pro-inflammatory responses,
leading to alveolar edema caused by the destruction of capillary endothelium, and alveolar
epithelial cell damage and death.® Furthermore, excessive oxygen increases reactive oxygen
species (ROS), which induces oxidative stress and has direct cytotoxicity.” It leads to the
disruption of the homeostasis of cellular processes, cause damage to cells and tissues, and
induce apoptosis.” Within the characteristics of hyperoxia, pulmonary cell death through
apoptosis is regarded as a crucial element in the pathological aspects of hyperoxia.>!0-12

Recent studies indicate that epigenetic modification contributes to hyperoxia.!*1® Post-
translational modifications (PTMs) such as acetylation, methylation, phosphorylation, and
ubiquitination are included in epigenetic modifications.!” Sirtuin 2 (SIRT2), a member of the
sirtuin family, is a nicotinamide adenine dinucleotide (NAD")-dependent class III protein
deacetylase.'®!° SIRT2 is the sole sirtuin protein predominantly located in the cytoplasm, but
capable of shuttling between the cytosol and the nucleus.’’ Many studies have shown that
SIRT2 plays various roles in oxidative stress, inflammation, apoptosis, autophagy, and
metabolism.!*2!-23 SIRT2 exhibits robust deacetylase activity among the sirtuins, and is capable
of deacetylating both histone and non-histone proteins.!®** One of the major targets of SIRT2
is forkhead box O3 (FOXO03), also known as FOXO3a, a transcription factor characterized by
a conserved fork head DNA-binding domain.?> FOXO3 mediates various cellular processes by

inducing the transcription of target genes associated with apoptosis, proliferation, DNA damage,



survival, and cell cycle progression.?® Numerous studies have shown that various PTMs alter
the transcriptional activity of FOXO3, and affect changes in the expression of target genes,
DNA binding, and subcellular localization.?6-°

This study hypothesized that SIRT2 can exert an influence on hyperoxic acute lung injury
through its deacetylase properties. To achieve it, this research established hyperoxia-induced
acute lung injury model by exposure to >95% oxygen for 72 hours, and compared hyperoxia-
induced responses in wild-type (WT) and SIRT2 deficient (SIRT27") mice to evaluate the
impact of SIRT2 on hyperoxia. Using an inhibitor of SIRT2, the impact on SIRT2 in hyperoxic

acute lung injury was further confirmed.



2. Materials and methods

2.1. Mice

All experiments utilized male mice aged 68 weeks. WT C57BL/6 mice were purchased
from Orient Bio Inc. (Seongnam, Korea). SIRT27~ C57BL/6 mice were kindly provided by Dr.
Hyun-Seok Kim (Ewha Womans University, Seoul, Korea). The animals used in the
experiment were housed under specific pathogen-free conditions, and maintained on a 12-hour
light-dark cycle. Studies were approved by the Institutional Animal Care and Use Committee

(IACUC) at Yonsei University (protocol no. 2020-0296; Seoul, Korea).

2.2. Hyperoxic exposure

WT and SIRT2” mice were placed in an acrylic chamber (57x42x37 cm?; JEUNGDO Bio
& Plant Co., Ltd., Seoul, Korea) and supplied with >95% oxygen at 5 L/minutes for 72 hours.
To maintain hyperoxic conditions (>95% O3), the oxygen level was continuously monitored
using an oxygen analyzer (MaxO02" A; MAXTEC, Salt, Lake City, UT, USA). Control mice
were kept in room air under identical conditions for 72 hours. All mice had ad libitum access

to food and water during the experiment. After 72 hours, the mice were sacrificed for analysis.

2.3. Quantitative real-time polymerase chain reaction (PCR)

To isolate total mRNA, lung tissues were homogenized using a T10 Basic Ultra-Turrax®
Homogenizer (IKA Labortechnik, Staufen, Germany) with TRIzol reagent. Concentration of
mRNA was quantified using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and synthesized cDNA using ReverTra Ace™ gqPCR RT Master Mix
(Toyobo Co., Ltd., Osaka, Japan) according to manufacturer’s instructions. Quantitative real-
time PCR was performed with StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) using Power SYBR™ Green PCR Master Mix (Applied Biosystems).
The results were analyzed using 2-24¢T method normalized to importin 8 (IPOS) as the

housekeeping gene.



2.4. Western blot

Protein was extracted from the lung tissues using a homogenizer with Pierce™ RIPA buffer
and Halt™ Protease Inhibitor Cocktail at a ratio of 100:1 (both from Thermo Fisher Scientific).
Protein concentration was quantified using Bradford protein assay with Bio-Rad Protein Assay
Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, CA, USA). Protein samples were
prepared to contain quantified protein using 4X Laemmli Sample Buffer (Bio-Rad Laboratories)
and B-mercaptoethanol. Samples were separated by electrophoresis on 10-13.5% SDS
polyacrylamide gels and transferred to hydrophobic polyvinylidene fluoride (PVDF)
membranes (Millipore, Burlington, MA, USA). After blocking with 5% skim milk, membranes
were incubated overnight at 4 °C with primary antibodies against SIRT2 (Proteintech,
Rosemont, IL, USA), BAX, cytochrome C, and B-actin (all from Cell Signaling Technology,
Beverly, MA, USA). The next day, the membranes were incubated with anti-rabbit secondary
antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Dallas, TX, USA).
The protein bands were visualized using a chemiluminescent detection reagent and the
Amercham™ ImageQuant™ 800 western blot imager (both from Cytiva, Marlborough, MA,
USA). The images were analyzed using the Image J software 1.8.0 (National Institutes of

Health, Bethesda, MD, USA) and normalized to B-actin.

2.5. Histology and immunohistochemistry staining

Lung tissues were fixed in 4% formaldehyde and embedded in paraffin. The paraffin blocks
were cut into 5 pum sizes and subjected to hematoxylin and eosin staining. For
immunohistochemistry staining, paraffin-embedded lung tissue slides were deparaffinized
through xylene and then sequentially rehydrated in 100%, 95%, and 70% ethanol. Heat-induced
epitope retrieval was performed using a Target Retrieval Solution (Dako, Glostrup, Denmark)
through a steamer for 25 minutes followed by cooling down at room temperature for 30 minutes.
After washing, the protein blocking process was performed using the Peroxidase Block
Solution and the Protein Block Serum-Free Solution (both from Dako). The slides were
incubated overnight at 4 °C with the following primary antibodies: SIRT2 (1:200; Proteintech)
and anti-rabbit IgG (1:200; Santa Cruz Biotechnology). The next day, the slides were incubated
with horseradish peroxidase-labeled polymer anti-rabbit, followed by staining using the Liquid

DAB+ Substrate Chromogen System (both from Dako). Finally, lung tissue specimens were



mounted using a Faramount Mounting Medium (Dako), and observed through a BX43 Upright
Microscope (Olympus, Tokyo, Japan).

2.6. Bronchoalveolar lavage fluid (BALF) collection and cell count

The trachea of mice was cannulated and the lungs were lavaged twice with 0.9 mL
phosphate-buffered saline (PBS). The BALF was centrifuged at 3,000 rpm for 5 minutes at 4 °C
to isolate BAL cells and supernatants. Total cell count in BAL cells was measured using Trypan
Blue solution. BAL cells were attached to the slides through cytospin centrifuge, and
differential cell count was performed using Diff-Quick staining (PanReac AppliChem,

Darmstadt, Germany).

2.7. Bicinchoninic acid (BCA) assay

Total protein in BALF was measured using Pierce™ BCA Protein Assay Kits (Thermo
Fisher Scientific). BALF supernatants and bovine serum albumin (BSA) protein standards were
dispensed into a 96-well plate, followed by the addition of the BCA working reagent. After
reacting in an incubator at 37 °C for 30 minutes, the protein concentration was measured using

a microplate reader (Molecular Devices, CA, USA) at 562 nm.

2.8. Enzyme-linked immunosorbent assay (ELISA)

The levels of pro-inflammatory cytokines in the BALF of mice were assessed using mouse
interleukin (IL)-6, and IL-1B DuoSet ELISA and mouse tumor necrosis factor (TNF)-a
Quantikine ELISA kits (all from R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The concentration was obtained by subtracting 570 nm from 450

nm using a microplate reader (Molecular Devices).

2.9. Terminal deoxynucleotidyl transferase dUTP nick end labeling

(TUNEL) assay
TUNEL assay was conducted using the In Situ Cell Death Detection Kit, AP (Roche, Basel,

Switzerland). The lung section slides that underwent epitope retrieval were prepared as

described above. Protein blocking was performed using the Protein Block Serum-Free Solution



(Dako). TUNEL reaction mixture was added to the lung tissue sections and incubated for 1
hour at 37 °C in a humidified atmosphere. The slides were incubated with a converter-AP
reagent for 30 minutes as above, and subsequently stained with the substrate solution. Finally,
the sections were mounted using the Faramount Mounting Medium (Dako), and observed

through a BX43 Upright Microscope (Olympus).

2.10. Lactate dehydrogenase (LDH) assay

LDH assay was executed using Cytotoxicity Detection Kit™US (Roche). BALF supernatants
and LDH standards were dispensed into a 96-well plate. The catalyst and the dye solution were
mixed to prepare the reaction mixture and then added to the plate. After incubation at room
temperature for 30 minutes, the reaction was stopped with the stop solution. LDH activity was
measured at 492 nm in a microplate reader (Molecular Devices), and additionally measured at
692 nm to subtract the reference wavelength. The percent of cytotoxicity was calculated

according to the manufacturer’s instructions.

2.11. Caspase activity

Proteins were extracted from the lungs as previously described. The Caspase-Glo® assay kit
(Promega, Madison, WI, USA) was employed to measure Caspase-3/7, -8, and -9 activities.
Protein samples at a concentration of 1 mg/mL were added to a white-walled 96-well plate,
then the equal volume of Caspase-Glo® Reagents was added and mixed. While incubating at
room temperature, the luminescence of each sample was measured using a luminometer at 30-

minute intervals from 30 minutes to 3 hours.

2.12. Immunofluorescence staining

The slides containing paraffin-embedded lung tissue were deparaffinized and rehydrated.
Epitope retrieval and protein blocking processes were performed as described above. The slides
were then incubated with FOXO3 (1:100; Proteintech) and acetyl-FOXO3 (Lys271) (1:200;
Affinity Biosciences, Cincinnati, OH, USA) overnight at 4 °C. The next day, sections were
incubated at 4 °C for 30 minutes and then at room temperature for 30 minutes with the following

secondary antibodies: Alexa Fluor 555-conjugated goat anti-mouse IgG and Alexa Fluor 647-



conjugated donkey anti-rabbit IgG (1:500; both from Abcam, Cambridge, UK). Cell nuclei
were stained with 4°, 6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) for 2
minutes, followed by mounting the slides using the Faramount Mounting Medium (Dako).
Images were captured using a confocal microscope (LSM 780; Zeiss, Oberkoche, Germany)

and analyzed using Image J software 1.8.0 (National Institutes of Health).

2.13. Proximity ligation assay (PLA)

In situ PLA analysis (Sigma-Aldrich, St. Louis, MO, USA) was carried out according to the
manufacturer’s instructions. As previously described, the slides underwent deparaffinization,
rehydration and heat-induced epitope retrieval. For protein blocking, the slides were incubated
in a heated humidity chamber at 37 °C for 1 hour with Duolink® Blocking Solution. SIRT2,
FOXO03 (1:100; Both from Proteintech), and p300 (1:100; Abcam) diluted in Duolink®
Antibody Diluent were added to the slides and incubated overnight at 4 °C. The next day, the
slides were incubated in a heated humidity chamber for 1 hour at 37 °C with PLUS and MINUS
secondary PLA probes specific to the primary antibody species. Following the application of
PLA probes, the probes attached to tissue slides were subjected to ligation and amplification
using the supplied reagents. The samples were then mounted using a Duolink® In Situ

Mounting Media with DAPI and captured using a confocal microscope (LSM 780; Zeiss).

2.14. AGK2 treatment
For the SIRT2 inhibition study, AGK2 (an inhibitor of SIRT2; MedChem Express,

Monmouth Junction, NJ, USA) was administered to WT mice via intraperitoneal injection
before exposure to hyperoxia. AGK?2 (80mg/kg) was sequentially dissolved in 10% dimethyl
sulfoxide (DMSO), 40% PEG300, 5% Tween-80 and 45% saline. Control mice were treated
identically with DMSO dissolved in PEG300, Tween-80, and saline. Mice were sacrificed after

hyperoxic exposure for 72 hours.

2.15. Statistical analysis

All of the statistical analyses were performed with GraphPad Prism 5 software version 5.01

(GraphPad, San Diego, CA, USA). The results represent the mean + standard error of the mean



(SEM) of at least three independent experiments. Two-group comparisons were performed
using a Student’s #-test or a Mann-Whitney U test. For multiple group comparisons, one-way
analysis of variance (ANOVA) or two-way ANOVA was used. The survival test was analyzed

using the log-rank (Mantel-Cox) test. A p-value <0.05 was considered statistically significant.



3. Results

3.1. SIRT2 expression levels are increased by hyperoxia

To determine whether SIRT2 is involved in hyperoxia-induced acute lung injury, the
expression levels of SIRT2 were examined in WT mice exposed to room air (RA) or hyperoxia
(>95% O2; HO) for 72 hours. In WT mice exposed to hyperoxia, the mRNA expression levels
of SIRT2 were observed to be higher than those in WT mice exposed to room air (Fig. 1A).
Hyperoxic exposure also resulted in increased protein levels of SIRT2 in the lung lysates (Fig.
1B, C). Moreover, SIRT2-positive cells were elevated in the lung tissue of hyperoxia-exposed
WT mice (Fig. 1D, E). These results suggest that SIRT2 is associated with hyperoxic acute

lung injury.
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Fig. 1. SIRT2 expression is elevated by hyperoxia. Mice were exposed to room air or hyperoxia
for 72 hours. (A) SIRT2 mRNA expression levels measured in lung tissues by real-time PCR. (B)
The protein levels of SIRT2 in the lungs assessed by western blot and (C) the signal intensity
quantified by densitometric analysis. (D) Representative immunohistochemistry images of SIRT2
staining in lung sections. (E) Graph showing the quantification of SIRT2-positive cells per HPF.
Data represent the mean + SEM of at least three independent experiments (n = 11-13 mice per
group). Scale bars in (D); 20 pm. ***P < 0.001. WT, wild-type; SIRT2, sirtuin 2; RA, room air; HO,
hyperoxia; PCR, polymerase chain reaction; HPF, high-power field; SEM, standard error of the

mean.
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3.2. The absence of SIRT2 mitigates inflammation in hyperoxic acute

lung injury

To investigate the contribution of SIRT2 in hyperoxia-induced pulmonary inflammation,
WT and SIRT2” mice were treated with hyperoxia as described above to induce hyperoxic
acute lung injury. After 72 hours of hyperoxic exposure, the number of total cells and
inflammatory cells in BALF was increased in WT mice, whereas the numbers were
comparatively decreased in SIRT27~ mice (Fig. 2A). Total protein leakage in BALF was
significantly reduced in SIRT27~ mice exposed to hyperoxia compared to WT mice exposed to
hyperoxia (Fig. 2B). Subsequently, the levels of pro-inflammatory cytokines, which play an
important role in acute lung injury, were examined in WT mice and SIRT27~ mice following
hyperoxic exposure. In the hyperoxia group, IL-6, IL-1p, and TNF-a mRNA expression levels
in the lungs were significantly lower in the absence of SIRT2 (Fig. 2C—E). Likewise, deficiency
of SIRT?2 led to diminished concentrations of IL-6, IL-1, and TNF-o in BALF upon hyperoxic
exposure (Fig. 2F-H). Additionally, hematoxylin and eosin staining were executed for
histological analysis. Compared with WT mice kept in room air, exacerbated inflammatory cell
infiltration and thickened alveolar walls were observed in lung tissue of WT mice exposed to
hyperoxia. In contrast, lung inflammation was markedly alleviated in hyperoxia-exposed
SIRT27 mice (Fig. 21). Next, the mortality rates were compared between WT and SIRT27
mice through the survival test in which high oxygen was continuously administered. SIRT27~
mice had a higher survival rate than WT mice under prolonged hyperoxic conditions (median
survival = 87.5 hours in WT mice, and 97 hours in SIRT2”" mice; Fig. 2J). These data

demonstrated that the absence of SIRT2 lessens inflammation in hyperoxic acute lung injury.

13
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Fig. 2. SIRT2 deficiency attenuates inflammation in hyperoxic acute lung injury. WT and
SIRT27~ mice were exposed to RA or HO for 72 hours. (A) Total cells and inflammatory cells
counted in BALF. (B) Total protein leakage of BALF assessed by BCA assay. (C—E) The mRNA
expression levels of IL-6, IL-1p, and TNF-a in mouse lung tissues measured by real-time PCR. (F—
H) Concentrations of IL-6, IL-1B, and TNF-a in BALF analyzed by ELISA. (I) Histological analysis
of lung sections conducted through H&E staining. (J) Survival rates in WT and SIRT2”~ mice under
hyperoxic conditions. Data represent the mean + SEM of at least three independent experiments (n
= 6-13 mice per group). Scale bars in (I); 100 um. “P < 0.05, “P < 0.01, "*P < 0.001. WT, wild-
type; SIRT2, sirtuin 2; SIRT27~, SIRT2 deficient; RA, room air; HO, hyperoxia; BALF,
bronchoalveolar lavage fluid; BCA, bicinchoninic acid; IL, interleukin; PCR; polymerase chain
reaction, ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin; SEM,

standard error of the mean.
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3.3. Deletion of SIRT?2 leads to diminished apoptosis

Since apoptosis is one of the representative pathological features of hyperoxia, apoptotic
cells were analyzed by TUNEL assay to examine the impact of SIRT2 on hyperoxia-induced
cell death. After hyperoxic exposure, apoptosis of lung alveolar cells was heightened in WT
mice, but lessened in SIRT27~ mice (Fig. 3A, B). Cell cytotoxicity in BALF was also dampened
in hyperoxia-exposed SIRT2”~ mice compared to hyperoxia-exposed WT mice (Fig. 3C). To
further ascertain the contribution of SIRT2 in hyperoxia-induced apoptosis, the mRNA
expression levels and activities of caspases were assessed. Following hyperoxic exposure, the
mRNA expression levels of caspase-3 and -8 in the lungs were increased in WT mice, but
comparatively low in the absence of SIRT2 (Fig. 3D, E). Moreover, SIRT2 deficiency resulted
in significantly lower activities of caspase-3/7, -8, and -9 in the lung lysates under hyperoxic
conditions (Fig. 3F-H). Additionally, the expression of BAX and cytochrome C, which are
important for initiating the apoptosis pathway, were examined using western blot analysis. Both
BAX and cytochrome C expression levels were enhanced in WT mice exposed to hyperoxia,
but significantly diminished in SIRT2~~ mice exposed to hyperoxia (Fig. 31-K). These results
suggest that SIRT2 mediates hyperoxia-induced apoptosis.
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Fig. 3. The absence of SIRT2 ameliorates apoptosis in hyperoxic acute lung injury. (A)
Representative images of TUNEL staining in mouse lung tissues. (B) Graph counted TUNEL-
positive cells per HPF. (C) Cell cytotoxicity in BALF assessed by LDH assay. (D, E) The mRNA
levels of CASP-3 and -8 in the lungs measured by real-time PCR. (F—H) Caspase-3/7, -8, and -9
activities detected in the lung lysates. (I) The protein levels of BAX and Cyto C in the lung lysates
analyzed by western blot and (J, K) the signal intensity quantified by densitometric analysis. Data
represent the mean £ SEM of at least three independent experiments (n = 6—12 mice per group).
Scale bars in (A); 20 pm. P < 0.05, P < 0.01, "™ P < 0.001. WT, wild-type; SIRT2, sirtuin 2;
SIRT2 7, SIRT2 deficient; RA, room air; HO, hyperoxia; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick end labeling; HPF, high-power filed; BALF, bronchoalveolar lavage fluid;
CASP, caspase; PCR, polymerase chain reaction; Cyto C, cytochrome C; SEM, standard error of

the mean.
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3.4. SIRT2 regulates apoptosis by deacetylates FOXO3 in hyperoxic

acute lung injury

SIRT2 is known to deacetylate FOXO3 in response to oxidative stress.>? Therefore, this
study next sought to determine whether SIRT?2 affects FOXO3 in hyperoxia-induced acute lung
injury. The mRNA expression levels of FOXO3 were higher in the hyperoxia group than those
in the room air group, but there was no significant difference between the WT mice and
SIRT27 mice in the hyperoxia group (Fig. 4A). For further investigation, the expression of
FOXO3 and acetyl-FOXO3 in lung tissues were evaluated by immunofluorescence staining. In
WT mice exposed to hyperoxia, the expression of FOXO3 was strikingly enhanced compared
to WT mice exposed to room air. Additionally, the expression was comparatively weakened in
the absence of SIRT2 upon hyperoxic exposure (Fig. 4B, C). However, surprisingly, contrary
to the observed FOXO3 expression, the expression of acetyl-FOXO3 was dramatically
increased in SIRT2 deficiency after hyperoxic exposure, indicating the regulation of FOXO3
deacetylation via SIRT2 (Fig. 4B, D). SIRT2 and p300 are known to be involved in the
acetylation of FOXO3.?” Therefore, the PLA assay was performed in lung tissues to visualize
the interaction between SIRT2 and FOXO3, as well as between p300 and FOXO3. The PLA
signals of SIRT2 and FOXO3 were only observed in WT mice, and it was augmented further
upon exposure to hyperoxia (Fig. 4E, F). In contrast, PLA signals of p300 and FOXO3 were
decreased after hyperoxia (Fig. 4G, H). Consequently, these outcomes indicate that SIRT2
deacetylates FOXO3 by interacting with it in hyperoxic acute lung injury.

Given that SIRT2 deacetylates FOXO3 in hyperoxic acute lung injury, the subsequent
inquiry focused on whether SIRT2 affects target genes of FOXO3 related to apoptosis in
hyperoxic acute lung injury. After hyperoxic exposure, the mRNA expression levels of the pro-
apoptotic molecules BIM, PUMA, and PERP were upregulated, while a relative
downregulation was observed when SIRT2 was deficient (Fig. 4I-K). Conversely, the mRNA
expression levels of AATF, known to inhibit apoptosis, were significantly increased in the
absence of SIRT2 after hyperoxic exposure (Fig. 4L). These findings demonstrate that SIRT2

mediates apoptosis signaling via FOXO3 deacetylation in hyperoxic acute lung injury.
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Fig. 4. SIRT2 promotes apoptosis through deacetylating FOXO3. (A) The mRNA expression
levels of FOXO3 in lung tissues measured by real-time PCR. (B) Representative images of
immunofluorescence staining for FOXO3 and acetyl-FOXO3 in lung sections. (C) The mean
intensity of FOXO3. (D) The mean intensity of ac-FOXO3. (E) PLA images for SIRT2 and FOXO3
in lung samples. (F) The mean intensity of PLA signals for SIRT2 and FOXO3. (G) PLA images
for p300 and FOXO3 in lung samples. (H) The mean intensity of PLA signals for p300 and FOXO3.
(I-L) BIM, PUMA, PERP, and AATF mRNA expression levels in the lungs analyzed by real-time
PCR. Data represent the mean + SEM of at least three independent experiments (n = 5—12 mice per
group). Scale bars in (B); 20 um. Scale bars in (E) and (G); 50 um (top) and 20 pm (bottom). P <
0.05, P < 0.01, "™ P < 0.001. WT, wild-type; SIRT2, sirtuin 2; SIRT27-, SIRT2 deficient; RA,
room air; HO, hyperoxia; FOXO3, forkhead box O3; Ac-FOXO03, acetyl-FOXO3; PLA, proximity
ligation assay; BIM, Bcl-2-like protein 11; PUMA, p53 upregulated modulator of apoptosis; PERP,
TP53 apoptosis effector; AATF, apoptosis antagonizing transcription factor; PCR, polymerase chain

reaction; SEM, standard error of the mean.
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3.5. Inhibition of SIRT2 ameliorates hyperoxic acute lung injury

Lastly, to identify whether SIRT?2 can be used as a therapeutic target in hyperoxic acute lung
injury, AGK2, an inhibitor of SIRT2, was administered to mice and then evaluated. After
hyperoxic exposure, the total and inflammatory cell counts in BALF were decreased in AGK2-
treated mice compared to control mice (Fig. 5A). In hematoxylin & eosin staining of lung
tissues, the administration of AGK2 has been shown to alleviate the extent of lung injury caused
by hyperoxia (Fig. 5B). Moreover, IL-6 and IL-1p concentrations in BALF were significantly
lessened upon treatment of AGK2 following hyperoxic exposure (Fig. 5C, D). Additionally,
TUNEL assay was performed to investigate the impact of AGK2 treatment on hyperoxia-
induced apoptosis. In lung tissues, the administration of AGK2 was found to reduce the number
of apoptotic cells due to hyperoxia (Fig. SE). Furthermore, caspase-3/7 activity was also
diminished by AGK2 treatment (Fig. 5F). Therefore, these data indicate that the inhibition of
SIRT2 via AGK2 treatment had a therapeutic effect in mitigating hyperoxia-induced lung

injury.
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Fig. 5. AGK2 improves hyperoxic acute lung injury. AGK2 or DMSO was administered to mice
by intraperitoneal injection before hyperoxic exposure. (A) Total cells and inflammatory cells
counted in BALF. (B) Histological analysis of lung tissues performed through H&E staining. (C, D)
IL-6 and IL-1p concentrations in BALF measured by ELISA. (E) Representative images of TUNEL
staining in lung sections. (F) Caspase-3/7 activity analyzed in the lung lysates. Data represent the
mean + SEM of at least three independent experiments (n = 6—16 mice per group). Scale bars in (B);
50 pm. Scale bars in (E); 20 pm. **P < 0.01, *P < 0.001. SIRT2, sirtuin 2; BALF, bronchoalveolar
lavage fluid; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; DMSO,
dimethyl sulfoxide; H&E, hematoxylin and eosin; ELISA, enzyme-linked immunosorbent assay;

SEM, standard error of the mean.
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Fig. 6. SIRT2 mediates FOXO3 deacetylation to promote transcriptional activation of FOXO3
target genes related to apoptosis in hyperoxic acute lung injury. SIRT2 expression levels were
significantly increased after hyperoxic exposure. SIRT2 interacted with FOXO3 to directly
deacetylate it under hyperoxic conditions. SIRT2 regulates the expression levels of FOXO3 target

genes associated with apoptosis by deacetylating FOXO3 in hyperoxic acute lung injury.
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4. Discussion

This study found that SIRT2 expression increases during hyperoxic exposure, leading to
enhanced lung damage and inflammatory responses. The current research also demonstrates
that SIRT2 regulates hyperoxia-mediated apoptosis signaling through deacetylation of FOXO3
in the pathogenesis of hyperoxic acute lung injury. Furthermore, the present study addresses
that the administration of a SIRT2 inhibitor results in attenuated pathogenesis in hyperoxic
acute lung injury.

SIRT?2, one of the most underexplored members of the sirtuin family, has been increasingly
reported to play multiple roles in a wide range of diseases and physiological processes.!” SIRT2
is expressed in a variety of tissues and organs, contributing to metabolic processes,
inflammatory responses, and oxidative stress.’! Additionally, SIRT2 has been confirmed to be
implicated in diverse diseases including cancer, type 2 diabetes, colitis, arthritis, and
neurological disorders, although its role in certain diseases remains controversial ?>2331-33
Several cancer-related studies have shown that SIRT2 has a role in tumorigenesis, with both
tumor-promoting and tumor-suppressing function.”! The present study indicated that the
absence of SIRT?2 alleviates hyperoxic acute lung injury. Consistent with the findings of this
study, recent studies have demonstrated that inhibiting SIRT2 reduced the pathogenesis of
asthma and lung fibrosis.>** Another study also noted that cisplatin-induced acute kidney
injury was reduced in SIRT2 deficiency.® Similarly, inhibiting SIRT2 has been observed to
suppress inflammatory responses and apoptosis in thioacetamide-induced acute liver failure.?’
Comprehensively, these results manifest that SIRT2 plays as an important regulator in various
pathogenic mechanisms, including lung diseases and acute lesions.

Hyperoxia induces lung damage characterized by diffuse infiltration of diverse inflammatory
cells, heightened pulmonary permeability, and compromised alveolar development.3®3 In this
study, exposure to hyperoxia increased pulmonary inflammation and expression of pro-
inflammatory cytokines, while it was lessened in the absence of SIRT2. The primary molecular
mechanism of this hyperoxia-induced lung injury is known as apoptosis, accompanying the
activation of caspase cascade and components of the extrinsic and intrinsic cell death

pathways.*’ In the series of apoptosis processes, the BH3-only proteins, such as BIM, PUMA
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and BID, activate the pro-apoptotic effector proteins BAX and BAK, leading to the release of
cytochrome C, which in turn promotes the activation of caspases.*! According to in vitro studies
using PC12 cells and HeLa cells, SIRT2 knockdown attenuated apoptosis under H20O2-induced

oxidative stress.*>*®

In line with the previous studies, the current study also observed that the
expression of BAX and cytochrome C as well as the activities of caspase-3/7, -8, and -9 were
significantly lower in SIRT2”~ mice compared to WT mice under hyperoxic conditions.

FOXO3, one of the major targets of SIRT2 is known to mediate various cellular processes
by inducing the transcription of target genes associated with apoptosis, proliferation, DNA
damage, survival, and cell cycle progression.?® Various PTMs regulate the activity of FOXO3
by altering its subcellular localization and DNA-binding activity.** The results of
immunofluorescence staining in lung tissues showed that FOXO3 expression was increased in
both WT mice and SIRT2~ mice upon hyperoxic exposure, while acetyl-FOXO3 expression
was surprisingly heightened in hyperoxia-exposed SIRT2”~ mice. Furthermore, the increase in
PLA signals for SIRT2 and FOXO3 upon hyperoxic exposure showed that SIRT2 directly
deacetylates FOXO3, thereby reducing the expression of acetyl-FOXO3. Overall, these results
indicate that the absence of SIRT2 leads to changes in FOXO3 deacetylation, resulting in more
abundant FOXO3 acetylation. Additionally, the interaction between p300 and FOXO3 was
investigated, since p300 is one of the molecules known to acetylate FOXO3. Contrary to the
results of the PLA signals for SIRT2 and FOXO3, it is noteworthy that the interaction between
p300 and FOXO3 is reduced by hyperoxia. These data support that SIRT2 mediates
deacetylation of FOXO3 in hyperoxic acute lung injury.

In contrast to the deacetylation of other nucleosomal histones, the transcriptional activation
of FOXO3 has been shown to be enhanced through deacetylation.”’?° SIRT2 deacetylates
FOXO3 to promote nuclear localization, and activated FOXO3 binds to the DNA binding
domain to enhance transcription of target genes.?’** Likewise, as shown in Fig. 4B, this data
demonstrates that FOXO3 expressed in hyperoxia-exposed WT mice was condensed in the
nucleus, whereas FOXO3 expressed in hyperoxia-exposed SIRT2” mice was spread
throughout. Previous studies have shown that BIM and PUMA, which belong to BH3-only
proteins of Bel-2 family, are upregulated by FOX03.3%% In addition, PERP and AATF were
identified as target genes of FOXO3 related to apoptosis through the Harmonizome 3.0
database.*® PERP (p53 apoptosis effector related to PMP-22) is known to facilitate pro-
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apoptotic function across various cell types and tissues, and AATF (apoptosis antagonizing
transcription factor) is known to promote cell survival by suppressing apoptosis.*’48
Astonishingly, this study showed that hyperoxic exposure led to an upregulation of apoptosis-
promoting genes BIM, PUMA, and PERP, whereas a comparative downregulation was
observed in the deficiency of SIRT2. However, AATF expression levels were elevated in
SIRT27 mice compared to WT mice. Hence, these results indicate that SIRT2 is engaged in
apoptotic signaling by modulating the transcription of FOXO3 target genes through FOXO3
deacetylation.

Several studies have documented that SIRT2 inhibitor AGK2 attenuated fibrosis and
inflammation.’**° In the present study, treatment of AGK2 alleviated hyperoxia-induced
inflammation and apoptosis, consistent with the results using SIRT27 mice. These results

showed that AGK2 treatment has a therapeutic effect on hyperoxic acute lung injury. Overall,

this study suggests that SIRT2 may be a new therapeutic target for hyperoxic acute lung injury.
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5. Conclusion

In the present study, it was revealed that SIRT2 expression was significantly increased in
hyperoxia-induced acute lung injury. Within the hyperoxia group, SIRT2”~ mice displayed
alleviation of the lung inflammation, and exhibited a higher survival rate under continual
hyperoxic conditions compared to WT mice. Further investigation demonstrated that
hyperoxia-induced apoptosis was mitigated in SIRT2”~ mice when compared to WT mice.
Decisively, SIRT2 interacted with FOXO3 to directly deacetylate it, thereby regulating the
expression levels of FOXO3 target genes associated with apoptosis. Moreover, in SIRT2
inhibitor study, pharmacological inhibition of SIRT2 attenuated hyperoxia-induced
inflammation and apoptosis. Taken together, this study suggests that SIRT2 plays a crucial role
in the pathogenesis of hyperoxic acute lung injury by deacetylating FOXO3 to regulate

apoptosis signaling.
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Abstract in Korean

L2 B IR 2 Il
A&Hor Foubs AS aFE AbAa=E Qg g4 ¥ &4 298 5 Utk
Sirtuin 2 (SIRT2):= nicotinamide adenine dinucleotide (NAD")ol| <o]&%<l ©olx e s}
aaEA, AdGFS, AlXEAbE 2 95 st Ae® YEwth AR 1w E
Abag QIR A # B4 W Hol A SIRT29 &S A A gtk &
Aol AsE AtaRE g J4 #H &4olA SIRT29] 93-S Wale 3s
EEE Ak

W oFAY whe-2eb SIRT2 Ay v E AN A 52 aEE A

N
T2A7F EoF =S A AT, I vt ok E w9~ 9) SIRT2 2 ul$-~ Alo]e] %%
ey ol

£ o
Q‘L

w4 w &3] Wslel forkhead box 03 (FOXO03)7} ¥olshs
7HA o, SIRT2 A4l A7-5 &3 AGK2E A#sisle W 1=
NAE AE A4S " AE APE AEE kel
A7 . dsE A x=F 5 oY w92k SIRT29] Hdo] AT
5 2704 SIRT2 23 vk~ ofAdE mpg-2HTh
AE 71zre]l Aot wgh, 73R HE AH A F AE F, AATAA Aol ESL
Abae] =EH oRAY whe-ze] HlE aE=
Aol wFE OSIRT2 ZAY vhg-zolA A7 At Ayl aFE Abao|
wEH S W SIRT2 Ay whe-2e opAY vhe-sEu TUNEL 4 Al¥, Al
54, FtasA g4 2 NEANE S ER 3do] gAad Ao=w yEiyth 4
Holrh, iEE AbAh =F F FOX039] ofAdstE SIRT29 ZF Al F7hsislon,
SIRT2E= Al¥EAMEI} dFed®l FOX039 ¥4 5749l BIM, PUMA, PERP, AATF2]
AAfel] st glvt. whxeto 2 SIRT29] AAIQl AGK2E Fosidls W 1s:
Az Q1% A5 9 M EANE A7) oFstE
AZ . B AFoAE SIRT27} FOX039 ZolAEsts Ea) A

L YAE A&
AgS zdgoaN uFE bz Qe FA ¥ & Iy Fadk ous
b= ZS WEoh olgd #AS F8 SIRT2VF LE® AbAR s F4 F
&4 Bl 71de ety A2 A8 AZFS AT F d5S HERTh
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