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ARTICLE INFO ABSTRACT

Keywords: Although studies have shown that protein 53 (p53)-mediated ferroptosis is involved in acute lung
Acute lu“? injury injury (ALI), the mechanism of its regulation remains unclear. The protective effects of Sirtuin 6
Ferroptosis (SIRT6), a histone deacetylase, have been demonstrated in multiple diseases; however, further
SP;Z:;T_:B studies are needed to elucidate the role of SIRT6 in ALIL In the present study, we hypothesize that
Acetylation SIRT6 protects against lipopolysaccharide (LPS)-induced ALI by regulating p53-mediated fer-

roptosis. We observed that the inhibition of ferroptosis prevented LPS-induced ALI The knockout
of p53 blocked LPS-induced ferroptosis and ALI, suggesting that p53 facilitated ALI by promoting
ferroptosis. In addition, the inhibition of SIRT6 aggravated LPS-induced ferroptosis and ALI,
while the depression of ferroptosis blocked the exacerbation of lung injury induced by SIRT6
inhibition. The results suggest that SIRT6 protects against ALI by regulating ferroptosis.
Furthermore, the inhibition of SIRT6 reinforced the p53 acetylation and the deletion of p53
rescued the exacerbation of ferroptosis induced by SIRT6 inhibition. The findings indicate that
SIRT6 regulates the acetylation of p53 and prevents p53-mediated ferroptosis. In conclusion, our
results indicate that SIRT6 protects against LPS-induced ALI by regulating p53-mediated fer-
roptosis, thereby demonstrating that SIRT6 holds great promise as a therapeutic target for ALL

1. Introduction

Previous studies have reported that ferroptosis, which is a form of regulated cell death characterized by the accumulation of iron-
dependent lipid peroxidation, is involved in several diseases, including neurological disorders, cardiovascular, and inflammatory
diseases [1,2]. Previous studies have demonstrated the role of ferroptosis in the pathogenesis of acute lung injury (ALI) [3,4]. The
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targeting of ferroptosis has been suggested as a potential treatment strategy for ALI; although, further research is needed to fully
elucidate the regulatory mechanism of ferroptosis in ALI [5,6].

Ferroptosis is characterized by the accumulation of iron and reactive oxygen species (ROS), which induces the production of lipid
hydroperoxides (LOOHSs) and cell death [2,7]. Glutathione peroxidase 4 (GPX4) exerts a negative effect on the regulation of ferroptosis
by preventing the accumulation of lipid peroxides in a glutathione (GSH)-dependent manner. In addition, the cystine/glutamate
transporter system (xc~ system) present in the cell membrane plays a crucial role in GSH production. The function of xc™ system is to
transfer cysteine into cells, where it is an important component for GSH production. Several studies suggest that p53 protein plays an
important role in the regulation of ferroptosis and is involved in multiple diseases [8,9]. Recent studies have demonstrated that p53
regulates ferroptosis by targeting SLC7A11, a key component of the xc™ system [9,10].

Sirtuin 6 (SIRT6), a member of the sirtuin family of NAD (+)-dependent deacetylases, includes seven members (SIRT1 to SIRT7)
[11,12]. SIRT6 has been shown to exert protective effects in various diseases [13,14]; however, the role of SIRT6 in ALI remains
unclear. Recent studies have demonstrated that SIRT6 exerts its biological effects by regulating p53-mediated ferroptosis [15,16]. In
the present study, we investigate the protective effect of SIRT6 against LPS-induced ALI by the regulation of p53-mediated ferroptosis.

2. Materials and methods
2.1. Chemicals and antibodies

The assay kits for the detection of lipid peroxidation malondialdehyde (MDA) and GSH were purchased from Beyotime Co.
(Shanghai, China), while the assay kit for the measurement of GPX4 activity was purchased from Elabscience (Wuhan, China). Fe?*
assay kit and antibodies against SLC7A11 and GPX4 were obtained from Abcam (Cambridge, U.K.). The kits for the assay of cytokines
(TNF-a, IL-1f, IL-6 and IL-10) and antibodies against f-tubulin and GAPDH were obtained from Abclonal (Wuhan, China). The
antibody against acetylated lysine was purchased from PTM Blolabs (Hangzhou, China). OSS-128167, the inhibitor of SIRT6, was
purchased from AbMole (Houston, TX, USA). Mouse lung epithelial MLE-12 cells were procured from American Type Culture
Collection (ATCC, Manassas, VA, USA).

2.2. Animal model

All experimental procedures involving animals were approved by the Medical Faculty Ethics Committee of Xiangnan University
(2022DWLL010, Chenzhou, China). The study was carried out in compliance with the NIH Guidelines for the Care and Use of Lab-
oratory Animals. Adult male C57BL/6 mice (weighing 25-35 g) were procured from the Experimental Animal Centre of South Medical
University. The p53’/ ~ mice (C57BL/6 background) were obtained from Xishan Biosciences Inc. (Suzhou, China). Compared with wild
type mice kept under similar experimental conditions, the p53~/~ mice showed lower weight and was found to lack tumors or other
growth and developmental abnormalities which could influence the experimental results. All animals had ad libitum access to food and
water and were allowed to acclimatize for one week prior to experimentation.

ALI was induced in mice by an intratracheal instillation of lipopolysaccharides (LPS) as previously described [17]. Briefly, the mice
were anesthetized and placed on a warming pad in a supine position. Following midline neck incision in the skin, the trachea was
surgically exposed, after which LPS (5 mg/kg body weight) was slowly injected into the trachea of each mouse. The control mice were
administered the same volume of normal saline intratracheally. The mice were sacrificed 12 h post LPS/saline administration refers to
the results of tendency of ferroptosis and our previous study [18].

2.3. Cell culture and cell viability

Dulbecco’s modified Eagle medium (DMEM)- low glucose, supplemented with 10 % fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 units/mL), was used to grow MLE-12 cells at 37 °C in an atmosphere of 5 % CO». The in vitro LPS-induced ALI model
was established by the addition of LPS (5 mg/mL) to the cells for 12 h of stimulation.

After 12 h of LPS stimulation, cell viability was assessed using a 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide
(MTT) assay. MTT (0.5 mg/mL) was added to the cells, followed by incubation at 37 °C for 4 h. The absorbance at 570 nm was
subsequently determined for each sample using the above-mentioned automatic microplate reader.

2.4. Western blotting

The lung tissue was homogenized, followed by centrifugation at 4 °C. The homogenized tissues were analyzed by Western blot,
while the protein concentration of each sample was determined using BCA protein assay. The proteins were separated by 10 % SDS-
polyacrylamide gel electrophoresis and were subsequently transferred onto PVDF membranes by electroblotting. The membranes were
blocked with 5 % skim milk in PBS at room temperature for 2 h. They were subsequently incubated overnight at 4 °C with primary
antibodies against tubulin (1:5000 dilution), SLC7A11 (1:1000 dilution) and GPX4 (1:1000 dilution), followed by incubation with
HRP-conjugated secondary antibody (1:5000 dilution). The level of protein expression was visualized using an enhanced chem-
iluminescence reagent (Absin Biotechnology Co., Ltd., Shanghai, China).
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2.5. Determination of GSH content, MDA content and GPX4 activity

The lung tissue and treated cells were homogenized in buffer, followed by centrifugation at 4 °C. and the supernatant was sub-
sequently obtained. The MDA content, GPX4 activity, and the glutathione (GSH)/glutathione disulfide (GSSG) ratio in the lungs and
cells were determined using commercial assay kits, according to the manufacturer’s instructions.

2.6. Fé** assays

The Fe?" content was determined using the Fe?* assay kit, according to the manufacturer’s instructions. Briefly, the lung tissues
were homogenized on ice in Fe?" assay buffer. The samples were subsequently centrifugated, and the supernatant was collected for
further assays. The samples were incubated with 5 pL assay buffer for 30 min at 37 °C. The Fe probe (100 pL) was added to each well,
followed by incubation at 37 °C in the dark for 1 h. The absorbance at 593 nm was measured using an automatic microplate reader
(SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA).

2.7. Histopathological analyses

Twelve hours after LPS treatment, the lung tissue was fixed in 10 % neutral buffered formalin, and embedded in paraffin. After
sectioning and staining with hematoxylin and eosin (HE), the pathological changes in the lung tissues were evaluated as previously
described [18]. The following parameters were used to quantify the extent of histologic lung injury: i) Neutrophil infiltration; ii)
airway epithelial damage; iii) interstitial oedema; iv) hyaline membrane formation; and v) intraalveolar haemorrhage. Each of the
parameters had five scores, which corresponded to the following five levels determined by the degree of alteration: Normal = 0;
minimal alteration = 1; mild alteration = 2; moderate alteration = 3; and severe alteration = 4. The lung injury score (LIS) was
recorded for each criterion.

2.8. Lung wet/dry (W/D) ratio

The lung water content was measured following LPS administration. The right lungs were isolated, blotted, and weighed to obtain
the wet weight. Subsequently, the lungs were dried in an incubator at 80 °C for 48 h for dry weight measurement. The lung wet/dry
weight ratio, calculated by dividing the wet weight of the lungs by the dry weight, was used for the evaluation of pulmonary oedema in
mice.
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Fig. 1. Ferroptosis is up-regulated in ALL

Mice were subjected to ALI, and ferroptosis was subsequently determined at several time points. (a) The GPX4 expression was detected by Western
blot. The GSH content (b), MDA content (c), and Fe?* level (d) in lungs were detected. Data are presented as mean + SD (n = 3 or 6 in each group).
*P < 0.05 vs. the control groups.
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2.9. Determination of pro-inflammatory (TNF-a, IL-1p, IL-6) and anti-inflammatory (IL-10) mediators

The lung tissue was homogenized and centrifuged at 4 °C. The supernatant thus obtained was used for determining the concen-
trations of TNF-a, IL-1p, IL-6 and IL-10 using a commercial enzyme linked immunosorbent assay kit. The assay results were expressed
as pg of cytokine/mg tissue.

2.10. Assessment of p53 acetylation

The p53 acetylation was evaluated by co-immunoprecipitation. The lung tissue was homogenized and centrifuged at 4 °C. The
resulting supernatant was incubated overnight with anti-p53 antibodies, followed by the addition of protein A/G-coupled agarose
beads and further incubation for 2 h. After washing the beads with radioimmunoprecipitation assay (RIPA) buffer, the bead-bound
proteins were diluted with 1 x loading buffer and separated by SDS-PAGE. The level of acetylated p53 was subsequently deter-
mined by Western blot using a lysine-acetylation antibody.

2.11. Statistical analysis

All data are presented as means =+ standard deviation (SD). The differences between groups were analyzed using one-way ANOVA
with a LSD multiple-comparison test or a Student’s t-test, whichever is appropriate. A p-value <0.05 was considered statistically
significant.

3. Results
3.1. Inhibition of ferroptosis alleviates LPS-induced ALI

To investigate the tendency of ferroptosis in ALL, mice were subjected to ALL followed by the detection of ferroptosis at several time
points. The ferroptosis was detected by the expression of GPX4, Fe>" level, and the MDA and GSH content. As shown in Fig. 1, we found

that ferroptosis was up-regulated in a time-dependent manner. The ferroptosis, characterized by reduced GPX4 expression (Fig. 1 a)
and GSH content (Fig. 1 b) and increased MDA content (Fig. 1 ¢) and Fe* level (Fig. 1 d), was found to be significantly activated at 8 h
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Fig. 2. Inhibition of ferroptosis alleviates LPS-induced ALI

Mice were treated with 0.8 mg/kg of Fer-1 or vehicle and subjected to ALI, and were subsequently sacrificed 12 h after ALIL (a) Histological
evaluation was performed after HE-staining (scale bar: 500 pm). (b) Lung injury score. (c) Wet lung/dry lung weight ratio. Levels of TNF-a (d), IL-1p
(e), IL-6 (f) and IL-10 (g) in lung tissue. (h) Cells were treated in vitro with Fer-1 (2 pM) and exposed to LPS (5 mg/L) for 12 h. Cell viability was
detected. Data are presented as mean £ SD (n = 6 in each group). *P < 0.05 vs. the indicated groups.
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and 12 h after ALL Furthermore, the ferroptosis at 12 h post ALI was more serious than that at 8 h post ALL Thus, 12 h post ALI was
selected as the appropriate time point for all subsequent experiments.

In order to elucidate the role of ferroptosis in the pathogenesis of ALI, mice were treated with 0.8 mg/kg of Ferrostatin-1 (Fer-1, a
ferroptosis inhibitor) or vehicle and subjected to ALI. They were sacrificed at 12 h post ALIL. As shown in Fig. 2 a-c, mice receiving Fer-1
treatment showed improvement in the pathology of injury, along with a decrease in the lung injury score and pulmonary oedema, as
evaluated by thelung wet/dry ratio assay, when compared with mice without Fer-1 treatment following ALI These findings suggest
that the ferroptosis inhibitor significantly mitigates the LPS-induced ALIL Futhermore, mice receiving Fer-1 treatment exhibited milder
inflammatory response than those without Fer-1 treatment, as reflected by a decrease in the levels of TNF-q, IL-1f and IL-6, and an
increase in the levels of IL-10 in lung tissue (Fig. 2 d-g). Cells were treated in vitro with Fer-1 (2 pM) and exposed to LPS (5 mg/L) for 12
h. We observed that Fer-1 resulted in a significant increase in cell viability after LPS stimulation (Fig. 2 h). These findings showed that
the inhibition of ferroptosis alleviated LPS-induced ALI.

3.2. Knockout of p53 prevents LPS-induced ferroptosis and lung injury

In order to study the role of p53 in ferroptosis and the pathogenesis of ALL, wild-type (WT) or p53—/— mice were subjected to ALL,
and sacrificed 12 h after LPS instillation. The ferroptosis was evaluated on the basis of the expression levels of GPX4 and SLC7A11, as
well as the content of Fe>*, MDA and GSH. As shown in Fig. 3, p53—/— mice showed a significant increase in the GPX4 and SLC7A11
expression (Fig. 3 a-c) and the GSH content (Fig. 3 d), while the Fe level (Fig. 3 e) and MDA content (Fig. 3 f) were found to decrease,
when compared to WT mice post ALL This indicates that the deletion of p53 had a significant effect on the prevention of LPS-induced
ferroptosis in mice.

Subsequently, the lung injuries were assessed in WT mice and p53—/— mice. As shown in Fig. 4, when compared with WT mice post
ALL p53—/— mice were found to have improved pathological injuries (Fig. 4 a), lower lung injury score (Fig. 4 b), and reduced levels of
pulmonary oedema (Fig. 4 c) and pro-inflammatory cytokines (TNF-a, IL-1§ and IL-6), while displaying enhanced levels of anti-
inflammatory cytokine IL-10 in the lung tissue (Fig. 4 d-g). These findings indicate that the deletion of p53 significantly prevented
LPS-induced lung injuries, thereby demonstrating the protection offered by deletion of p53 against LPS-induced ALI via the inhibition

of ferroptosis.
3.3. Inhibition of SIRT6 exacerbates p53-mediated ferroptosis and lung injury

In order to elucidate the protective effects of SIRT6 in ALI, OSS_128,167 (OSS) was used as the specific inhibitor of SIRT6. Mice
treated with OSS (50 mg/kg) or vehicle were subsequently subjected to ALI for 12 h. As shown in Fig. 5 a and b, the p53 acetylation was
up-regulated in LPS-treated mice, which was strengthened in the mice receiving OSS treatment following LPS instillation, thereby
indicating that SIRT6 induced the deacetylation of p53. Furthermore, the inhibition of SIRT6 exacerbated ferroptosis, as demonstrated
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Fig. 3. Knockout of p53 prevents LPS-induced ferroptosis

Wild-type (WT) or p53—/— mice were subjected to ALI and sacrificed post-LPS instillation. (a) The expressions of GPX4 and SLC7A11 were detected
by Western blot. Quantification analysis of the GPX4 (b) and SLC7A11 (c) expression levels. The GSH content (d), MDA content, (e) and Fe?* level
(f) detected in lung tissue. Data are presented as mean + SD (n = 3 or 6 in each group). *P < 0.05 vs. the indicated groups.
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Fig. 4. Knockout of p53 prevents LPS-induced lung injury

Wild-type (WT) or p53—/— mice were subjected to ALI and subsequently sacrificed after 12 h. (a) Histological examination of the tissues was
performed after HE-staining (scale bar: 500 pm). (b) Lung injury score. (c) Wet lung/dry lung weight ratio. Levels of IL-10 (d), TNF-a (e), IL-1p (f),
and IL-6 (g) in lung tissue. Data are presented as mean + SD (n = 6 in each group). *P < 0.05 vs. the indicated groups.

by a decrease in the GSH content as well as the expression levels of GPX4 and SLC7A11, and an increase in the Fe?* level and MDA
content (Fig. 5 c-h). However, the deletion of p53 prominently rescued the aggravation in ferroptosis induced by the SIRT6 inhibition.
These results indicate that the inhibition of SIRT6 exacerbates p53-mediated ferroptosis.

To investigate whether SIRT6 protects against ALI by regulating ferroptosis, mice were treated with OSS (50 mg/kg) and thereafter
subjected to ALI for 12 h. In this study, the ferroptosis was blocked by p53 deletion or Fer-1 treatment. As shown in Fig. 6, mice treated
with OSS showed aggravated pathological injuries (Fig. 6 a), an increase in the lung injury score (Fig. 6 b) and pulmonary oedema
(Fig. 6 ¢), and an up-regulation of pro-inflammatory cytokines (TNF-q, IL-1p and IL-6) in lung tissues (Fig. 6 e-g), when compared to
those treated with vehicle post ALL These findings indicate that the inhibition of SIRT6 significantly exacerbated LPS-induced lung
injuries. Interestingly, knockout of p53 or treatment with Fer-1 rescued the aggravation of lung injuries and inflammation induced by
SIRT6 inhibition. These findings indicate that SIRT6 offers protection against ALI by regulating the p53-mediated ferroptosis.

4. Discussion

Ferroptosis is a newly identified form of iron-dependent programmed cell death. It differs from other forms of regulated cell death,
including apoptosis, pyroptosis and necrosis [19]. Ferroptosis involves the accumulation of iron and reactive oxygen species (ROS),
leading to excessive lipid peroxidation in cell membranes and cell death. Under normal conditions, lipid peroxides are reduced by
antioxidant systems, including GSH and GPX4. The latter reduces lipid peroxides to alcohols or free hydrogen peroxide in a
GSH-dependent manner, which maintains the homeostasis of membrane lipid bilayers. Hence, the accumulation of iron and ROS, GSH
depletion and GPX4 inactivation are distinguishing features of ferroptosis. Previous studies have demonstrated the involvement of
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Fig. 5. Inhibition of SIRT6 exacerbates p53-mediated ferroptosis

Mice were subjected to treatment with OSS (50 mg/kg) or vehicle, and thereafter subjected to ALI for 12 h. (a) The p53 acetylation was detected by
co-immunoprecipitation. (b) Quantification analysis of the acetylation of p53. (c) Western blot was carried out to detect the expression of GPX4 and
SLC7A11. Quantification analysis of the GPX4 (d) and SLC7A11 (e) expression levels. The GSH content (f), The MDA content (g), and the Fe?" level
(h) in lung tissue. Data are presented as mean + SD (n = 3 or 6 in each group). *P < 0.05 vs. the indicated groups.

ferroptosis in ALI [20-22]. The present study showed that the inhibition of ferroptosis significantly mitigated LPS-induced lung injury,
which is consistent with the findings of the previous studies.

Several studies suggest that p53 plays a pivotal role in the process of ferroptosis, the mechanism of which includes, but is not
limited to, the following pathways: (a) p53 promotes ferroptosis by targeting SLC7A11, an important component of system Xc ™, which
functions as a transporter of cystine into cells [23], with the cystine content being involved in GSH synthesis and GPX4 activity, (b) p53
facilitates lipid peroxidation and ferroptosis by promoting SAT1 transcription [24], (c) p53 aggrandizes intracellular iron and ac-
celerates ferroptosis by regulating TFR1 and SLC25a28 [25,26].

A number of studies have reported that p53-mediated ferroptosis plays a key role in several inflammatory diseases [27,28]. In
addition, p53-mediated ferroptosis has been shown to play an important role in the ischemia/reperfusion-induced and heat
stress-induced ALI [29,30]. The present study demonstrated that the suppression of p53-mediated ferroptosis prevented LPS-induced
AL, thereby suggesting that p53 modulates the pathogenesis of ALI by promoting ferroptosis.

Although previous studies have shown the involvement of SIRT6 in the pathogenesis of multiple diseases, including aging, nervous
system diseases, and cardiovascular disorders, the role of SIRT6 in ALI has not yet been fully explored [31,32]. In the present study, we
found that the inhibition of SIRT6 exacerbates LPS-induced lung injury, thereby demonstrating the protection offered by SIRT6 in ALIL
The role of SIRT6 in regulating ferroptosis has been reported by previous studies [16]. Melatonin has been shown to regulate SIRT6,
thereby inhibiting ferroptosis and delaying age-related cataract [33]. SIRT6 has been reported to prevent osteonecrosis of the femoral
head by inhibiting ferroptosis [15]. In the present study, the inhibition of SIRT6 was found to enhance LPS-induced ferroptosis in ALI,
thereby indicating that ferroptosis is an essential factor involved in the SIRT6-mediated protection against ALIL

Although previous studies have reported the regulating effects of SIRT6 on ferroptosis, the mechanism has not yet been fully
explored. In addition, the influence of SIRT6 on p53-mediated ferroptosis needs to be further elucidated. Our study showed that the
deletion of p53 rescued the exacerbation of ferroptosis and lung injury induced by SIRT6 inhibition, thereby hinting that SIRT6
protects against ALI by regulating p53-mediated ferroptosis. The posttranslational modification of acetylation is an important regu-
latory mechanism for the p53. SIRT6 is a NAD (+)-dependent histone deacetylase, and several reports have indicated the importance of
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Fig. 6. Blocking ferroptosis and deleting p53 rescues the deterioration of ALI induced by SIRT6 inhibition

Mice were subjected to treatment with OSS (50 mg/kg) or vehicle, and subsequently subjected to ALI for 12 h. The ferroptosis was inhibited by Fer-1
treatment and p53 deletion. (a) Histological evaluation was performed using HE-staining (scale bar: 500 pm). (b) Lung injury score. (c) Wet lung/
dry lung weight ratio. Levels of IL-10 (d), TNF-a (e), IL-1f (f), and IL-6 (g) in lung tissue. Data are presented as mean =+ SD (n = 6 in each group). *P
< 0.05 vs. the indicated groups. #P > 0.05 vs. the indicated groups.

the deacetylation activity of SIRT6 in its biological function [34,35]. In the present study, it was observed that the inhibition of SIRT6
reinforces p53 acetylation, thereby suggesting that SIRT6 prevents ferroptosis by the deacetylation of p53.

Posttranslational acetylation is a key mechanism for the regulation of the cellular distribution and degradation of p53 [36]. It has
been shown that the acetylation of p53 influences the cellular distribution of the downstream proteins, including SLC7A11, and
ALOX12 [10,37]. In addition, it may also play a role in the regulation of autophagy, with the latter being a key component in the
regulation of ferroptosis [38,39]. Furthermore, several lysine sites, including K98, K117, K136, and K382l, have been found in the
protein sequence of p53 for acetylation modification, which could have a significant influence on ferroptosis [40]. However, the site
for the deacetylation of p53 b y SIRT6 has not yet been elucidated, which warrants further investigation. In conclusion, the results
reveal that p53 promotes ferroptosis involved in LPS-induced ALI, and SIRT6 protects against ALI by depressing p53-mediated fer-
roptosis. Our study indicates that SIRT6 is a potential therapeutic target for ALI; however, the mechanism needs to be explored further

in subsequent studies.
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