Drug Design, Development and Therapy Dove

ORIGINAL RESEARCH

Melatonin Attenuates Sepsis-Induced Acute Lung
Injury via Inhibiting Excessive Mitophagy

Jianmin Ling"z, Shanshan Yu'"?, Feng Xiong"z, Tingting Xu'?, Shusheng Li'2

'Department of Emergency Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, 430000,
People’s Republic of China; 2Department of Critical Care Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, 430000, People’s Republic of China

Correspondence: Shusheng Li, Department of Emergency Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, 1095 Jiefang Dadao, Wuhan, 430000, People’s Republic of China, Email lishusheng@hust.edu.cn

Background: Epidemiological studies have indicated that lung injury is a frequent complication of sepsis. Mitophagy is vital to
multiple pathological processes and diseases; however, its influence on sepsis-induced acute lung injury remains elusive. Melatonin
has multiple antioxidant action and anti-inflammatory effects, including regulating mitophagy and inflammatory cytokine expression.
Whereas, little is known about the affection of melatonin and mitophagy on CLP-induced ALL

Methods: The in vivo effect of melatonin on OPTN-mediated mitophagy was studied by CLP-induced ALI in a mouse model using
C57BL/6 followed by treatment with vehicle and melatonin (30 mg/kg/d, intraperitoneal injection). ALI was assayed by lung wet /dry
ratio, hematoxylin and eosin staining, and immunohistochemical staining. Signaling pathway changes were subsequently determined
by Western blotting and immunofluorescence staining. The effects of melatonin on STAT3 activation and TNF-a production were
detected by Western blotting, PCR, and immunohistochemical staining.

Results: Our results indicated that OPTN, mitophagy adaptors were significantly repressed in CLP-induced ALI, accompanied by
overactivation of mitophagy and inflammation. At the same time, we found that melatonin treatment alleviated ALI caused by CLP,
and the effect was highly correlated with OPTN-related mitophagy. Furthermore, we demonstrated that OPTN-related mitophagy,
which was normalized by melatonin, blocked STAT3 involved epithelial barrier and inflammation in vivo.

Conclusion: Overall, our results confirm that mitophagy is adjusted by melatonin in the CLP-induced ALI. Moreover, manipulation
of mitophagy through melatonin could be a possible treatment to reduce sepsis-associated lung injury.
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Introduction

Sepsis associated with a high incidence of morbidity and mortality is caused by an uncontrolled host response to
infection.' The lungs are the most vulnerable organs in patients suffering from sepsis in the intensive care unit.> Acute
lung injury (ALI) caused by sepsis is one of the leading causes of mortality, refractory hypoxemia and pulmonary edema
in affected patients® However, sepsis-related ALI remains lacks specific therapy.

ALI is accompanied by severe mitochondrial dysfunction caused by excessive reactive oxygen species (ROS).*
Furthermore, loss of mitochondrial function results in epithelial barrier breakdown.” Mitochondrial dysfunction is linked
to survival in sepsis-related ALL® Mitochondrial quality is tightly linked to the clearance of damaged mitochondria via
the process of mitophagy.” Optineurin (OPTN) is a multifunctional protein which is associated with various immune
disorders.* ' The characterized function of OPTN is mitophagy through its protein 1 light-chain 3B-II (LC3-II)
interaction region.'' Mitophagy receptor OPTN plays an important role in committing damaged mitochondria to
autophagy.'>'? It has been shown that OPTN inhibits signal transducer and activator of transcription 3 (STAT3)
activation via blocking Janus kinase 2 (JAK2) dimerization.'* OPTN negatively regulates tumor necrosis factor-a
(TNF-a) through decreased ubiquitination and association of TNF receptor.'
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Melatonin is an indole-heterocyclic compound mainly secreted by the pineal gland. Melatonin regulates the process of the
sleep, anti-inflammation, anti-oxidant, anti-aging, anti-viral properties and so forth.'2° Previous studies have found melatonin
levels correlated strongly with mortality risk in patients with sepsis.*’ A protective role of melatonin in sepsis associated
insufficiency has also been identified.”* Recently, several studies have shown the moderating effect that melatonin has on
mitophagy.>> Melatonin inhibits excessive mitophagy through the Pink1/Parkin pathway,>* and also represses mitophagy to
protect cells from oxidative damage.”> However, mitophagy displays individual roles in different illnesses.”® The causal
relationship between melatonin and OPTN-mediated mitophagy in sepsis-related ALI remains unknown. In the study, under
the condition of cecum ligation and puncture (CLP), we found that CLP induced excessive mitophagy by upregulated
microtubule-associated LC3-II, downregulated OPTN and translocase of outer mitochondrial membrane 20 (TOMM?20).
Furthermore, melatonin suppressed CLP-induced excessive mitophagy and attenuated pulmonary edema, epithelial barrier
and inflammation by inhibiting downstream molecules STAT3 and TNF-o, indicating that targeting OPTN might be helpful in
the treatment of sepsis-related ALL

Materials and Methods

Drug and Antibodies
Melatonin >99.47% was purchased from Med Chem Express (MCE, USA, HY-B0075). Antibodies were listed in
Supplementary Table 1.

Animals
C57BL/6 mice (WT) obtained from Beijing Sibeifu Biotechnology were kept in SPF environment with abundant

2728 or the

supplement of food and water. The mice were treated with melatonin (30 mg/kg, intraperitoneal injection),
same volume of corresponding vehicle for 3 days and 1 hour before CLP surgery. The mice were used at 8 weeks old
(20-22g). The animal experiments were conducted according to the Guidelines for the Care and Use of Laboratory
Animals of the Ministry of Science and Technology of the People’s Republic of China and approved by the Institutional

Animal Care and Use Committee at Tongji Medical College, Huazhong University of Science and Technology.

Cecum Ligation and Puncture (CLP)

CLP-induced sepsis model was developed as described before.?” Mice were anesthetized with isoflurane (3% induction
and 2% maintenance in pure oxygen). After skin preparation and disinfection, a 10-mm-wide opening was made on the
ventral midline. The cecum was isolated and punctured with a 16-gauge needle to induce sepsis. A small amount of feces
was extruded, and the peritoneum was closed. Mice were resuscitated with sterile normal saline (1 mL). The sham group
underwent the same surgical procedures without CLP.

Histological Evaluation of Hematoxylin and Eosin (HE) Staining

The lung tissues and bronchoalveolar lavage fluid were collected, washed with PBS, and fixed with a 4% paraformalde-
hyde solution. The lung tissues were then dehydrated with gradient ethanol, embedded in paraffin, sliced into 5-pm-thick
sections. The tissues and BALF were stained with hematoxylin/eosin and examined under a microscope. The damage to
the tissues was scored using a previously described scoring system.”

Bronchoalveolar Lavage Fluid (BALF)

Total cells in the BALF were evaluated by cell counting plate following the manufacturer’s protocols. Briefly, after
sacrificed, the mice were treated with PBS (0.3 mL) into the lungs injected by 22-gauge catheter, and then pumped it
back after 3 sec. The same injection was repeated 3 times as previously described. After recovered and centrifugated,
protein contents of BALF were measured by bicinchoninic acid (BCA) methods.'
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Lung Wet and Dry (W/D) Ratio

The left lung was dissected and weighted immediately to determine the wet lung weight. All samples were dried at 65 °C
for 48 h till reaching a constant weight and were weighed again to determine the dry weight.*?

Immunohistochemical (IHC) Staining

The lung sections in 5 um thick were baked at 65°C for 1 h and followed by immersing into xylene for 60 min. And then
the slices were dehydrated in graded ethanol (100%, 95%, 85%, and 75%) for 10 min each time. The slices were boiled
for 20 min with citric acid buffer for tissue antigen recovery. Next, sections were incubated with 3% H,0O, for 0.5 h and
then slices were blocked in 5% BSA with 0.5% Triton X-100 for 40 min. For IHC, sections were incubated with primary
antibodies (listed in the Supplementary Table 1) in 0.3% Triton X-100 phosphate buffer saline at 4°C for 24 h. Rabbit-
specific HRP/DAB (ABC) Detection IHC Kit was used for IHC. After incubation with rabbit-specific secondary antibody
at 37°C for 60min, slices were stained with DAB kit for 2-5min and then were washed with water. Finally, sections were

rehydrated through graded ethanol, cleared with xylene and observed with a microscope.™

Immunofluorescence (IF) Staining

IF staining experiment was carried out according to the established method.** After the formalin-fixed lung tissues were
embedded, sliced, deparaffinage, dehydration, and antigen recovery, IF staining was conducted. Briefly, sections were blocked
in goat serum with 0.3% Triton X-100 in PBS for 1 h. Then, primary antibodies (listed in the Supplementary Table 1) were

incubated at 4 °C overnight. The next day, sections were incubated with Alexa Fluor secondary antibodies at 37°C for 1 h and
were washed with PBS. Finally, sections were stained with DAPI for 10 min. After washing, sections were sealed with anti-
fluorescence quencher. The images were captured by the Olympus microscope SV120.

Western Blotting (WB)

Lung tissues were lysed with radio immunoprecipitation assay (RIPA), phenylmethanesulfonyl fluoride (PMSF), and protease
inhibitors. Then, samples were mixed with 1x loading buffer and were boiled for 10 min. About 10-25ug of protein extracts
were subjected to 10—15% SDS-PAGE gels and blotted onto nitrocellulose (NC) blotting membranes. After blocking with 5%
BSA, the membranes were incubated with primary antibodies (listed in the Supplementary Table 1) for 16 h. Then, the NC
membranes were washed by TBST for 3 x 10 min and incubated with IRDyeTM (800CW)-conjugated 800M or 800R
secondary antibody for 1.5 h. Odyssey Imaging System and ImagelJ software were used for visualization and Quantitative

analysis of protein bands.*

Polymerase Chain Reaction (PCR)

Total RNA was extracted from the tissues by TaKaRa RNAiso Reagent Trizol as previously described.*® cDNA synthesis
was performed using Takara PrimeScript' V' RT reagent kit. qRT-PCR was performed using SYBR Green Master Mix and
StepOnePlus real-time PCR System according to the instructions. The following primer sequences were used: TNFa
forward 5’-CACGCTCTTCTGTCTACTGAACTTC-3’, reverse 5’- ATGATCTGAGTGTGAGGGTCTGG -3°. B-actin
forward 5°- GGCTGTATTCCCCTCCATCG -3’, reverse 5’- CCAGTTGGTAACAATGCCATGT -3°.

Statistics

Data were performed by GraphPad Prism 8.0 software and were presented as means + SEM. Comparisons between two
groups were analyzed using the student’s #-test. Multiple group comparisons were performed by one-way ANOVA
followed by Tukey’s multiple comparisons test. P <0.05 was considered statistically significant.

Results
CLP-Induced Sepsis Models Present the OPTN-Mediated overactivated Mitophagy

We established the lung injury model through CLP and observed that the mice in the CLP group were in poor
condition with a high survival rate. The survival rate of mice showed that the CLP group started to die by 12 h and
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100% of CLP mice died by 60 h, compared with 0% of sham mice dying by 72 h (Figure 1A and B). Mice that
underwent CLP showed diffuse pathological pulmonary damage (Figure 1C). W/D was also detected to estimate
pulmonary interstitial hyperemia and edema severity. Moreover, the W/D ratio of the left lung in the CLP group was
higher than that in the sham group (Figure 1D). Meanwhile, HE staining showed that alveolar epithelium disruption,
alveolar congestion, and massive inflammatory cell infiltration in the CLP group (Figure 1E and F). The BALF
analysis revealed that, by CLP, cell counts and protein contents were significantly increased (Figure S1A-C),
implicating inflammation in lung tissue. The MPO staining in lung tissue was also increased after CLP
(Figure 1G), suggesting aggravated neutrophil infiltration. All these results revealed that modeling was successful.
Next, Western blotting for RIPA total OPTN demonstrated decrease in OPTN protein in the CLP group compared to
the sham controls (Figure 1H and I). As an essential receptor for mitophagy, OPTN is needed for the degradation of
the damaged mitochondria by mitophagy. In order to investigate the change of OPTN-mediate mitophagy in the lung
of CLP-induced septic mice, the expressions of LC3 and TOMM20 proteins were investigated. In the CLP mice, the
level of mitophagy-related protein LC3 was higher than those in the control group (Figure 1H and J). Furthermore, the
protein level of the mitochondrial membrane protein TOMM20 was significantly decreased in the CLP group
(Figure 1H and K). To confirm these results in a different way, the immunofluorescence staining was used to
investigate the changes of OPTN-mediate mitophagy in the lung of CLP-induced septic mice. By immunostaining
the lung with OPTN together with TOMM20, we found that the expression of OPTN and TMM20 were downregulated
(Figure 1L), as observed in the homogeneous lung tissue. These results suggest that CLP-induced sepsis models
present the OPTN-mediated overactivated mitophagy.

Melatonin Administration Alleviates CLP-Induced Lung Injuries and Increases Survival
Time in Septic Mice

To investigate whether melatonin regulates lung injury induced by CLP, the CLP group was given 30 mg/kg melatonin
(Figure 2A). Subsequently, the impact of melatonin on the survival rates of mice was explored. The survival rate of mice
that underwent Melatonin treatment was found to be significantly higher compared with the CLP group (Figure 2B).
Moreover, these experiments revealed that CLP-induced lung injury was attenuated by the administration of Melatonin,
as shown by a moderate level of W/D ratio (Figure 2C and D), interstitial edema (Figures 2E and S2A), and decreased
level of inflammatory cell infiltration (Figures 2F, G and S2B, C). Overall, these data confirm that melatonin has an
ability to alleviate CLP-induced lung injury.

Melatonin Administration Inhibits Excessive Mitophagy Through OPTN in Septic Mice
The expression of OPTN, LC3 and TOMM20 was explored. The protein levels of the mitophagy adaptor OPTN and
mitochondrial marker TOMM20 were increased, while the mitophagy markers LC3 was decreased in the CLP mice
treated with 30mg/kg Melatonin for 96 h (Figure 3A-D). Furthermore, immunohistochemistry for OPTN and
TOMM20 were performed with lung tissues of Sham, CLP, and CLP+ Melatonin. We found that lung sections from
CLP+Melatonin exhibited more OPTN and TOMM20 immunoreactivity compared to those from CLP mice
(Figure 3E). The results suggested that melatonin inhibited excessive OPTN-mediated mitophagy in the CLP-

induced septic mice models.

Melatonin Inhibits STAT3 Activation

After the CLP, the total STAT3 and phosphorylation of STAT3 (p-STAT3) were obviously upregulated. However,
melatonin downregulated the phosphorylation of this signaling pathway factors, as shown in Figure 4A—C. Activation
of STAT3 signaling regulates ZO-1. To explore endothelial barrier function in CLP-induced septic lungs, we examined
expression of tight junction proteins ZO-1 by immunofluorescence in CLP treated mice. As shown in Figure 4D,
immunoactivity expression of ZO-1 was markedly downregulated after CLP compared to Sham, while melatonin
significantly restored protein abundance of ZO-1 in CLP + Melatonin group.
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Figure I OPTN-mediated mitophagy is overactivated in CLP induced ALI. (A) Experimental scheme: Sham- or CLP-operated mice were sacrificed at 24h. (B) Percent survival of
mice in both groups was determined using Kaplan—Meier method. (C) Representative gross images of lung tissues from two groups, scale bar: 1.5 mm (upper panels); 2.5mm (lower
panels). (D) The left lung tissues from indicated groups were measured for lung W/D weight ratio. (E and F) Representative HE images of lung tissues from two groups, scale bar: 50
um; Lung injury was scored and compared between the Sham and CLP group. (G) lung tissues from indicated groups were measured for MPO staining. (H-K) The expression levels

of OPTN, LC3 and TOMM20 were examined by Western blot. Quantification of data is shown in (I-K). (L) Representative staining of OPTN (green) and TOMM20 (red) in lung of
Sham and CLP mice. (Scale bar: 20 um.). All data are shown as mean + SEM. Unpaired Student’s t-tests, *p < 0.05, *p < 0.0, **p<0.001, ***p<0.0001.
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Figure 2 Melatonin alleviates CLP-induced lung injuries. (A) Experimental scheme: Melatonin was pretreated in CLP-operated mice for 96h. (B) Percent survival of mice in
each group was determined using Kaplan—Meier method. (C) Representative gross images of lung tissues from two groups, scale bar: 2.5mm. (D) The left lung tissues from
indicated groups were measured for lung W/D weight ratio. (E) Representative HE images of lung tissues from two groups, scale bar: 50 pm. (F) Lung tissues from indicated
groups were measured for MPO staining. (G) Lung tissues from indicated groups were measured for total cells in BALF. All data are shown as mean * SEM. One-way
ANOVA test followed by Tukey's post hoc test, *p < 0.05, **p < 0.01, ¥**¥p<0.001, ****p<0.0001.

Melatonin Treatment Inhibits Inflammatory Response in CLP- Treated Lung Tissues

As a member of the STAT family, STAT3 is phosphorylated, which enhances its transcriptional activity and is vital for
the production of proinflammatory cytokine tumor necrosis factor-alpha. TNF-a mRNA was increased in lung tissues
under CLP conditions compared with the Sham group (Figure 5A). Treatment with melatonin inhibited TNF-a
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Figure 3 Melatonin inhibited excessive OPTN-mediated mitophagy in vivo. (A-D) The expression levels of OPTN, LC3 and TOMM20 were examined by Western blot.
Quantification of data is shown in (B-D). (E) Representative staining of OPTN (green) and TOMM20 (red) in lung of each group. (Scale bar: 20 um.). All data are shown as
mean * SEM. One-way ANOVA test followed by Tukey's post hoc test, *p < 0.05, **p < 0.01.

expression in lung tissues compared to CLP group. To confirm this result in a different way, the Western blot was used to
investigate the changes of TNF-a in the lung of Melatonin treated septic mice. We found that the expression of TNF-a
was downregulated (Figure 5B and C), as observed in the PCR (Figure 5A). Furthermore, the IHC staining of TNF-a in
lung tissues showed that immunoactivity expression of TNF-o was markedly downregulated after treatment with
melatonin compared to CLP alone (Figure 5D).

Discussion

ALI accounted for 10% of all ICU patients in 50 countries in 2016.>”>® The dysregulated host response to bacterial
infection caused by sepsis disrupts the pulmonary alveolar-capillary barrier and leads to ALI hallmarked by refractory
hypoxemia, pulmonary edema, and diffuses alveolar inflammatory response.*” It has been noted that the incidence of
sepsis-associated ALI increases annually, resulting in serious health and economic burden.*® Unfortunately, the current
therapy for sepsis-induced ALI is limited and is incapable of reducing its mortality.*' Thus, it is vital to find an effective
therapeutic therapy for sepsis-induced ALI. Herein, we developed a mice model of sepsis by CLP surgery and found that
CLP-induced sepsis led to ALI in mice, with characteristic symptoms, such as alveolar exudate, damage of epithelial
cells and interstitial, alveolar cellular infiltrates and inflammatory cell infiltration by histopathology. Our results demon-
strated that CLP induced excessive mitophagy of mice by upregulating LC3, downregulating OPTN and TOMM20
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Figure 4 Melatonin regulates STAT3 phosphorylation in CLP induced ALI. (A—C) The expression levels of p-STAT and STAT3 were examined by Western blot.
Quantification of data is shown in (B and C). (D) Representative staining of ZO-| (red) in lung of each group. (Scale bar: 50 um.). All data are shown as mean + SEM. One-
way ANOVA test followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01.

levels, but this effect was reversed by melatonin pretreatment through Western blotting and immunofluorescence staining.
The current result was consistent with the previous study which CLP induced excessive mitophagy via increasing
PINK 1/Parkin levels,”* but melatonin pretreatment could decrease it. Moreover, other studies revealed that STAT3, ZO-1
42744 we found that CLP upregulated the
expression of STAT3 and TNF-a, downregulated the expression of ZO-1 during the process of sepsis-induced ALI, but

and TNF-a were involved in sepsis-induced vascular injury and inflammation;

these effects were also reversed by melatonin pretreatment.

Mitophagy serves as an important player in sepsis-induced ALL*

Mitophagy is a dynamic process in which damaged
mitochondria in the cytoplasm are degraded.*® Mitophagy is a special type of selective autophagy, which is dependent on
the mediation of a family of cargo receptors, and the OPTN is a well-known cargo receptor.*” OPTN contains an LC3-

interacting region (LIR) and a cargo binding motif, which binds to LC3 and ubiquitinated substrates, respectively,
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Figure 5 TNF-a was modulated by melatonin in CLP induced ALI. (A) Expression of TNF-a at the mRNA level in each group of mice were examined by qRT-PCR. (B and C)
The expression level of TNF-o was measured by Western blot. Quantification of data is shown in (C). (D) Representative staining of TNF-a in lung of each group. (Scale bar:
20 pm.). All data are shown as mean + SEM. One-way ANOVA test followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01. ***p<0.001.

thereby allowing the recruitment of mitochondria to autophagosomes.'' However, the mechanism of its activity in
ameliorating CLP-induced lung injury is still unclear. Here, we show that OPTN is downregulated by septic associated
lung injury and that administration of Melatonin increases OPTN in mice via inhibiting excessive mitophagy. Our results
confirm that OPTN-related mitophagy is actually modulated by melatonin in the CLP-induced ALL

There are few clinical treatments targeting the significant therapeutic role of melatonin against lung disease.”****°
Melatonin has been associated with anti-excessive mitophagy and anti-inflammatory effects in sepsis, leading to
improved survival in animal models.’®>' Melatonin suppresses normal cell death caused by hyperreactive mitophagy
under excessive oxidative stress.”> OPTN recruit participants in the Pink1-Parkin mitochondrial ubiquitylation pathway
to promote mitophagy.’® Our results are consistent with the fact that Melatonin ameliorates excessive mitophagy by
regulating PINK 1/Parkin pathway.””

Previous studies have shown that OPTN has the ability to bind to JAK2 and OPTN participates in the regulation of
JAK2/STAT3 signaling pathway.'* In parallel, it has been reported that OPTN acted as an inhibitor of STAT3. STAT3 is
a transcription activator that can mediate the expression of various genes in response to oxidative stimulations. It can be
activated via phosphorylation and translocated to the cell nucleus.”* STAT3 plays a critical part in many physiological
functions, including mitophagy/autophagy, maintenance of epithelial barrier, and inflammation.”> Our results revealed
that pSTAT/STAT3 was strongly augmented with CLP-induced ALI. Our data also showed that the expression of STAT3
was decreased in Melatonin pretreated CLP-induced lung injury. It has been reported that STAT3 bound to the promoter
of ZO-1 and acted as a vital signaling molecule in the process of maintaining the integrity of epithelial barrier function.®
It is worth noting that the pretreatment of Melatoninpromoted expression of ZO-1.

Furthermore, we demonstrated that OPTN and STAT3, which was normalized by melatonin, blocked TNF-a-involved
inflammation in vivo. The proinflammatory cytokines, TNF-a, are among the promising as a biomarker for predicting
morbidity and mortality in ALI and ARDS.*” One of the main signaling pathways of ALI is TNF-a-mediated
inflammation amplification effect of NF-«B signal pathway.’’ STAT3 activation can enhance the transcription of TNF-
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a genes, thus, creating a vicious feedback loop that amplifies early inflammatory signals and exacerbates the initial
inflammatory effect. Previous findings also indicated that downregulating expression of OPTN elevates
inflammation.”®* Evidence has suggested that OPTN probably utilizes TNF-a to mediate inflammation and apoptosis.®’

There were some limitations in the study. First, we only studied OPTN, which is a well-known significant molecule
for playing an important role in regulating mitophagy, and some other members of the cargo receptors, such as SQSTM1,
NDP52, TAX1BP1 and NBR1,°' also should be investigated in the future. Second, some other members of the STAT
family, such as STAT1 and STATS, may contribute to the work of melatonin in the study. Third, further investigations

that overexpress OPTN in vivo and in vitro may be necessary.

Conclusion

In summary, we demonstrated that OPTN-related mitophagy is actually overactive in the lung tissues of septic mice.
Moreover, pretreatment of melatonin restrained the activation of inflammation via inhibiting excessive mitophagy,
thereby mitigating sepsis-induced lung injury. Our results manifested that manipulation of the OPTN-related mitophagy
via melatonin may be a novel therapeutic approach to reduce sepsis-associated lung injury.
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